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Abstract: This study presents a quad-band stub-incorporated split octagonal ring antenna specifically designed for wireless applications that
rely on satellite communication. The antenna is fabricated on an FR4 substrate with dimensions of 26x21x1.6 mm? and its performance is
simulated using the CST EM Studio software. The device operates in the frequency range from 2.15 GHz to 6.35 GHz, using stub integration
and gap modification to achieve resonant bands. The antenna has resonant frequencies of 2.23 GHz, 3.28 GHz, 4.77 GHz, and 5.89 GHz,
with corresponding bandwidths of 153 MHz, 9011 MHz, 7692 MHz, and 6813 MHz, respectively. The parametric analysis optimizes the
values of the design parameters, while the experimental validation shows the consistency between the measured and simulated results. The
antenna is characterized by a small size, a consistent radiation pattern and a wide range of applications including ISM, WIFI, WLAN,
WIMAX, 5G, and C-Band Satellite. The device is capable of operating in two frequency bands and consistently maintains a gain of over

1 dBi across its resonating range.
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1. INTRODUCTION

The rise of Satellite Communication-dependent wireless
applications has led to a significant demand for multiband
antenna solutions. Multiband antennas, which can operate in
multiple frequency bands, have become essential in the realm
of handheld mobile devices, where compactness is essential
due to limited space. As these devices serve numerous
applications simultaneously, the need for smaller antennas
has intensified. In particular, multiband antennas [1] have
attracted the attention of researchers as they have the potential
to streamline system designs. By reducing the need for
multiple antennas and eliminating the need for complex
filters found in multiband systems, they offer notable
advantages, including reduced manufacturing, installation
and cost burden. In addition, dual-band antennas hold appeal
across various fields such as wireless communication, RFID
technology and microwave energy production, as they require
less space and necessitate fewer antennas [2].

Compact multiband antennas have effectively integrated
elements inspired by metamaterials [3]-[5]. As discussed in
[6], researchers have explored a range of metamaterials to
improve the performance of antennas based on metamaterial
principles. In [7], the research focused on improving antenna
performance by using metamaterial-inspired designs
consisting of one or more unit cells. Metamaterial-inspired
antennas have been instrumental in various aspects, including
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impedance matching, bandwidth increase, gain improvement,
compactness, and multiband antenna design, as highlighted in
studies [8]. These advances emphasize the potential of
metamaterial-inspired approaches to address key challenges
in antenna engineering and pave the way for more efficient
and versatile antenna designs.

The amalgamation of resonant structures, such as Split
Ring Resonators (SRR) and closed ring resonators, led to the
development of a dual-band Coplanar Waveguide (CPW)-fed
antenna (CRR). In addition, a portable Ultra-Wideband
(UWB) antenna was developed using a compact circular disc
and a circular spiral ring resonator [9]. The CPW feed was
intricately integrated with a quarter-wave transformer to
ensure robust impedance matching, due to the small size of
the SRR [10]. To enable multiband operation, a microstrip
patch resembling a rectangle equipped with Complementary
Split Ring Resonators (CSRRs) and fed from the left offset
was introduced [11]. It has also been proposed that a CSRR-
filled conductor-backed CPW antenna be employed for
operation across three bands. Despite the advances, the
prevailing antennas in research suffer from limitations such
as complex designs, larger footprints and erratic radiation
patterns. Consequently, there is a pronounced demand for
smaller antennas that offer optimal performance. By carefully
placing radiating elements, parasitic elements, or reactive
components, the antenna can resonate at different frequencies
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simultaneously. To maximize the bandwidth around each
resonant frequency, fine-tuning the dimensions of the
radiating element is necessary.

2. EVOLUTION OF METAMATERIAL RING ANTENNA

The proposed antenna, developed with the CST EM
software, consists of a split octagonal ring incorporated into
a stub. The development of the antenna can be divided into
three stages: Ant A, Ant B, and Ant C. The proposed stub-
incorporated octagonal SRR is shown in Fig. 1. Constructed
on an FR4 substrate with a dielectric constant of 4.4, the
antenna has an overall dimension of 21 mm in width and
26 mm in length. Fig. 2 shows the proposed antenna with its
dimensions and other relevant features, while Table 1
presents the parameters and their corresponding values.
Ant A is a basic four-sided ring structure with a shallower
ground plane that can operate in two different frequency
ranges: between 2.43 and 3.25 GHz and between 6.65 and
7.91 GHz. The bandwidth of Ant A varies between 825 and
1269 MHz, depending on the operating band. The seed
antenna, Ant A, resonates at frequencies of 2.82 and
7.30 GHz.

(@) Ant A

(b) Ant B

(c) AntC

Fig. 1. Metamaterial ring antenna — antenna evolution.

Fig. 2. Metamaterial ring antenna — antenna parameters.

Ant B is formulated by converting the closed ring
resonator into a split ring resonator and introducing a stub of
length 12 connected across the split ring at its center. This
change in structure leads to a change in the current direction,
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thereby  increasing  inductance and  capacitance.
Consequently, the operating frequency bands are reduced.
Ant B resonates at 2.37 GHz and 5 GHz, with the operating
frequency ranging from 2.21 GHz to 2.53 GHz and from
4.00 GHz to 5.83 GHz. The bandwidth of Ant B is measured
at 317 MHz and 1831 MHz, respectively.

In the last stage, AntC, two more stubs are added,
changing the current direction and increasing the electrical
length of the antenna. This change leads to additional
resonance. The proposed antenna design resonates in four
different frequency bands with operating frequencies of
2.15 GHz to 2.30 GHz, 2.86 GHz to 3.76 GHz, 4.47 GHz to
5.24 GHz, and 5.67 GHz to 6.35 GHz, respectively. The
resonant frequencies of the antenna are 2.23 GHz, 3.28 GHz,
4.77 GHz, and 5.89 GHz, with corresponding bandwidths of
153 MHz, 9011 MHz, 7692 MHz, and 6813 MHz,
respectively. The critical dimensions of the proposed antenna
are shown in Fig. 3.

Table 1. Parameter values of metamaterial ring antenna (in mm).
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Fig. 3. Metamaterial ring antenna — antenna dimensions.

Fig. 4 shows the return loss plot for all three stages of
antenna development, demonstrating that with the
introduction of the split and the stub, the proposed antenna
resonates at four different bands. Fig. 5 and Fig. 6 show the
antenna's return loss S11 and Voltage Standing Wave Ratio
(VSWR) as a function of frequency. At 2.23 GHz the antenna
has a return loss of -13.52 dB; at 3.28 GHz the return loss is
-25.12 dB; at 4.77 GHz it is-34.14 dB; and at 5.89 GHz the
return loss is-24.83 dB. In addition, the VSWR values in the
resonant bands are all below 2 dB, indicating excellent
impedance matching of the proposed structure.

Return Loss
S;1(dB)

Frequency (GHz)

Fig. 4. S11 Comparison of the metamaterial ring antenna.
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Fig. 6. VSWR - AntC.

3. PARAMETRIC ANALYSIS

The performance of the antenna is in fact highly dependent
on the dimensions of the critical parameters. Achieving
optimal performance requires a meticulous analysis of these
dimensions. Parametric analysis is a valuable tool to
systematically investigate how the variations of the
parameters affect antenna performance. By systematically
varying key parameters within defined ranges, parametric
analysis enables the identification of optimal dimensions that
maximize desired performance metrics such as bandwidth,
return loss and radiation pattern characteristics. This iterative
process enables antenna designers to fine-tune critical
dimensions to achieve desired performance goals. Parametric
analysis allows designers to explore a wide range of
parameter combinations to fully understand their impact on
antenna performance. This approach facilitates the
optimization of antenna design and ensures that critical
parameters are carefully tuned to achieve the best possible
performance under different operating conditions and
requirements.

Fig. 7 shows the return loss performance for different
numbers of stubs, demonstrating that the inclusion of stubs
leads to an increase in the number of operating bands.
Specifically, the split octagonal antenna with a single stub has
three operating frequencies, while the addition of an extra
stub transforms the antenna into a quad-band system. Thus,
the stub is credited with enabling the additional resonant
band. Specifically, the single stub-split octagonal ring
antenna operates at frequencies of 2.3 GHz, 2.9 GHz and
5.1 GHz. Following the introduction of a second stub, the
antenna operates at 2.23 GHz, 3.28 GHz, 4.77 GHz and
5.89 GHz, demonstrating its ability to operate over a wider
frequency range. This highlights the significant role played
by stubs in extending the operating bandwidth of the antenna
system, improving its versatility and performance.

In the subsequent phase, incremental adjustments are made
to the ground length and the resulting effects are analyzed, as
shown in Fig. 8. It can be seen that the impedance matching
in each of the resonant bands is satisfactory when the ground
length is set to 7.8 mm. Therefore, this value is chosen as the
optimal ground length for further calculations. In addition,
the width of the outer ring is investigated, with the ring width
varying from 1 mm to 2mm in increments of 0.5mm
throughout the study. Fig. 9 illustrates the effect of the ring
width on the return loss plot. It can be seen that a ring width
of 1.5mm vyields good impedance-matching bandwidth
across all resonant bands. Therefore, this value is considered
suitable for the manufacturing process, serving as the final
chosen value.
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Fig. 7. Parametric analysis — stub effect.
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Fig. 8. Parametric analysis — length of ground.
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Fig. 9. Parametric analysis: (a) width of rings, (b) stub distance.
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The effect of the distance between the stubs is shown in
Fig. 10. Starting from 0.25 mm and in steps of 0.25 mm up to
1 mm, the distance between the stubs is systematically varied.
The evaluation shows that the impedance matching is
significantly improved if the distance between the stubs is set
to 1 mm across all resonant bands. Therefore, this distance
value is adopted for the final fabrication to ensure optimal
performance over the antenna's operating frequency range.
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Fig. 10. Metamaterial ring antenna — E plane and H plane at various
resonating band.
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4. RESULTS AND DISCUSSION

At a frequency of 2.4 GHz, the surface current peaks
throughout the proposed structure. Near stub one, the surface
current peaks at 3.2 GHz, while near stub two it peaks at
4.7 GHz, indicating that the antenna is responsible for the
4.7 GHz band. At 5.9 GHz, the maximum surface current is
observed between the gaps of the stub. The surface current
distribution shown in Fig. 11 indicates that the introduction
of stubs changes the current direction, leading to the
emergence of new resonant bands.

- & : ! } ¢ I S Bt

Gain(dBi)

Frequency (GHz)
Fig. 11. Metamaterial ring antenna — gain vs. frequency.

The radiation patterns for the E-plane and the H-plane are
shown in Fig. 10, which depicts a split octagonal antenna.
The figure clearly shows that the radiation pattern of the E-
plane is that of an eight-shaped dipole, while the radiation
pattern of the H-plane is an omnidirectional pattern. The gain
and the directivity of the split octagonal ring antenna are
shown in Fig. 11 and Fig. 12, respectively. The gain is greater
than one dBi in all active bands, and the directivity is greater
than two dBi in all operating bands. Fig. 13 is a comparison
plot showing the measured return loss versus the simulates
return loss. Table 2 shows the comparison of the proposed
antenna with the literature.

Fig. 12. Metamaterial ring antenna — directivity vs. frequency.
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Fig. 13. Simulated vs. measured S11 plot.
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Table 2. Comparison of the proposed antenna with the literature.

Procedure used L x W [mm] Centre frequency [GHz]
Hexagonal patch, fractal 75 x 75 1.575,5.9,7.2
Triangular patch, slot 30 x 28 1.6,28,5.7, 9.6
Crescent shape patch 31 x35 11.30, 18.07, 20.72
Fractal, L shape slot and SRR 30 x 24.8 3.3,55,7.3,99
ELC 35x 35 3.77,5.4
Metamaterial, Stub (Proposed antenna) 26 x 21 2.23,3.28,4.77, and 5.89
[5] Pandeeswari, R. (2018). Complimentary split ring

5. CONCLUSION

The stub-based antenna under consideration was
specifically developed for quad-band satellite communication
applications. It offers adaptability for ISM, WLAN, WiMAX
and 5G sub-6 GHz operation. The device operates at
frequencies of 2.23 GHz, 3.28 GHz, 4.77 GHz and 5.89 GHz,
and achieves multiband capability by using stubs, which has
been confirmed by analysis of simulated surface current
distribution. A parametric analysis is used to determine the
most effective values for important factors such as the
position of the stub, the length of the ground and the width of
the ring. This study helps to ensure that the performance is
efficient. The study confirms the role of stubs in facilitating
multiband operations. The simulated and measured results for
S11, gain, E-plane and H-plane patterns agree and confirm
the performance of the antenna. This antenna provides a
strong and versatile solution for various wireless applications
due to its simple design, small size, high gain, impedance
matching and uniform radiation pattern.
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