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INTRODUCTION 

The fifth generation (5G) of wireless com-
munication networks represents a major advance-
ment in mobile technology, surpassing the capa-
bilities of previous generations like 3G and 4G. It 
offers faster speeds, lower latency, higher capac-
ity, and broader bandwidth [1]. A key advantage 
of 5G is its significantly higher data transfer rates 
compared to 4G, enabling efficient media stream-
ing and faster downloads [2]. The reduced latency 
characteristic of 5G networks is crucial for ap-
plications requiring real-time data transmission, 
including augmented reality (AR) and virtual 

reality (VR). Moreover, 5G networks can support 
a significantly greater number of connected de-
vices, which is particularly important in densely 
populated areas with high connectivity demands. 
This enhanced connectivity opens new avenues 
for expanding energy sources and optimizing en-
ergy harvesting technologies [3].

Energy harvesting typically involves small 
systems that generate small amounts of power 
[4]. Among the most common sources of small-
scale energy are environmental mechanical en-
ergy [5], body heat, and radio frequency (RF) 
energy [6]. Innovative designs, such as energy 
harvesters that integrate magnetic springs within 
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electromagnetic vibration generators, have been 
developed to optimize the conversion of mechani-
cal vibrations into electrical energy [7]. Addition-
ally, environmental factors, such as air pollution, 
can influence the intensity of received signals in 
wireless communication systems, potentially af-
fecting the efficiency of RF energy harvesting 
in 5G networks [8]. Given these environmental 
interactions, micro-energy harvesting from am-
bient RF sources presents a promising opportu-
nity, particularly in urban areas where radio and 
television broadcasts, mobile phone services, and 
wireless local area networks (WLANs) are per-
vasive. Micro-scale energy harvesting systems, 
such as rectennas and piezoelectric transducers, 
typically produce very low power outputs, often 
in the range of a few milliwatts [9]. This poses a 
significant challenge in designing these systems, 
as the generated power may be insufficient to op-
erate devices with higher energy demands [10]. 

To address the limitations of low power output 
in micro-energy harvesting systems, developing 
high-performance antennas is essential for cap-
turing more environmental energy and improv-
ing overall system efficiency. Microstrip patch 
antennas (MPAs) emerge as an ideal solution for 
systems operating at 5G network frequencies, of-
fering benefits such as compact size, lightweight 
design, cost-effectiveness, and ease of construc-
tion [11]. Figure 1 illustrates the fundamental 
design of the microstrip patch antenna, featuring 
a metal patch elevated above the ground plane, 
with a thin dielectric layer acting as the separator. 
The patch and ground, typically made of copper 
or gold, can be fabricated in a variety of shapes 
including rectangular, circular, triangular, or an-
nular ring designs.

Optimizing the performance of MPAs for mil-
limeter-wave (mmWave) applications requires the 
careful selection of materials for both the patch 
and ground plane [12]. The material must possess 
high electrical conductivity to minimize resistive 
losses and ensure efficient signal transmission 

[13]. Equally important is thermal stability, as 
high-frequency operations generate significant 
heat, necessitating materials that can withstand 
elevated temperatures without degradation. Me-
chanical strength and durability are crucial to pre-
vent deformation during fabrication and operation, 
especially when employing advanced techniques 
like micro-electro-mechanical systems (MEMS) 
[14]. Additionally, corrosion resistance is vital for 
maintaining the antenna’s long-term reliability in 
diverse environmental conditions.

While copper remains the most widely used 
patch material due to its superior electrical con-
ductivity and affordability, researchers have ex-
plored alternative materials such as aluminium, 
gold, silver, and tantalum to improve perfor-
mance. Aluminium offers a lightweight alterna-
tive but has slightly lower conductivity, making 
it ideal for flexible and wearable MPAs. Gold 
provides excellent conductivity and oxidation re-
sistance, making it suitable for high-performance 
applications, though its high cost is a limiting fac-
tor. Silver, the most conductive metal, is less com-
monly used due to tarnishing and cost constraints. 
Despite growing interest in alternative materials, 
tantalum remains underexplored in MPA design. 
To address these gaps, this research introduces 
the following novel contributions:
 • comparative performance analysis of tantalum 

and copper: this research investigates tantalum 
as an alternative patch material in MEMS-
based MPAs for 5G mmWave applications and 
evaluates tantalum’s suitability and efficiency 
compared to copper, which remains a widely 
used choice in antenna applications;

 • comprehensive performance evaluation: the 
study employs CST software to analyze key 
performance parameters, including VSWR, 
gain, reflection coefficient, S11, and bandwidth, 
providing detailed insights into tantalum’s 
capabilities;

 • investigation of patch height influence: this 
study explores the impact of patch height on 
antenna efficiency, an aspect that remains un-
derexplored in tantalum-based MPAs;

 • novel MPA design incorporating an ET-shaped 
slot and three parasitic rectangular patches: 
this research presents an innovative MPA 
configuration featuring an ET-shaped slot and 
three parasitic rectangular patches, enhancing 
impedance matching, bandwidth, and over-
all antenna performance for 5G mmWave 
applications.

Figure 1. Fundamental design of a rectangular 
microstrip patch antenna
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 • guidance for future MEMS-based MPA de-
signs: by providing insights into the feasibil-
ity of tantalum for 5G mmWave applications, 
this study helps advance the development of 
next-generation high-performance and dura-
ble MPAs.

RESEARH BACKGROUND 

In microstrip patch antenna design, the selec-
tion of patch material plays a vital role in determin-
ing overall performance. Copper has traditionally 
been the preferred material because of its superior 
electrical conductivity and affordability, making it 
an ideal choice for various applications [15]. Au-
thors in [16] present a novel design of a dual band 
MPA that operates at 28 GHz and 46 GHz fre-
quencies, which are crucial for the development of 
5G communication systems. The authors designed 
a rectangular microstrip patch antenna with two 
rectangular slots (semicircular at both ends) on 
the patch, using a copper patch and ground plate. 
At 28 GHz, the antenna achieves a return loss of 
-45.21 dB and a bandwidth of 1.84 GHz, while at 
46 GHz, the reflection coefficient, S_11 is -39.60 
dB, and the bandwidth is 9.00 GHz. Additionally, 
the voltage standing wave ratio (VSWR) values 
are 1.011 and 1.021 at 28 GHz and 46 GHz, re-
spectively, indicating good impedance matching. 
However, this paper reports a lower gain at 46 
GHz, which is 5.84 dB compared to 6.25 dB at 
28 GHz. The design presented in this paper aligns 
well with the requirements of 5G communication 
systems, which demand higher bandwidth, lower 
reflection coefficient, and higher directivity to pro-
vide better connectivity and efficiency.

With the growing demand for high perfor-
mance and specialized applications, especially in 
the mmWave band, researchers have explored al-
ternative materials with enhanced properties. Re-
cent studies on MPAs have investigated the use of 
various patch materials, including aluminum [14], 
gold [17], silver [18], and tantalum. Aluminum, 
as a lightweight alternative to copper, is particu-
larly advantageous in applications where weight 
is a concern such as flexible and wearable MPAs, 
despite its slightly lower conductivity [14]. Gold, 
on the other hand, is widely employed in high-
performance and space-related applications due 
to its superior conductivity and oxidation resis-
tance, though its high cost limits its applicability. 
Silver, while boasting the highest conductivity 

among metals, faces challenges such as tarnish-
ing and high expense, making it less widely used 
in antenna applications [19].

Previous research has demonstrated the per-
formance of these materials. For instance, authors 
in [20] conducted performance analysis and sim-
ulation of rectangular-shaped MPAs with gold, 
copper, and silver patches for mmWave 5G ap-
plications. The study revealed that the gold patch 
antenna exhibited the best overall performance, 
achieving an S11 of -58.757 dB, a VSWR of 1.002, 
and a gain of 7.168 dB at 27.01 GHz. This su-
perior performance is attributed to gold’s higher 
current-carrying capacity and better conductiv-
ity compared to copper and silver. Silver, despite 
offering the highest bandwidth of 4.78 GHz at 
26.807 GHz, suffered from tarnishing related 
drawbacks. Copper, on the other hand, showed a 
competitive gain of 7.156 dB at a resonant fre-
quency of 26.7982 GHz, which is close to that 
of gold. Although gold has superior conductivity, 
copper is less costly, making copper a particular-
ly suitable choice for cost-sensitive applications, 
such as consumer electronics.

Tantalum has shown significant promise as 
a patch material for specialized applications due 
to its durability and corrosion resistance, making 
it suitable for high-frequency operations like 5G 
mmWave bands [19]. In this study [21], tantalum’s 
return loss performance was examined, achieving 
-23.525 dB, while silver exhibited the poorest per-
formance at -17.17 dB. This study involved patch 
conductors, including copper, aluminum, gold, 
silver, iron, platinum, tantalum, and molybdenum, 
designed with consistent dimensions for compari-
son. Despite tantalum’s robust performance, its 
operating frequency slightly deviated from the 
target, resonating at 27.92 GHz instead of the in-
tended 28 GHz. Furthermore, critical performance 
metrics, such as gain and bandwidth, have not 
been reported and the influence of design param-
eters like patch height on antenna efficiency re-
mains unexplored. These limitations leave gaps in 
understanding tantalum’s full potential compared 
to conventional materials like copper.

PROPOSED ANTENNA DESIGN 

When designing MPAs, it is critical to ensure 
that the design parameters align with the target 
frequency and application requirements. A com-
mon rule of thumb is that the height of the patch 
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denoted as mt, should be significantly less than the 
operating wavelength, λ0 with the recommended 
range being 0.03 λ0 ≤ mt ≤ 0.05 λ0. The choice of 
dielectric material for the substrate plays a crucial 
role, as its relative permittivity, εr significantly in-
fluences the antenna’s bandwidth and gain. Low 
loss tangent materials are preferred to minimize 
electromagnetic wave absorption and energy loss, 
ensuring optimal performance.

In this research, a rectangular MPA is de-
signed with a substrate height, hs of 0.70 mm, op-
timized for operation at 28 GHz in mmWave 5G 
systems. A borosilicate glass substrate is selected 
for its relative permittivity, εr of 4.4 which offers a 
good balance between bandwidth and efficiency. 
The use of borosilicate glass also aligns with the 
need for robust and reliable materials in MEMS-
based applications.

The antenna is designed to be fed using an inset 
microstrip line, a feeding technique that is known 
for its efficiency in achieving good impedance 
matching between the antenna and the transmis-
sion line. The 50 Ω impedance is a widely adopted 
standard in microwave and RF system design, as it 
provides a good balance between power-handling 
capability, ease of interconnection with other com-
ponents, and the ability to minimize reflections 
while maximizing power transfer. The dimensions, 
specifically the length and width, of the rectangular 
microstrip patch antenna can be calculated using 
the following Equation 1 until 5 [22]:
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where: Wp – patch width, Lp – length of patch,  fo – resonant frequency, C – 3 × 108 ms-1, 
speed of light, εr – relative permittivity, hs 
– substrate thickness, ∈eff – effective di-
electric constant.

For a 50 Ω impedance matched microstrip 
edge patch line, the inset feed length, G of the 
patch in Equation 4 is derived as follows:
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Figure 2. Geometry of the proposed microstrip patch antenna: a) top view, b) perspective view
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Antenna configuration

Microstrip patch antennas were designed and 
simulated in CST Microwave Studio to optimize 
performance at 28 GHz for 5G mmWave appli-
cations. Copper and tantalum were used as patch 
and ground materials, with thicknesses of 35 µm, 
1 µm, and 700 nm tested to explore trade-offs be-
tween fabrication feasibility and performance in 
MEMS-based designs. The antenna design fea-
tures a rectangular patch with an ET-shaped slot 
and three parasitic rectangular patches to enhance 
radiation properties, as illustrated in Figure 2. 

Detailed design parameters are provided in 
Table 1. All designs shared the same dimensions 
except for the tantalum patch at 700 nm. For this 
configuration, achieving the 28 GHz frequen-
cy required slight adjustments: patch width, Wp  
changed from 5.50 mm to 5.54 mm, and feed len-
gth, Lf from 5.52 mm to 5.54 mm. 

RESULTS 

Simulations for the six proposed designs were 
conducted using the parameter values specified 

in Table 1. Several antenna properties, including 
reflection coefficient, S11 bandwidth, VSWR, ra-
diation pattern, and gain, were analysed in the 26 
GHz to 29 GHz frequency range.

Reflection coefficient, S11 and bandwidth

Figure 3 illustrates the resonant frequencies 
and the reflection coefficient, S11 for copper and 
tantalum at three patch thicknesses: 35 µm, 1 µm, 
and 700 nm. The VSWR decreases consistently as 
patch thickness reduces from 35 µm to 1 µm for 
both copper and tantalum. The best reflection co-
efficient, S11 is observed for the copper patch at 35 
µm, with a value of -27.391 dB, followed closely 
by tantalum at 35 µm, with -25.499 dB, represent-
ing a reduction of approximately 6.9%. The low-
est reflection coefficient is seen for the tantalum 
patch at 700 nm, with a value of -21.145 dB. 

While copper achieves a favorable S11 value, 
tantalum consistently offers a broader bandwidth. 
At 35 µm, tantalum achieves the widest band-
width of 0.807 GHz, compared to 0.788 GHz for 
copper, a crucial advantage for efficient signal 
transmission in 5G applications. Data from Figure 

Table 1. Design parameters of the proposed antenna
Material Copper Tantalum

Patch and ground
thicknesses, (mt)

35 mm 1 µm 700 nm 35 mm 1 µm 700 nm

Antenna parameters, (mm)

Wg 11.00 11.00 11.00 11.00 11.00 11.08

Lg 19.70 19.70 19.70 19.70 19.70 19.70

Wp 5.50 5.50 5.50 5.50 5.50 5.54

fLp 9.85 9.85 9.85 9.85 9.85 9.85

WS 11.00 11.00 11.00 11.00 11.00 11.08

LS 19.70 19.70 19.70 19.70 19.70 19.70

Lf 5.52 5.52 5.52 5.52 5.52 5.54

Wf 1.11 1.11 1.11 1.11 1.11 1.11

Gpf 0.50 0.50 0.50 0.50 0.50 0.50

Fi 0.60 0.60 0.60 0.60 0.60 0.60

W1 0.80 0.80 0.80 0.80 0.80 0.80

L1 2.20 2.20 2.20 2.20 2.20 2.20

W2 3.00 3.00 3.00 3.00 3.00 3.00

W3 0.80 0.80 0.80 0.80 0.80 0.80

W4 0.50 0.50 0.50 0.50 0.50 0.50

L2 3.00 3.00 3.00 3.00 3.00 3.00

W5 3.00 3.00 3.00 3.00 3.00 3.00

L3 2.00 2.00 2.00 2.00 2.00 2.00

L4 0.50 0.50 0.50 0.50 0.50 0.50
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3 shows tantalum maintains a wider bandwidth 
across all thickness variations. However, reduc-
ing thickness to 700 nm does not significantly 
improve bandwidth for either material. The 1 µm 
thickness strikes the optimal balance between 
minimizing S11 and maintaining bandwidth, mak-
ing it the most suitable choice. Notably, the band-
width narrows by only 4%, indicating minimal 
impact on signal performance.

Voltage standing wave ratio

The VSWR is an important factor in antenna 
performance, as it represents how effectively the 
impedance between the antenna and the transmis-
sion line or feed system is matched. In the case 
presented in Figure 4, the consistent VSWR val-
ues below 2 across various thicknesses of copper 
and tantalum indicate that the antenna operates 
with an efficient impedance match, minimizing 

power reflection and optimizing transmission 
performance. This stability suggests the antenna 
design is well-optimized to maintain a consistent 
impedance match across the tested thicknesses, 
ensuring efficient operation over a broad frequen-
cy range.

Gain and directivity

The experimental results shown in Figure 5 il-
lustrate the simulated gain for the three copper and 
tantalum patch thicknesses. While the highest gain 
of 6.54 dB was achieved with the copper patch at 
35 µm thickness, tantalum performed comparably, 
delivering a gain of 6.33 dB at the same thickness, 
reflecting only a slight decrease of 3.21%.

Even at reduced thicknesses, tantalum main-
tains consistent performance. The gain at 700 nm 
for tantalum remains within an acceptable range 
at 6.11 dB, corresponding to a 6.57% reduction 

Figure 3. Resonant frequencies, fo and reflection coefficient, S₁₁ for copper and tantalum patch at various 
thicknesses

Figure 4. Voltage standing wave ratio for copper and tantalum patch at various thicknesses
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compared to the 35 µm copper patch. Despite this 
reduction, tantalum’s gain values remain above 5 
dB across all thicknesses, ensuring sufficient ra-
diation efficiency for 5G applications. This high-
lights tantalum’s suitability for thinner designs, 
offering a balance of gain and robustness.

Radiation pattern

The radiation patterns of the microstrip patch 
antenna are examined in two orthogonal planes: 

the E-plane and the H-plane. The E-plane cor-
responds to the x-z plane (ϕ = 0°), while the H-
plane corresponds to the y-z plane (ϕ = 90°). In 
the far-field region, the electric field is oriented in 
the E-plane, whereas the magnetic field is located 
in the H-plane. Figure 6 and Figure 7 illustrate the 
radiation patterns for both planes, showcasing the 
performance of copper and tantalum patches at 
three different thicknesses. These results validate 
that all proposed antennas effectively produce a 
broadside and omnidirectional radiation pattern 

Figure 5. Simulated gain for copper and tantalum patches across different thicknesses: (a) 35 µm copper patch, 
(b) 1 µm copper patch, (c) 700 nm copper patch, (d) 35 µm tantalum patch, (e) 1 µm tantalum patch, 

(f) 700 nm tantalum patch
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Figure 6. Radiation patterns for E (x-z) plane for copper and tantalum patch across different thicknesses: 
(a) 35 µm copper patch, (b) 1 µm copper patch, (c) 700 nm copper patch, (d) 35 µm tantalum patch, 

(e) 1 µm tantalum patch, (f) 700 nm tantalum patch

Figure 7. Radiation patterns for H (y-z) plane for copper and tantalum patch across different thicknesses: 
(a) 35 µm copper patch, (b) 1 µm copper patch, (c) 700 nm copper patch, (d) 35 µm tantalum patch, 

(e) 1 µm tantalum patch, (f) 700 nm tantalum patch
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in the E-plane. Additionally, the radiation pattern 
in the H- plane reveals that the ET-shaped slot 
with parasitic rectangular patches influences the 
patterns in the backward direction for all anten-
nas. The antenna’s radiation pattern is direction-
al, featuring a narrow beamwidth, which can be 
advantageous for certain applications requiring 
focused signal transmission. The appearance of 
back lobes in the radiation pattern can be attribut-
ed to the effects of the finite ground plane, where 
the ground plane slots function as resonators in 
the high frequency range. Table 2 summarizes the 
radiation characteristics and performance param-
eters for copper and tantalum patches at thick-
nesses of 35 µm, 1 µm, and 700 nm. 

ANTENNA DESIGN COMPARISON WITH 
SOME DESIGNS FROM THE LITERATURE

Table 3 presents a comparative analysis of the 
proposed antennas against several recently pub-
lished designs, evaluating key parameters such 
as substrate material, patch shape, patch material, 
operating frequency, reflection coefficient, S11, 
VSWR, bandwidth, and gain.

Except for the copper 35 µm design, all pro-
posed antennas precisely achieve the target 28.00 
GHz operating frequency, making them more 
suitable for 5G mmWave applications than al-
ternatives like [20], which exhibits frequency 
deviations of 27.01 GHz, 26.81 GHz, and 26.79 
GHz. While these deviations may seem minor, 
they indicate a lack of precise tuning, which is 
crucial for stable 5G deployment. In contrast, our 
proposed antennas maintain a tight frequency tol-
erance ranging from 28.00 GHz to 28.02 GHz, 
ensuring better compatibility with 5G networks.

In terms of S11 performance, the proposed de-
signs achieve an outstanding range from -21.145 

dB to -27.391 dB, significantly outperforming the 
-17.17 dB reported in [21]. The lowest S11 in our 
work, -27.391 dB, is superior to the best S11 of 
-23.53 dB in [21] and -24.09 dB in [20]. A lower 
S11 value signifies better impedance matching and 
reduced signal reflection, ensuring higher trans-
mission efficiency. Compared to [16], which re-
ports S11 values of -45.21 dB and -39.60 dB, our 
work does not reach the extreme S11 levels but 
achieves a well-balanced trade-off between band-
width and impedance matching, making it more 
suitable for practical 5G mmWave applications.

The VSWR values of the proposed antennas 
range between 1.09 and 1.19, closely aligned with 
the theoretical ideal of 1.00. Comparatively, [20] 
reports a VSWR range of 1.002 to 1.13, and [21] 
does not provide VSWR values. The lower VSWR 
values in our work indicate better impedance 
matching than those in [20] and ensure efficient 
signal transmission with minimal reflection losses.

The proposed designs maintain bandwidth 
values between 0.754 GHz and 0.807 GHz, en-
suring sufficient bandwidth without excessive 
widening that could degrade signal efficiency. In 
contrast, [20] reports higher bandwidth values of 
4.56 GHz, 4.78 GHz, and 4.49 GHz, which, al-
though beneficial for broader coverage, introduce 
a trade-off in frequency accuracy. Compared to 
[16] which reports 1.84 GHz and 9.00 GHz, and 
[21] which does not provide applicable bandwidth 
values, our work achieves a balanced bandwidth 
suitable for mmWave applications.

A key distinction in this work lies in the sub-
strate selection, patch shape, and material choices. 
While [16] and [21] utilize FR-4 or unspecified 
substrates, this work employs borosilicate glass, 
a material known for its low dielectric loss and 
superior thermal stability. This choice enhances 
signal transmission efficiency, reducing dielectric 
losses that conventional substrates suffer from. 

Table 2. Performance comparison of copper and tantalum patches across three thicknesses for the proposed 
antennas

Ground and material Copper Tantalum

Patch and ground thicknesses, (mt) 35 mm 1 µm 700 nm 35 mm 1 µm 700 nm

Antenna parameters, (mm)

Frequency, fo (GHz) 28.02 28.00 28.00 28.00 28.00 28.00

Reflection coefficient, S11 (dB) - 27.39 - 22.97 - 22.95 - 25.49 - 21.47 - 21.14

Voltage standing wave ratio (VSWR) 1.09 1.15 1.15 1.11 1.18 1.19

Bandwidth (GHz) 0.788 0.754 0.755 0.807 0.774 0.772

Gain (dB) 6.54 6.38 6.39 6.33 6.14 6.11
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Additionally, the ET-shaped patch with three par-
asitic rectangular patches improves impedance 
matching, which is absent in the purely rectangu-
lar designs used in [20] and [21].

Another significant advantage is the opti-
mized patch dimensions and material layering. 
Unlike [16] and [21], which rely on conventional 
rectangular patches, the ET-shaped design with 
three parasitic rectangular patches in this work 
enhances radiation efficiency and bandwidth sta-
bility. Our thinner copper and tantalum layers, 
ranging from 700 nm to 35 µm, allow greater 
flexibility in impedance optimization, reducing 
reflection coefficients and signal loss. In contrast, 
the materials used in [20] and [21] such as sil-
ver, platinum, and molybdenum, lead to greater 
dielectric and conductor losses, limiting their ef-
ficiency in high frequency 5G environments.

Although [20] achieves higher gain, its fre-
quency deviation makes it less reliable for pre-
cise 5G mmWave implementation. By achiev-
ing precise frequency stability while maintain-
ing sufficient gain, minimal signal reflection, 
and optimized bandwidth, this work presents a 
well-rounded solution for next-generation wire-
less applications. Optimized material selection, 
patch geometry, and impedance matching col-
lectively contribute to the superior performance 
of this design, surpassing existing alternatives 
in frequency accuracy, minimal signal loss, and 
overall efficiency.

CONCLUSIONS 

In conclusion, while copper remains the stan-
dard patch for microstrip patch antennas due to its 
affordability and reliability, this study demonstrates 
tantalum’s potential as a promising alternative, par-
ticularly when fabricated using MEMS technology. 
The 1 µm tantalum patch demonstrated excellent 
performance, with an S11 of -21.474 dB, a VSWR 
of 1.18, and a gain of 6.14 dB at 28 GHz, under-
scoring its suitability for 5G mmWave applications. 
Tantalum’s thin profile enables high performance 
and ease of fabrication, making it practical for mass 
production. This study highlights the critical role of 
patch thickness, with the 1 µm design striking an 
optimal balance between efficiency and manufac-
turability. These findings validate the proposed de-
sign and highlight tantalum’s potential for advanc-
ing next-generation MEMS-based MPAs. Future 
research should focus on experimental validation 
and exploring alternative materials to enhance scal-
ability and performance for real-world 5G systems. 
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Table 3. Performance comparison of the proposed antenna with existing patch designs and materials

Paper Substrate Patch
shape

Patch
material

Patch 
dimensions

(mm)

Frequency 
(GHz) (dB)

VSWR Bandwidth 
(GHz)

Gain
(dB)

[16] Not 
applicable

Rectangular 
with two 

rectangular 
slots 

(semicircular 
at both the 

ends)

Copper 6.34  
4.00

28
46

-45.21
-39.60

1.011
1.021

1.84
9.00

6.25
5.84

[20] Rogers RT 
5880 Rectangular

Gold
Silver

Copper
4.5  3.4

27.01
26.81
26.79

- 58.7
- 28.79
-  24.09

1.002
1.075
1.13

4.56
4.78
4.49

7.168
7.04
7.156

[21] FR-4 Rectangular

Copper
Aluminum

Gold
Silver
Iron

Platinum
Tantalum

Molybdenum

3.29 × 2.44

28.00
27.99
28.00
28.00
27.94
27.94
27.92
27.97

-17.28
-18.06
-17.63
-17.17
-21.84
-22.26
-23.53
-19.49

Not 
applicable

Not 
applicable

Not 
applicable

This 
work

Borosilicate 
glass

ET-shaped 
and three 
parasitic 

rectangular 
patches

Copper 35 µm
Copper 1 µm

Copper 700 nm
5.85 × 9.85

28.02
28.00
28.00

-27.391
-22.974
-22.954

1.09
1.15
1.15

0.788
0.754
0.755

6.54
6.38
6.39

Tantalum 35 µm
Tantalum 1 µm

Tantalum 700 nm

28.00
28.00
28.00

-25.499
-21.474
-21.145

1.11 
1.18 
1.19

0.807
0.774
0.772

6.33
6.14
6.11
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