JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS

Vol. 27, Iss. 7 - 8, July - August 2025, p. 342 - 353

Investigation of rhombic block photonic crystal patch
antenna for wireless devices with substantial data rates

N. S. YOGA ANANTH"", P. KARUPPASAMY?

!Department of Electronics and Communication Engineering, P. S. R. Engineering College, Sivakasi, India
’Department of Electronics and Communication Engineering, Adithya Institute of Technology, Coimbatore, India

The next significant development in wireless communication is the shift to 6G technology, which expands upon 5G's
innovations and incorporates new features and technologies. 6G is anticipated to reach ultra-high data speeds, possibly in
the terabits per second (Tbps) level, by using the terahertz (THz) band (0.1-10 THz). This article explores the distinct design
of the Pentagonal edged microstrip patch antenna (PEMPA) structure and examines antenna performance. Further, the
structure is embedded with a unique rhombic air-pored photonic crystal (PhC) substrate and simulated using the CST tool.
To improve the antenna's performance, the investigation continues to optimize the PhC air hole size and lattice constant
value. The proposed unique PhC-based PEMPA achieved remarkable antenna properties, including -77.66 dB (RL), 8.752
dB gain at 2.06 THz, and a high data rate in the Tbps range. The goal of the suggested antenna is to achieve sub-millisecond
latency, which is essential for real-time uses in machinery automation, automatic vehicle operation, and robotic surgery.
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1. Introduction

Data transfer rate is an important factor that influences
the performance and operation of numerous digital
technologies [1, 2] and  modern  wireless
telecommunications [3, 4]. Spectral efficiency, or the
effective utilization of a specific bandwidth, directly
correlates with the data rate. A higher data rate usually
results in a more efficient use of the readily accessible
spectrum. In the electromagnetic spectrum [5, 6], Terahertz
(THz) or T rays [7-10] have a great deal of promise for
wireless communication applications to reach very high
data speeds. THz communication offers more transmission
capacity, improved secrecy, and more robust anti-
interference capability than microwave interaction [11].
When compared to optical communication [12, 13],
telecommunication can guarantee the dependability of
communications in challenging situations since it has lower
photon energy and better smoke and dust penetration. The
microstrip patch antenna (MPA) [14—18] is a vital device
that contributes significantly to wireless systems because of
its low cost, conformance, adaptability, and lightweight
nature. The patch's primary disadvantage is that it
stimulates surface waves [19], which direct more waves
toward the substrate than the air side. Researchers use three
methods to alleviate this problem, which lowers antenna
performance: PhC [20-23], metamaterials [24-26], and
defective ground substrate [27, 28].

The present investigation embraces the PhC concept
and demonstrates how the PhC-based MPA may improve
antenna efficiency. Emerging PhC technology could hold
the key to creating ultra-wideband [29, 30] microstrip
antennas. This technology reduces side lobes and
electromagnetic interference levels while improving

antenna efficiency and bandwidth by totally prohibiting the
formation of surface waves with substrate manipulation.
While many applications in optics have been proposed in
the past, the scalability of these structures also enables their
use in the millimeter and THz wave regimes.
Electromagnetic crystal materials have garnered significant
interest. To increase the energy coupled to the radiated
field, replace the dielectric substrate with a PhC crystal with
a forbidden gap that includes the antenna excitation
frequency and no surface modes. This allows power to be
reflected to the air side rather than towards the substrate.

Previous research extensively investigates PhC-based
patch antennas to enhance their antenna performances. The
existing PhC antenna works are described below: Singh
[31] proposed a multifrequency band MPA antenna
embedded with cylinder air pores in a in a PhC structure.
Partial elimination of bound surface waves within specific
directions can maximize the MPA efficiency. For high-
efficiency antennas, the energy distribution between space
and leaky waves determines the approximate values of
directivity and gain. The low directivity of space waves
contrasts with the highly directive radiation pattern of leaky
waves. To obtain a high-gain antenna, a strong, leaky wave
must be excited. The antenna is resonated at different
frequencies (0.693, 0.775, 0.794, and 0.852 THz), and the
structure yields a high gain of 9 dB at 0.797 THz. Li et al.
[32] designed a rectangular patch antenna with a PhC
substrate.

The PhC substrate is designed using square and circular
air pores with dimensions of 16 mm and 32 mm. The
proposed antenna produces excellent results at -31 dB
Return Loss (RL) with 5 dB gain. It has been observed that
the photonic bandgap (PBG) structure may increase the
gain of patch antennas. Consequently, the substrate absorbs
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less electromagnetic wave energy, reflecting this energy
back into free space, thereby significantly improving the
return loss and gain. Singh and Singh [33] suggested a
trapezoidal patch antenna, and the antenna worked in the
frequency range of 1.2—-1.6 THz. Surface leaky waves
restrict patch antenna performance; therefore, PhC in the
thick dielectric substrate improve the patch antenna's
workability. There has been a noticeable and significant
improvement in the return loss, Voltage standing wave ratio
(VSWR), and gain.

Tripathi and Kumar [34] investigated a miniaturized
THz antenna with a PBG structure using graphene material.
The suggested antenna exhibits superior performance
parameters, including lower dimensions and a maximum
directivity of 8.42 dB and 7.99 dB for the given antenna.
The suggested designs have the potential to be highly
helpful in future area-limited applications like Wireless
Networks on Chip and Wireless Nano-Sensor Networks, as
well as high-speed, short-distance indoor communication.
Aloui et al. [35] suggested a wideband THz antenna for
biosensor gadgets such as breast tumor detection operated
in the 4-6 THz terahertz range. Graphene's high
conductivity allows for a characteristic improvement over
copper. Additionally, the use of PBG structure at the
substrate level and SIW technology improved the antenna's
performance.

Danasegaran et al. [36] investigated a patch antenna for
5G communication, as well as the concept of PBG. The
authors of this paper chose a triangular lattice structure to
make a PhC-based patch antenna. At 1.59 THz, the antenna
showed -31 dB RL and 2.8 dBi directivity. The PhC patch
antenna structure incorporates the line defect concept to
enhance its performance. The final results show that the
defected PhC produces excellent characteristics due to the
trapping of EM waves into the pores and reflective walls.
Youssef et al. [37] proposed a PBG antenna that resonates
within the frequency band of 0.3-1.25 THz. The results
show a significant increase in bandwidth as well as gain.
PBG is a very promising alternative for terahertz imaging
systems, such as those used to find hidden items in places
like airports, because of its unique qualities and the
antenna's multiband capabilities. Biological imaging can
also benefit from its promise, as it can enhance the clarity
and contrast of tissue abnormalities.

Pandian et al. [38] studied the hourglass patch antenna
based on PhC substrate for the application of breast cancer.
Because of its non-ionizing properties, the suggested
antenna resonated at the THz frequency, which is safer and
has no effect on human health. The proposed PhC structure
is small, less costly, lightweight, ecologically safe, and can
serve as the primary screening method for individuals with
breast cancer, especially in resource-constrained areas. Li
et al. [39] explored the high-gain THz antenna with a
rectangular polyimide dielectric column for the PBG
substrate. The PBG antenna may achieve tri-band
operational characteristics by utilizing PBG and polyimide
substrates in a multilayer substrate configuration.
Additionally, at the three operational bands, the PBG
antenna's radiation efficiencies are above 93%, 92%, and
88%, respectively. These are marginally greater than those
of the H antenna and superior to those of the dominant

multi-band antenna. The above survey data shows that there
are more PhC-based patch antennas existing presently,
whereas their antenna performances are poor. Moreover,
the existing patch shape is conventional, and the PhC air
hole is regular. As a result, this paper focuses on the unique
patch of the antenna structure, such as a pentagonal-edged
MPA. The pentagonal structure is embedded in the corners
and the mid-face of the square patch antenna structure.
Along with that, the PhC structure is designed with unique
rhombic-shaped air pores rather than regular cylindrical air
holes. The antenna patch's distinctive forms and PhC air
holes can improve antenna performance in areas such as
return loss, bandwidth, directivity, VSWR, directivity, and
gain. Section 2 elucidates the proposed PEMPA design,
while Section 3 delves into the PhC structure and design.
Section 4 explains the influence of the lattice constant on
the rhombic air-hole PhC structure. Section 5 compares and
analyzes the proposed PEMPA structures, while Section 6
concludes the work.

2. Proposed pentagonal edged microstrip
patch antenna (PEMPA) design

MPA's fundamental structure comprises the radiating
patch, dielectric substrate, and ground layer. The substrate
is chosen depending on the specifications, whereas the
layers of patch and ground can be constructed of either
copper or gold. This particular design uses Roger 3003 as
the substrate and copper for the patch and ground layers.
Rogers RO3003 is perfect for high-frequency, high-
efficiency antenna applications owing to its low dielectric
constant, ultra-low loss tangent, and good thermal and
electrical stability. There would be a rise in dielectric
losses, a degradation in gain and bandwidth, and
performance volatility caused by moisture or temperature
effects if a higher-loss or higher-er material were to be used
in its place. This paper proposes and designs the unique
PEMPA structure in three different ways, starting with the
square patch antenna as illustrated in Fig. 1(a). Further, the
structure is modified with a pentagonal model in each
corner of the square patch. Fig. 1(b) displays the pentagon-
embedded squared patch structure. Finally, the PEMPA
structure is obtained by embedding three pentagons in the
midpoint of the square patch, as illustrated in Fig. 1(c).
Hence, the proposed PEMPA structure is designed by
embedding seven pentagonal structures in the midpoint and
corner of the square patch antenna. The dimension of the
proposed PEMPA antenna is calculated using the below
formulas and the values are illustrated in Table 1.
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The outcomes of the proposed conventional MPA
structures are highlighted in Table 2. The RL comparison
of the distinct three structures is shown in Fig. 2. It is
inferred that the third (PEMPA) structure produces better
characteristics.
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Table 1. Proposed PEMPA dimensions

Parameters Ground Substrate Patch Feed
length | width | length | width | height | length | width | Thickness | length | width
D“?E;S)‘on 1425 | 1425 | 1425 | 1425 | 45 | 785 | 785 12 32 | 13.70

Fig. 1. Proposed PEMPA (a) Structure 1 (b) Structure 2 (c) Structure 3 (colour online)

Table 2. Performance of proposed three different MPAs

Design/Parameters Freq. RL (dB) VSWR Gain (dB) | Directivity Bandwidth
(THz) (dBi) (THz)
Antenna structure 1 2.026 -32.79 1.5489 4.281 4.764 0.075
Antenna structure 2 2.035 -37.82 1.4380 4.816 4.937 0.082
Antenna structure 3 2.042 -40.08 1.3023 5.270 5.481 0.094
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Fig. 2. RL Comparison of proposed three MPAs (PEMPA) (colour online)
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3. Proposed PhC structure and design

PhC is an organic structure characterized by sporadic
refractive index variations. PhC, also known as a PBG [40,
41], consists of orthogonally bored low dielectric constant
air holes into strong dielectric material, completely
preventing EM wave passage for frequency selection in
both directions. In a homogeneous dielectric medium, the
mode is on the light path, and the speed of light falls with
refractive index. A PhC's dielectric constant fluctuates
sporadically in all directions of space. The design of PhC
involves three different dimensions. This paper prefers to
design the antenna structure using 2D PhC. There are two
distinct topologies for the 2D PhC: hole and rod types. The
hole pattern [42] of PhC, with a filling factor of over 50%,
primarily consists of semiconductor material and features a
pattern of low-indexed air-filled pores set against a
background of high-index material. PhC has a filling factor
[43] of beneath fifty percent and contains low-index surface
material around the highly indexed rods.

The size of the air holes in a PhC is an important factor
that affects its PBG, effective refractive index, and other
optical properties. Generally, the design of a PBG involves
circular air holes, but this paper chooses the unique
rhombus-shaped airhole to analyze the PBG structure.
Different periodic arrangements, including square,
triangular, honeycomb, and aperiodic architectures, can be
used to categorize PhC topologies. The bandgap properties
and mode confinement behaviour are defined by these
topologies. A square lattice topology is typically chosen for
microwave and patch antenna designs because of its
straightforward design, efficient surface wave suppression,
and simplicity in integrating with planar production
techniques. Wider bandgaps may be possible with
triangular lattices, but square lattices with manufactured
flaws are a more feasible option for improving antenna
performance due to their complexity and manufacturing
requirements. The present section explores several antenna
models by varying the size of rhombic air holes in square
lattice PEMPA structures. Therefore, the PEMPA structure
is designed by varying the air-hole size from 2 um to 10
um. The effective permittivity and permeability of an air
hole might change depending on its size. Fig. 3 (a-e)
illustrates the various antenna arrangements. The radius
modifications produce the highest bandgap by reducing the
vein breath in the PBG, leading to a TE mode gap and a
significant amount of TM [44] mode. This improves the
localized electromagnetic wave's resonance intensity.

Table 3 highlights the antenna performances for
various sizes of rhombic air holes. It is observed that the
antenna resonant frequencies range between 2.041 — 2.063
THz due to distinct airhole sizes. Fig. 4 depicts RL's impact
on various air hole sizes. The minimum RL value (-77.66
dB) is attained for the PEMPA structure with an air hole
size of 4 um, and a maximum RL of -39.06 dB is achieved
for the structure of 10 pum. Fig. 5 (a and b) show the
influence of VSWR and gain characteristics for various
rhombic air hole sizes.

The photonic crystal-based antenna outperforms
conventional microstrip designs by using bandgap features

to suppress surface waves, resulting in increased radiation
efficiency, bandwidth, and gain. The periodic shape
improves impedance matching and channels more radiated
energy to the primary lobe, minimising side lobes and back
radiation. As a result, the PhC antenna exhibits excellent
efficiency and pattern stability, especially in high-
frequency applications

4. Impact of lattice constant of Rhombic
air-hole PhC structure

Generally, the design of PhC involves two distinct
structures: square and triangular lattices [45-47]. Total
internal reflections, resulting from the strong index contrast
over the high and low index surfaces, govern the light
localization in the PhC slab. Conversely, the two-
dimensional PhC structure's distributed Bragg reflector
governs the longitudinal confinement. This article assumes
a square lattice PhC structure for future investigation. In
this section, the lattice constant values of the PhC structure
are optimized in the range of 12-22 um to analyze the
antenna characteristics. Fig. 6 (a—e) shows the proposed
PEMPA structure for distinct lattice constant values. For
the proposed PEMPA structures with a lattice dimension of
6 um, the substrate has 57 air-holes. The quantity of air
holes reduces when lattice values are steadily increased.
Table 4 lists the performances of the PhC structures at
various lattice values. Fig. 7 compares and illustrates the
RL parameters for different proposed structures. The
impact of VSWR and gain of the various lattice constants is
illustrated in Fig. 8. It is observed that the PEMPA structure
with a lattice value of 16 um produces enhanced outcomes
with a maximum directivity of 8.7 dBi.

5. Comparison of traditional and optimized
PhC PEMPA

This section compares and analyze the performances of
the proposed traditional and optimized PhC PEMPA
structures. Fig. 9 illustrates the proposed PEMPA and
optimized PhC structures. At 2.04 THz, the traditional
PEMPA structure produces a result of -40.08 dB RL with
5.27 dB gain. We further optimize the PEMPA structure for
different rhombic air hole sizes and lattice constant values.

At 2.06 THz, the optimized PhC PEMPA structure
yields -77.66 dB RL and 8.752 dB gain. Table 5 lists the
proposed  structures' various performances. The
conventional antenna produces the average antenna
performances due to leaky wave issues. It is overcome by
adopting PhC structure and the RL performance is
improved upto 83.8%, gain is enhanced till 66% and
bandwidth is boosted around 250%. It is due to Periodic
modulation in PhC structures can cause some guided modes
to transform into leaky waves. These leaky modes can emit
energy into free space at regulated angles because they are
not completely enclosed. PhCs are therefore perfect for
directed radiation and beam shaping.

Fig. 10 presents the RL comparison of the proposed
PEMPA structures, revealing that the PhC PEMPA
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generates an enhanced output. Fig. 11 shows the 1D and
3D of the proposed PEMPAs and the H field and surface
current distribution of the proposed PhC structure is
illustrated in Fig. 12. Antenna H-field distribution shows
that magnetic loops are concentrated in the dielectric,
particularly under the patch, and that fringing effects make
them greatest at the edges. A dense concentration of current
surrounding the feed and the margins of the altered patch is
visible in the surface current distribution, suggesting longer
electric paths. The corner adjustments' uneven current flow
helps to widen the bandwidth and may even allow for multi-
mode operation.

The results demonstrate that extending the non-
transmission frequency range allows the PhC with
heterostructures to operate in a wider working frequency
band than conventional patch antennas. Furthermore, it may
significantly increase both its return loss and radiation
efficiency. The PBG is responsible for suppressing surface
waves that propagate over the substrate's surface and
considerably reflecting the majority of electromagnetic
wave energy transmitted to the substrate. Because of these
advantages, PhC antennas will become more common in a
variety of applications, including satellite and mobile
communications, as well as communications related to
astronautics and aeronautics.

Since the suggested PEMPA structure is built for the
THz frequency, its supported wavelength is in the
micrometer range. The antenna size is proportionate to
wavelength, indicating that this antenna has a miniaturized
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construction. This confirms that the suggested antenna
would use less power while fulfilling the functions of a
transmitter and receiver. Problems with fast data rates and
low power consumption may be readily handled if wireless
equipment, such as sensors, is designed to operate in the
THz frequency range. A bigger bandwidth (B) allows for a
higher maximum data throughput, assuming constant SNR.

In  reality, as bandwidth  grows, more
symbols/second may be broadcast, allowing for higher-
order modulation.

Data rate <= B log2 (I+SNR) 3)

Metamaterials and photonic crystals are both artificial
sequential structures, although their size and functioning
are different. A photonic crystal's unit cell size is
proportional to its wavelength, and it uses Bragg scattering
and photonic bandgaps to control electromagnetic waves.
In contrast, metamaterials can attain unusual effective
characteristics like as negative permittivity or permeability
by means of subwavelength resonant structures. In order to
increase radiation control, enhance bandwidth, and
suppress surface waves, the author opted for the PhC
method, which has low-loss bandgap [48, 49] features. The
proposed result is compared with existing PhC work which
is listed in Table 6. It is inferred that the proposed PhC
antenna outcome is much better than others due to its
unique patch and air hole in PhC structure.
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Fig. 3. Proposed PEMPA for different rhombic airhole size (colour online)
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Table 3. Influence of rhombic air holes size on PEMPA

Rhombus air Freq. RL (dB) VSWR Gain (dB) Directivity Bandwidth
hole sizes (THz) (dBi) (THz)
(um)/
Parameters
2 2.048 -45.19 1.0310 7.252 8.467 0.228
4 2.063 -77.66 1.0110 8.752 8.767 0.328
6 2.063 -53.25 1.0278 8.155 8.270 0.243
8 2.059 -45.98 1.0298 6.921 7.204 0.210
10 2.041 -40.38 1.0211 6.489 6.702 0.217
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Fig. 4. RL Comparison of distinct rhombic air hole size (colour online)
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Fig. 6. Proposed PEMPA structure for various lattice constant values (colour online)
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VSWR

Table 4. Influence of lattice constant values on PEMPA (colour online)

Rhombus air hole Freq. RL (dB) VSWR Gain (dB) | Directivity Bandwidth
lattice constant / (THz) (dBi) (THz)
Parameters
12 2.062 -45.24 1.0365 6.892
14 2.068 -50.19 1.0318 7.204
16 2.063 -77.66 1.0110 8.752 8.767 0.328
18 2.0365 -38.68 1.0235 8.026
20 2.0365 -37.92 1.0557 7.575 8.884
22 2.0365 -39.48 1.0414 7.412
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Fig. 8. (a) Impact of VSWR vs lattice values (b) Impact of gain vs lattice values (colour online)
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Fig. 9. (a) Conventional PEMPA (b) PhC based PEMPA (colour online)

Table 5. Comparison of traditional and PhC PEMPA performances

Proposed Freq. . Directivity | Bandwidth
design/Parameters (THz) RL (dB) VSWR Gain (dB) (dBi) (THz)
Traditional PEMPA 2.042 -40.08 1.3023 5.270 5.481 0.094
PhC PEMPA 2.063 -77.66 1.0110 8.752 8.767 0.328
Enhancement (%) - 83.83 - 66.07 59.95 248.94
Table 6. Comparison of PEMPA performances with existing works
Proposed Proposed
design/Parameters work Ref. [36] Ref. [37] Ref. [38] Ref. [50] Ref. [51]
Freq. (THz) 2.063 1.58 1.13 1.55 2.04 4
RL (dB) -77.66 -50.60 -41.81 -33.78 -71.35 <-10
Gain (dB) 8.752 - 9.4 - 9.5 7.8
0 == Conventional PEMPA
= PhC PEMPA
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Fig. 10. RL comparison plot of conventional and PhC PEMPAs (colour online)
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Phi=270

Fig. 12. (a) H field (b) Current distribution of PEMPAs (colour online)

6. Conclusion

This article examined the impact of PhC on the patch
antenna structure with its unique rhombic air pores. The
rhombic air pores are drilled into the square lattice substrate
in the size of an 8 x 8 matrix structure. The proposed PhC
antenna is optimized by two distinct parameters: air pore
size and lattice constant values. The proposed unique PhC-
based PEMPA attained outstanding antenna characteristics
of -77.66 dB RL and 8.752 dB gain at 2.06 THz, whereas
the conventional PEMPA structure delivered -40.08 dB RL
with 5.27 dB gain at 2.04 THz frequency. Every wireless
device relies heavily on data rate, and the suggested
antenna's bandwidth is closer to Tbps. The suggested
PEMPA structure offers the highest data rate and is
therefore appropriate for a range of wireless devices and
THz applications, including the biomedical industry.
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