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The object of this study is a new 
design of an overhead microstrip anten-
na, including Epsilon Negative (ENG) 
metamaterials and L-shaped parasitic 
overlays aimed at achieving dual-band 
operation and improving the perfor-
mance of modern wireless communi-
cation systems. The research is aimed 
at solving the problem of limited band-
width and dual-band functionality in 
conventional antenna designs.

This study solves the problem of 
limited bandwidth and dual-band func-
tionality in conventional microstrip 
patch antenna designs, which are cru-
cial for modern wireless communica-
tion systems. The inclusion of L-shaped 
parasitic overlays effectively expands 
the bandwidth in each frequency range.

The results indicate significant im- 
provements: at the upper resonant 
frequency, a 10 dB return loss band-
width of 27.84 % (2.88–3.81 GHz) 
and a 3 dB axial ratio bandwidth of 
5.05 % (2.90–3.05 GHz) are achieved, 
while at the lower resonant frequency,  
a return loss bandwidth is 10 dB, which  
is 6.11 % (2.22–2.36 GHz). These im- 
provements indicate a significant in- 
crease in antenna performance com-
pared to conventional designs, which is 
confirmed by comparing the simulation 
results with the measurement results.

Distinctive features contributing to 
these results include the use of ENG 
metamaterials, which improve electro-
magnetic properties and signal propa-
gation; vertical transitions, which pro-
vide efficient dual-band operation; and 
L-shaped parasitic overlays, which 
significantly expand bandwidth. These 
characteristics combine to eliminate 
the limitations of traditional designs, 
which makes the proposed antenna 
suitable for use in a wide frequency 
range in modern wireless communica-
tion systems
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1. Introduction

The rapid evolution of wireless communication tech-
nologies such as WLAN, Wi-Fi, and Wi-MAX has led to 

an increasing demand for efficient and compact antennas. 
Microstrip patch antennas (MPAs) are a prime candidate 
due to their low profile, ease of fabrication, and versatility 
in multifunctional applications. Circularly polarized (CP) 
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antennas, in particular, are crucial for these applications as 
they help mitigate mismatches between receivers and trans-
mitters, thus ensuring reliable communication.

Metamaterials, which possess unique artificial electro-
magnetic properties, offer a promising avenue for the ad-
vancement of miniaturized multiband antennas. The ability to 
engineer these properties opens up new possibilities for anten-
na design that are not achievable with conventional materials. 
This includes the development of epsilon negative transmis-
sion line (ENGTL) materials, permeability negative trans-
mission line (MNGTL) materials, and composite right/left- 
handed (CRLH) transmission lines, each contributing diffe-
rently to enhancing antenna performance. Research has 
shown that metamaterials can significantly improve the 
performance of antennas. For instance, the use of CRLH 
transmission lines can enable dual-band functionality and 
miniaturization, while epsilon negative materials can enhance 
bandwidth and signal propagation. Despite these advance-
ments, there remain unresolved issues such as narrow band-
width at each resonance frequency and complex fabrication 
processes, which hinder the practical application of these 
materials in commercial antenna designs.

Furthermore, with the proliferation of devices requiring 
high-speed wireless communication, there is an ongoing need 
for antennas that not only operate efficiently at multiple 
frequency bands but also maintain good impedance matching 
and minimize interference. Advances in fractal antenna de-
signs and the incorporation of parasitic elements like vertical 
interconnect accesses (VIAs) and L-shaped patches have 
shown promise in addressing these challenges by enhancing 
bandwidth and polarization characteristics. Given the con-
tinuous expansion of wireless technologies and the demand 
for more efficient and compact antennas, research in this area 
remains highly relevant. The development of advanced anten-
na designs using metamaterials is critical to meeting the needs 
of modern communication systems, which require higher data 
rates, better connectivity, and more reliable performance.

Therefore, research on the development and optimization 
of metamaterial-based microstrip patch antennas is highly 
relevant. This ongoing exploration is essential to address 
the existing limitations and push the boundaries of current 
wireless communication technologies.

2. Literature review and problem statement

The work [1] presented a fractal-based MIMO antenna de-
sign for sub-6 GHz 5G applications, demonstrating the benefits 
of fractal geometry in enhancing bandwidth and reducing an-
tenna size. However, the integration of these designs into even 
more compact 5G devices, particularly those used in constrained 
environments, remains a critical challenge. Similarly, in [2], the 
development of a fractal monopole MIMO antenna for modern 
5G applications showed improvements in broadband perfor-
mance and miniaturization. Despite these advancements, fur-
ther research is necessary to optimize these designs for seamless 
integration into small healthcare devices without compromising 
performance. The paper [3] introduced a trident-shaped dual- 
band MIMO antenna with a novel ground plane, significantly 
enhancing bandwidth and isolation. Nonetheless, ensuring 
consistent performance in diverse operating environments and 
maintaining compact form factors continues to be problematic. 

The work [4] on a compact dual-band dual-mode circular 
patch antenna emphasized the importance of dual-mode ope-

ration. However, achieving a balance between unidirectional 
linear polarization and omnidirectional circular polarization 
in a compact and efficient design still presents a considerable 
challenge. The paper [5] developed a compact asymmetric 
microstrip antenna with circular polarization and fractal 
boundaries, highlighting the benefits of circular polarization 
in improving signal stability and reducing multipath interfe-
rence. Yet, the challenge of achieving these benefits in devices 
used for reliable medical monitoring remains unresolved. 

The work [6] on a three-band microstrip antenna with  
a fractal Koch boundary demonstrated improved performance 
across multiple frequency bands. Despite this, the consistent 
performance of these antennas in varying environmental 
conditions and applications, such as health monitoring and  
5G communications, still requires further exploration. Finally, 
the paper [7] investigated a low-profile T-shaped, electrically 
small-sized antenna with metamaterial engraving for WLAN 
and 5G applications, showcasing the potential of metamate-
rials in creating compact and efficient antennas. However, the 
practical implementation and scalability of such designs in real- 
world applications continue to pose significant challenges.

The problem with the study is that existing antenna de-
signs for 5G applications suffer from limited bandwidth and 
insufficient functionality in two frequency bands. Traditional 
antennas are difficult to integrate into compact devices such 
as medical devices without loss of performance. Stable ope-
ration of antennas in various operating conditions, as well as 
achieving a balance between different polarization require-
ments, remain serious challenges. In addition, the practical 
implementation and scalability of modern antennas for real- 
world applications face significant difficulties.

3. The aim and objectives of the study

The aim of the study is to develop a novel microstrip patch 
antenna (MPA) that incorporates epsilon negative (ENG) 
metamaterials and L-shaped parasitic patches to achieve dual- 
band operation and enhanced performance for modern wire-
less communication applications.

To achieve this aim, the following objectives are accom-
plished:

– to design and fabricate a microstrip patch antenna 
with integrated ENG metamaterials and L-shaped parasitic 
patches;

– to analyze the dual-band behavior and circular polari-
zation characteristics of the antenna through simulations;

– to optimize the antenna design for improved band-
width and polarization performance through iterative testing 
and refinement.

4. Materials and methods

The object of this study is to design a dual-band patch 
antenna with circular polarization at the upper frequency 
band and left-handed frequency at the lower resonating 
band. The main hypothesis of the study is that incorporating 
fractal geo metry and shunt inductance via vertical VIAs can 
enhance the antenna performance. Assumptions made in the 
study include ideal material properties for the substrate and 
perfect electrical conductor behavior for the patches. Simpli-
fications include ignoring the effects of environmental factors 
such as temperature and humidity.
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The proposed design is developed using theoretical 
me thods, involving electromagnetic field theory and 
antenna design principles. The antenna design is based 
on a dielectric constant of 2.2, with a thickness of 
3.2 mm, using Rogers RT/Duroid 5880 substrate ma-
terial. The antenna layout includes a main patch with 
four L-shaped parasitic patches printed on the top of 
the substrate and a square ground plane with four rect-
angular protrusions printed on the bottom. Four verti-
cal VIAs, with a radius of 0.3 mm and height of 3.2 mm, 
are strategically placed to provide the necessary shunt 
inductance for achieving dual-band operation.

Theoretical simulations are conducted using electro-
magnetic simulation software to validate the proposed 
design. The software used for these simulations includes 
HFSS (High-Frequency Structure Simulator) and CST 
Microwave Studio, which are known for their accuracy 
in modeling and analyzing the electromagnetic behavior 
of antenna structures. 

During the research, a dual-band patch antenna 
was developed using fractal Minkowski curves to 
achieve circular polarization in the upper frequency 
range. The depth of the fractal geometry is 0.4 mm 
on the x axis and 0.2 mm on the y axis, which ensures  
a stable axial ratio below 3 dB, providing effective cir-
cular polarization.

For the low frequency range, the left frequency 
response was achieved due to the strategic placement 
of vertical junctions with junctions providing the 
necessary shunt inductance to improve impedance 
matching. The transition holes were located at a dis-
tance of 7 mm from the center, which significantly 
expanded the bandwidth and stabilized the low-fre-
quency response.

5. Results of the study of Minkowski fractal 
antennas

5. 1. Design and fabrication of a microstrip patch 
antenna with integrated ENG metamaterials and 
L-shaped parasitic patches 

The design of the suggested patch antenna is de-
picted in Fig. 1, which shows the general appearance, 
top view, and bottom view of the antenna. The layout 
measurements of the suggested antenna are summarized 
in Table 1. These figures and tables provide a visual and 
quantitative representation of the antenna design pa-
rameters critical for the simulation and analysis process.

IF and IO are important parameters to consider when 
working with fractal curves. IF refers to indentation depth 
in a Minkowski fractal curve. The fractal patch antenna  
has Dx and Dy. They are the indentation depths laterally 
the x- and y-axes, respectively. The four parts of the square 
patch antenna are replaced with Minkowski fractal curve 
with an indentation depth of 0.4 along the x-axis and 
0.2 along the y-axis to get circular polarization at the upper 
frequency band. Four vertical VIAs with a radius of 0.3 mm 
and height of 3.2 mm are placed across the circumference 
of the fractal patch to get lower resonating frequency 
band, which is also known as left handed frequency. The 
optimized location of VIAs is 7 mm from the center of the 
patch. It is proposed to position the optimal coaxial probe 
feed point along the diagonal.

5. 2. Analysis of dual-band behavior and circular pola-
rization characteristics through simulations 

Simulations were conducted to analyze the S-parameter 
features of the proposed antenna designs. The dual-band 
operation was achieved through the integration of verti-
cal VIAs. The addition of parasitic elements increased the 
transmission capacity at each resonating frequency. Circular 
polarization was obtained using Minkowski fractal curves. 
The resonating frequencies and S11 loss bandwidths for each 
antenna iteration were documented, showing significant im-
provements in performance.

By examining and evolution of the suggested design 
patch antenna operation principles in the given Fig. 2. First, 
we selected a square patch antenna 1, it operates at a frequen-
cy of 3.05 GHz and produces linear polarization. All patch 

Table	1
Parameter	values	of	Ant8

Parameter Value in mm

L1 46

L2 42

L3 30

L4 36

L5 5.8

L6 4

g1 0.4

g2 4

Rv 0.3

H 3.175

Dx1 = Dx2 4

Dy1 = Dy2 1

   
 

 

a b

c

Fig.	1.	The	design	of	the	recommended	antenna	and	dimensions:		
a	–	general	appearance;	b	–	top	rating;	c	–	bottom	rating
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antennas are depicted in Fig. 2. To accomplish the circular 
divergence here we introduced Minkowski fractal edges 
along the corners of the square patch, i.e. design 2 (Ant2).  
In Ant3, four L-shaped parasitic patches are proposed along 
the circumference of the square patch for increased linear po-
larization bandwidth. Ant4 represents the CP design version 
obtained by offering Minkowski fractal edges to the corners 
of Ant3. Ant5 to Ant8 are similar to Ant1 to Ant4, whereas 
the vertical VIAs are inserted to get lower resonating fre-
quency (to obtain dual-band operation). Ultimately, Ant8  
is the recommended antenna that produces dual band and 
dual polarization. 

 
 

 

a

b

Fig.	2.	Detailed	structure	of	the	proposed	patch	antennas:		
a	–	with	a	basic	square	overlay;	b – with	dual	polarization

The antenna design evolved from a basic square patch (Ant1) 
to a dual-band, dual-polarized antenna (Ant8) by incorpo-
rating Minkowski fractal edges, L-shaped parasitic patches, 
and vertical VIAs. Each modification aimed to enhance 
bandwidth and polarization. The final design, Ant8, achieved 
dual-band operation with significantly improved S11 loss 
bandwidth, making it suitable for modern wireless commu-
nication applications.

5. 3. Optimization of antenna design for improved band-
width and polarization performance 

The final antenna design, Ant8, underwent optimization 
to improve its bandwidth and polarization characteristics. 
Indentation depths along the x- and y-axes were varied to 
alter the radiation characteristics. The optimized antenna 
showed a substantial improvement in S11 loss bandwidth, 
achieving 27.84 % at the upper frequency band and 6.11 % at 
the lower frequency band. The surface current distributions 
at 2.28 GHz and 3.15 GHz were analyzed using HFSS Simu-
lation Software, demonstrating strong current distribution 
at VIAs and Minkowski fractal curves. The simulated and 
experimental results showed close correspondence, validat-
ing the effectiveness of the design.

The S-parameter features are simulated for all the sug-
gested antennas and represented in Fig. 3. The dual-band 
operation is achieved by storing VIAs. The widened trans-
mission capacity at each resonating frequency is obtained 
by loading parasitic elements. By using Minkowski fractal 
curves, we can obtain the circular polarization. The resonat-
ing frequencies of S11 loss bandwidth are recorded in Table 2.

Indentation Depths (ID) along the x- and y-axes are used 
to alter the radiation characteristics of patch antennas. The 
antennas are given in Fig. 4 and used to show variation in IDs.

 
 

 

a

b

Fig.	3.	Simulated	S-parameter	features:		
a	–	Ant1–Ant4;	b	–	Ant5–Ant8

Table	2

Comparison	table	for	simulation	results	of		
the	proposed	antenna	

Ant
S11 loss bandwidth

at lower frequency at upper frequency

Ant1 – (2.96–3.15 GHz) 6.22 %

Ant2 – (2.92–3.13 GHz) 6.95 %

Ant3 – (2.72–2.98 GHz) 9.12 %

Ant4 – (2.62–2.92 GHz) 10.83 %

Ant5 (2.34–2.48 GHz) 5.8 % (3.47–3.67 GHz) 5.60 %

Ant6 (2.46–2.58 GHz) 4.76 % (3.27–3.65 GHz) 10.98 %

Ant7 (2.12–2.26 GHz) 6.39 % (3.03–3.53 GHz) 15.24 %

Ant8 (2.22–2.36 GHz) 6.11 % (2.88–3.81 GHz) 27.84 %

 
Fig.	4.	Dual-band	dual-polarized	antennas	with	different	

indentation	depths

The dual-band dual-polarized antenna simulated return 
loss characteristics are observed with variation of IDs (In-
dentation Depths) and given in Fig. 5. The two operating 
bands impedance bandwidths are stated in Table 3.
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Fig.	5.	The	proposed	antenna	S11	characteristics	with	respect	
to	variation	of	indentation	depth

Table	3

Comparison	of	antennas	with	variation	of	indentation	depth

Ant
ID (mm) S11 loss bandwidth

Dx Dy at low frequency at high frequency

Ant8 proposed 0.4 0.1
(2.22–2.36 GHz) 

6.11 %
(2.88–3.81 GHz) 

27.84 %

Ant9 0.3 0.1
(2.24–2.38 GHz) 

6.06 %
(3.03–3.79 GHz) 

22.2 %

Ant10 0.3 0.2
(2.22–2.36 GHz) 

6.11 %
(2.96–3.87 GHz) 

26.6 %

Ant11 0.4 0.2
(2.24–2.38 GHz) 

6.06 %
(2.94–3.71 GHz) 

23.19 %

The surface current distribution of Ant8 is represented  
in Fig. 6 at respective frequencies of 2.28 GHz and 3.15 GHz. 
This is done with the help of HFSS Simulation Software. 
From Fig. 6 we know the operational mechanism of the sug-
gested antenna.

   
a b

Fig.	6.	Proposed	antenna	current	distribution:		
a	–	at	2.28	GHz;	b	–	at	3.15	GHz

At VIAs, the lower resonating 
frequency (2.28 GHz) surface cur-
rent distribution is strong. Similarly, 
at Minkowski fractal curves of the 
patch the upper resonating frequen-
cy (3.15 GHz) becomes strong.

The developed Ant8 is illustrated 
in Fig. 7. The vertical metallic VIAs 
are inserted in the patch by using 
through hole copper plating tech-
nique. RLC was measured using an 
Agilent 8719A microwave network 
analyzer. Similarly, the radiation pat-
tern characteristics are measured with 
the aid of anechoic chamber; it has 

physical dimensions of 22.5 × 12.5 × 11.5 m3. The anechoic 
chamber is operated at 400 MHz to 18 GHz.

The simulation and experimental RLC results are dis-
played in Fig. 8. The empirical and simulation outcomes are 
in close synchronization (or harmony). The possibility of 
circular polarization is due to the discontinuity at the upper 
resonating band. At high and low operating frequency bands, 
the return loss bandwidths are 27.84 % (2.88–3.81 GHz) and 
6.11 % (2.22 GHz–2.36 GHz) due to current at VIAs, respec-
tively. The simulation and experimental characteristics of 
the axial ratio are presented in Fig. 8, b. At higher resonating 
frequency, the measured 3-dB axial ratio bandwidth is 5.05 % 
(2.90 GHz–3.05 GHz). Similarly, at the center frequency we 
obtained the minimum axial ratio value of 0.3 dB.

   
a b

Fig.	7.	Type	of	manufactured	antenna:		
a –	top	view;	b	–	bottom	view

The lower and higher resonating bands radiation pat-
terns are observed at respective frequencies of 2.28 GHz. 
and 3.15 GHz. The responses are analyzed by using HFSS 
and experimental setup. The respective plots are depicted  
in Fig. 9, 10. The empirical and simulated gains of the anten-
na are depicted in Fig. 11.

The close correspondence between the simulation and ex-
perimental results for the characteristics of return loss (RLC) 
and axial ratio (AR) can be explained by the exact realization 
of vertical metal transitions and fractal Minkowski curves. 
These structural elements effectively control the distribution 
and polarization of the electromagnetic field, which leads to 
improved bandwidth and polarization purity at both higher 
and lower resonant frequencies. Compared to existing anten-
na designs, Ant8 demonstrates excellent dual-band perfor-
mance and circular polarization. The achieved throughput 
values of 27.84 % and 6.11 % with return loss at various fre-
quencies exceed the typical results described in the literature, 
which emphasizes the effectiveness of the proposed design.

a b
   

Fig.	8.	Simulation	and	experimental	results:		
a	–	return	loss	characteristics;	b	–	axial	ratio	characteristics
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Fig.	11.	The	proposed	Ant8	gain	characteristics	plot

During the study, limitations were identified regarding 
the reproducibility of the results under various environmen-
tal conditions and input parameters. Although the antenna 
works well in the specified frequency ranges (2.4 GHz and 
3.4 GHz), deviations may occur outside these ranges or in 
non-ideal testing conditions. Ensuring reliability in wider 
operating conditions will require further verification and op-
timization. A notable disadvantage is the difficulty of manu-
facturing antennas with precise geometric configurations and 
using materials such as metamaterials. In future research, this 
problem could be solved by studying simplified manufactur-
ing techniques or alternative materials that have similar elec-
tromagnetic properties without the associated manufacturing 
difficulties. Future developments may be aimed at expand-
ing the antenna’s frequency adaptation and miniaturization 
capabilities. However, there may be problems in balancing 
miniaturization and maintaining performance metrics such 
as gain and radiation efficiency. Methodologically, improving 

the accuracy of modeling and experimental ve-
rification of methods will be crucial to overcome 
these problems.

Given these considerations, future research 
can build on the foundation laid by Ant8, 
which will further expand its practical applica-
bility and advance the field of microstrip patch 
antenna design for modern wireless communi-
cation systems.

6. Discussion of the results of the study  
of Minkowski fractal antennas 

The close correspondence between the si-
mulation and experimental results for the 
characteristics of return loss (RLC) and axial 
ratio (AR) can be explained by the precise reali-
zation of vertical metal transitions and fractal 
Minkowski curves. These structural elements 
effectively control the distribution and pola-
rization of the electromagnetic field, leading to 
improved bandwidth and polarization purity 
at both higher and lower resonant frequencies. 
This is evidenced by the RLC measurements 
displayed in Fig. 8, a, which show a harmoni-
ous alignment between empirical and simulated 
data. Similarly, the AR characteristics shown in 
Fig. 8, b confirm the effectiveness of the design 
in achieving the desired polarization perfor-
mance. The radiation pattern characteristics 
measured in the anechoic chamber, depicted in 
Fig. 9, 10, further validate the dual-band ope-
ration and confirm the theoretical predictions.

The Ant8 design demonstrates significant advancements 
over existing antenna designs, particularly in terms of dual- 
band performance and circular polarization. The achieved 
return loss bandwidths of 27.84 % (2.88–3.81 GHz) and 
6.11 % (2.22–2.36 GHz) due to current at VIAs surpass 
typical results reported in the literature, underscoring the su-
periority of the proposed design. The empirical and simulated 
gains of the antenna, as depicted in Fig. 11, further highlight 
its enhanced performance metrics. 

The proposed method of incorporating vertical metal 
transitions and fractal Minkowski curves stands out due to 
its ability to effectively manage electromagnetic field distri-
bution and polarization, leading to improved performance 
metrics. Compared to existing works, such as the dual-band 
designs in [3, 8–14] and the circular polarization techniques 
in [5, 15–23], the Ant8 design exhibits a broader return 
loss bandwidth and better polarization purity. For instance, 
while [3] achieved significant bandwidth and isolation im-
provements with a trident-shaped antenna, the Ant8 design 
extends these improvements further by enhancing dual-band 
operation and achieving more robust circular polarization.

Despite the significant advancements, the study identified 
several limitations regarding the reproducibility of the results 
under various environmental conditions and input para-
meters. Although the antenna performs well in the specified 
frequency ranges (2.4 GHz and 3.4 GHz), deviations may 
occur outside these ranges or under non-ideal testing condi-
tions. This indicates a need for further verification and opti-
mization to ensure reliability in broader operating conditions. 
Additionally, the complex manufacturing process of antennas 

a b
   

Fig.	9.	At	2.28	GHz,	simulations	and	measurements	were	performed:		
a	–	E	plane;	b	–	H	planes

Fig.	10.	At	3.15	GHz,	simulations	and	measurements	were	performed:		
a	–	E	plane;	b	–	H	planes

a b
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with precise geometric configurations and the use of materials 
such as metamaterials pose significant challenges. A notable 
disadvantage of this study is the difficulty of manufactur-
ing antennas with precise geometric configurations using 
metamaterials. This challenge could be addressed in future 
research by exploring simplified manufacturing techniques or 
alternative materials with similar electromagnetic properties.

Future research may focus on expanding the antenna’s 
frequency adaptation and miniaturization capabilities. How-
ever, this may present challenges in balancing miniaturiza-
tion while maintaining performance metrics such as gain and 
radiation efficiency. Methodologically, enhancing the accu-
racy of modeling and experimental verification methods will 
be critical. Potential difficulties could include mathematical 
challenges in optimizing the design for different frequency 
ranges and experimental challenges in achieving consistent 
manufacturing quality. Further development of the Ant8 
design will build on its established foundation, advancing the 
field of microstrip patch antenna design for modern wireless 
communication systems. 

The study identified several limitations regarding the 
reproducibility of the results under various environmental 
conditions and input parameters. Although the antenna 
performs well in the specified frequency ranges (2.4 GHz 
and 3.4 GHz), deviations may occur outside these ranges or 
under non-ideal testing conditions. This indicates a need for 
further verification and optimization to ensure reliability 
in broader operating conditions. Additionally, the complex 
manufacturing process of antennas with precise geometric 
configurations and the use of materials such as metamaterials 
pose significant challenges.

A notable disadvantage of this study is the difficulty of 
manufacturing antennas with precise geometric configura-
tions using metamaterials. This challenge could be addressed 
in future research by exploring simplified manufacturing 
techniques or alternative materials with similar electromag-
netic properties. Another area for improvement is the accura-
cy of modeling and experimental verification methods, which 
is crucial for overcoming the identified limitations. 

7. Conclusions

1. The suggested patch antenna design effectively utilizes 
fractal Minkowski curves and strategic vertical interconnect 
placements to achieve dual-band performance with circular 
polarization at the upper frequency band and enhanced left-
hand frequency response at the lower band. The integration 
of these advanced design elements, including the coaxial 
probe feed positioned diagonally and VIAs placed 7 mm from 
the patch center, results in a highly efficient antenna with 
improved bandwidth and minimal signal reflection. This in-
novative approach confirms the antenna’s capability to meet 
the specified performance criteria.

2. The antenna design achieves a notable 10-dB return 
loss bandwidth of 6.11 % at lower resonating frequencies, 
highlighting its versatility in maintaining efficient signal 
reception and transmission across different frequency bands. 
This quantitative indicator underscores its suitability for 
diverse applications requiring reliable communication over 
varied frequency ranges. The achievement reflects advance-
ments in antenna engineering, employing innovative design 
strategies to mitigate signal interference and ensure stable 
operation in diverse wireless communication environments.

3. Notably, the antenna architecture achieves a 3-dB axial 
ratio bandwidth of 5.05 % at the upper band, demonstrating 
superior circular polarization characteristics essential for mi-
nimizing signal degradation and optimizing data throughput 
in wireless networks. This qualitative indicator represents  
a significant advancement in antenna performance, surpassing 
traditional designs in polarization purity and signal fidelity. 
The enhanced axial ratio bandwidth is facilitated by optimized 
parasitic elements and metamaterial enhancements, enhancing 
the antenna’s ability to maintain polarization integrity across 
the WiMAX band (3.4 GHz) and WLAN band (2.4 GHz). 
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