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1. Abstract

Central to this study is the introduction of a pioneering photonic crystal-based microstrip patch antenna array with high gain.
Engineered to meet the demands of evolving wireless communication technologies, this novel antenna system leverages
Photonic Band Gap (PBQG) structures. A fractal microstrip patch antenna, operating within the E-W-F band, is designed and
simulated using the High-Frequency Structure Simulation (HFSS) software. With an operational frequency spanning 60.15
GHz to 120 GHz and a resonant band at 64.80 GHz, the antenna achieves a peak gain of 10.50 dBi within the obtained
bandwidth. In this study, we selected Rogers RT/Duroid 5880 as the substrate material for our antenna, capitalizing on its
unique properties to achieve superior functionality in high-frequency applications. One of the advantages of RT/Duroid 5880
is its exceptionally low dielectric constant (€r = 2.2). This property is paramount for high-frequency antennas, as a lower
dielectric constant facilitates improved signal propagation characteristics. The result is reduced signal loss and enhanced
impedance matching, contributing to the overall efficiency of the antenna. The mechanical machinability of RT/Duroid
substrates, including RT/Duroid 5880, adds another layer of advantage. The material can be easily cut, sheared, and machined
to shape, streamlining the manufacturing process, and allowing for precise customization of the antenna design. In addition, by
creating air hole in substrate reduce the dielectric constant, the introduction of air holes can decrease the effective dielectric
constant of the material. As a lower dielectric constant results in a slower wave propagation speed, a reduction wavelength and
a more compact antenna design may result. The presence of air holes or a photonic crystal structure can modify the
electromagnetic properties of the substrate, potentially leading to enhanced bandwidth characteristics of broadband antennas.

2. Introduction

This paper investigates into the high-frequency antennas, exploring their utilization in achieving superior data transmission
rates and enhanced signal quality across extensive distances. The fundamental advantage lies in the inverse relationship between
radio signal frequency and its data-carrying capacity. Higher frequency signals, characterized by shorter wavelengths, exhibit
an increased ability to convey more cycles of data within identical timeframes compared to lower frequency counterparts.
Consequently, these high-frequency signals facilitate heightened data transmission rates, making them optimal for swift and
efficient wireless communication. Additionally, their shorter wavelengths allow for more mobility around obstructions, thus
mitigating interference from external sources. The core contribution of this study involves the innovative design of a photonic
crystal-based microstrip patch antenna array with high gain. This novel antenna system is with accuracy designed to cater to
the evolving landscape of next-generation wireless communication technologies and their diverse applications. Leveraging the
Photonic Band Gap (PBG) structure, a fractal microstrip patch antenna operating within the E-W and F bands of the
electromagnetic spectrum is engineered. The integration of the PBG structure significantly enhances the antenna gain and
bandwidth, while the incorporation of fractal geometry effectively reduces antenna size and increase input impedance.

Further exploration into the realm of photonic crystals (PhC) highlights their role as artificial electromagnetic materials with
different properties, deviating from those found in natural materials. Among these, the PhC stands out, featuring a dielectric
constant distributed periodically within its structure. These crystals find multifaceted applications, particularly in constructing
photonic circuits for optical communications, data processing, sensing, and optical signal manipulation. The integration of PhC
in antenna design, specifically fractal patch antennas, demonstrates substantial advantages over traditional counterparts.
Furthermore, in the millimeter wave and terahertz bands, the use of PhC antennas offers distinctive advantages, such as
compactness, high-frequency operation, and specialized functionalities suited for material analysis, imaging, and advanced
sensing applications. Anticipating of 6G technology, characterized by features like Further-enhanced mobile broadband
(FeMBB), eXtreme Ultra-reliable Low-latency Communication (xXURLLC), and ultra-massive machine type communications
(umMTC), antennas emerge as crucial components. Their operation within diverse frequency bands enables high-speed data



transmission, low-latency connectivity, and efficient management of massive loT device connectivity, as a result fostering
innovation across smart city infrastructure, industrial automation, and IoT applications.

In addition, leveraging the unique properties of PhCs for Reconfigurable Intelligent Surfaces (RIS) presents attractive
possibilities for manipulating electromagnetic wave propagation.

This comprehensive study underscores the pivotal role of high-frequency antennas integrated with PhCs in advancing
communication systems. The synergistic fusion of these technologies promises transformative capabilities. The remainder of
this paper is structured as follows. In Section 3 one addresses PhCwith square lattices I detail. The methodology for the design
and modeling of photonic crystal-based microstrip patch antenna is presented. Section 5 comprehensively addresses antenna
design utilizing square lattice PhC. The use of PhC properties for RIS design and how they impact in advancing communication
systems is presented in Section 6. Section 7 presents not only the results but also the analysis of the performance. Finally,
conclusions area addressed in Section 8, while discussing future research directions are well.

3. Photonic Crystal with Square Lattices

The demand for high-speed and high-quality wireless communication has been on the rise in recent years. To meet these
requirements, antennas operating at high frequencies have become increasingly important. In this paper, we present a novel
approach to designing a high gain microstrip patch antenna array based on a PhC structure. The use of high-frequency signals
allows for higher data transmission rates compared to lower frequencies. To address the growing demand for advanced wireless
communication technology, we propose a photonic crystal-based microstrip patch antenna array with high gain. The design
incorporates both the (PBG) structure to enhance antenna performance. The PBG structure plays a vital role in enhancing the
antenna performance. It effectively improves the gain and bandwidth of the microstrip patch antenna, enabling it to operate
more efficiently within the desired frequency range. The use of fractal geometry in the patch design allows for a more compact
antenna with a larger bandwidth compared to traditional patch antennas. This is because the fractal shape of the patch allows
for multiple resonant frequencies, which can be tuned to operate over a wide range of frequencies. In addition, the fractal shape
can also improve the radiation efficiency and reduce the amount of unwanted radiation in certain directions. Figure 1 presents
a depiction of a PhC featuring cubic lattices.
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Figure 1. The photonic crystal featuring cubic lattices, where a =b and 6 = 90°.

Fractal patch antennas have been used in various applications, such as in wireless communication systems, and satellite
communication systems. Fractal patch antennas based on photonic crystal substrates combine the use of fractal geometry in the
patch design with the unique properties of PhCs. A photonic crystal is a material that has a periodic variation in refractive index,
which can be used to control the propagation of electromagnetic waves. When a fractal patch antenna is placed on a PhC
substrate, the interaction between the antenna and the PhC can lead to enhanced antenna performance, such as increased
radiation efficiency and reduced cross-polarization. The design and analysis of fractal patch antennas based on photonic crystal
substrates can be more complex than traditional antennas due to the interaction between the antenna and the substrate. Advanced
simulation and testing techniques, such as the finite element method and the method of moments, may be required to optimize
the performance of these antennas.

4.Methodology for Design and Modeling of Photonic Crystal-Based Microstrip Patch Antenna

The emergence of artificial electromagnetic materials marks a significant advancement in material science. The exploration
and utilization of these materials have experienced notable growth due to their distinct physical properties, diverging
considerably from those found in natural materials. Among these artificial electromagnetic materials, the PhC stands out as a
nonhomogeneous composite material. It possesses a periodically distributed dielectric constant integrated into its structure,
setting it apart in the realm of artificial electromagnetic materials [1], [2], [3], [4],[5]. Photonic crystals find applications across
a wide spectrum of fields and uses. These crystals leverage mechanically structured entities capable of precise control and
alteration of optical properties. Photonic crystals are employed in constructing photonic circuits that utilize light waves for
information transmission instead of traditional electronic components and wires. These circuits find application in optical
communications, optical data processing, and optical sensing [6], optical diode [7], optical filters [8], [9], [10], [11] photonic
lasers [12] and logic gates [13], [14], [15]. A fractal patch antenna uses a patch with a fractal shape, which is created by
repeating a simple pattern at different scales. The use of fractal geometry in the patch design allows for a more compact antenna
with a larger bandwidth compared to traditional patch antennas. This is because the fractal shape of the patch allows for multiple
resonant frequencies, which can be tuned to operate over a wide range of frequencies. In addition, the fractal shape can also



improve the radiation efficiency and reduce the amount of unwanted radiation in certain directions [16], [17], [18], [19]. Fractal
patch antennas based on PhC substrates combine the use of fractal geometry in the patch design with the unique properties of
PhCs. A PhC is a material that has a periodic variation in refractive index, which can be used to control the propagation of
electromagnetic waves. When a fractal patch antenna is placed on a PhC substrate, the interaction between the antenna and the
PhC can lead to enhanced antenna performance, such as increased radiation efficiency and reduced cross-polarization [20],[21],
[22], [23], [24]. In the millimeter wave band, these antennas showcase exceptional compactness and high-frequency operation
attributed to their engineered structures. Their compact design enables integration into various applications, including high-
speed data transmission systems and radar technology, while maintaining efficiency and reliability. Conversely, in the terahertz
band, PhC antennas exhibit unique capabilities, particularly in material analysis, imaging, and advanced sensing [25], [26].
Anticipated to transcend the capabilities of its predecessors, 6G is designed to operate across diverse frequency bands, including
the millimeter wave band spanning from 30 GHz to 300 GHz, as well as the terahertz frequency band ranging from 0.1-10
THz. These bands offer unique data rates. Within the millimeter wave band, antennas play a pivotal role in enabling high speed
data transmission. With great bandwidth in this spectrum, antennas operating in the 30-300 GHz range promise exceptional
data rates and minimal latency, crucial for numerous applications requiring swift connectivity. The millimeter wave and
terahertz band antennas empower interconnected devices to communicate easily, enabling rapid data exchange innovations in
smart home technologies, intelligent infrastructure, and enhanced industrial automation [27], [28], [29], [30], [31]. 6G is
anticipated to provide several key features such as Further-enhanced mobile broadband (FeMBB), eXtreme Ultra-reliable Low-
latency Communication (xXURLLC), and ultra-massive machine type communications (umMTC). Antennas serve as the critical
interface in 6G networks to facilitate the realization of its core features. In the case of (FeMBB), antennas are instrumental in
using the bandwidth available in higher frequency bands, such as the millimeter wave and terahertz spectrums. These antennas
enable high-speed data transmission, supporting the delivery of superior broadband experiences to users. For (xXURLLC),
antennas play an essential role in ensuring robust and dependable connectivity with minimal latency. Antenna technologies,
with advanced signal processing techniques, contribute to reducing latency in data transmission, crucial for applications
requiring real-time responsiveness, such as autonomous vehicles, remote surgeries, and industrial automation. In (umMTC),
antennas are essential components enabling seamless connectivity among a massive number of devices. These antennas are
designed to efficiently manage and accommodate the simultaneous communication of numerous IoT devices within a 6G
network. Their ability to handle massive connectivity efficiently is vital for enabling IoT applications across various industries.

4.1 The Configuration of Photonic Crystal Using Cubic Lattices

The Plane Wave Expansion (PWE) method, a computational approach in electromagnetics, involves solving Maxwell equations
by transforming them into an eigenvalue problem. Widely embraced within the PhC community, this method plays a crucial
role in obtaining the band structure (dispersion relation) of specific configurations of PhCs. Derived from analytical
formulations, PWE facilitates the computation of modal solutions for Maxwell equations within inhomogeneous or periodic
geometries. This technique stands as the predominant method for investigating the structural attributes of PhCs. It encompasses
the transformation of Maxwell equations, governing the interaction between electric and magnetic fields, into eigenvalue
equations. This transformation is accomplished by expressing the electric field (£) and magnetic field (H) as plane waves,
thereby simplifying their mathematical representation. Solving these eigenvalue equations allows the determination of critical
characteristics of PhC, including the band gap a range of frequencies impeding electromagnetic wave propagation through the
crystal and the spatial distribution of electric and magnetic fields within the crystal.
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where c is the speed of light, ¢, denotes the relative permittivity which could vary based on the frequency w and the material
involved. The Fourier series coefficients are represented by the K numbers with subscripts m and », while the reciprocal lattice
vector is denoted as G [32]. The analysis of wave behavior within a periodic PhC is facilitated by employing the Floquet—-Bloch
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theory. This theory serves as a fundamental tool to study how waves propagate through these structures. It allows for a
comprehensive understanding of wave characteristics, including their interaction and movement within the periodic
arrangement of the PhC. By considering the crystal periodic lattice, the Floquet-Bloch theory provides valuable insights into
the allowed directions, frequencies, and other properties governing wave propagation within such a structure. Figure 2 shows
the cross-sections of square lattice photonic structures while Figure 3 shows a PhC with a square lattice, emphasizing the
concept of primitive vectors. This depiction is crucial for understanding the periodic arrangement of dielectric or metallic
structures within the PhC in real space.
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Figure 2. Cross-sections of square lattice photonic structures. (Pairs €., 0., and &, op represent the relative permittivity and gain
of rods and background material, respectively, with 'a’ being the lattice constant).

Figure 3. A PhC featuring a square lattice with primitive vectors.

Reciprocal space is a mathematical construct that serves as a complementary representation to real space. It provides a useful
framework for understanding the behavior of waves, such as electromagnetic waves, within a crystalline material, particularly
in the context of a square lattice PhC. Reciprocal space is defined in terms of reciprocal lattice vectors, which are derived from
the lattice vectors of the crystal lattice in real space. For a square lattice PhC, the reciprocal lattice vectors are denoted as b,
and b,. Figure 4 illustrates the depiction of a PhC in reciprocal space, providing valuable insights into the periodic arrangement
of dielectric or metallic structures within the crystal and their representation using reciprocal primitive vectors.
In a 2D square lattice, the reciprocal lattice vectors b; and b, can be calculated from the lattice vectors a; and a. using the
following formulas:

a=a- X 4

a=a-y (5)
where a is the lattice constant, and x~ and y~ are unit vectors along the x-axis and y-axis respectively, the reciprocal lattice
vectors are determined by:

(6)
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where A is the area of the unit cell defined by: A=a?



Figure 4. PhC depiction in reciprocal space with reciprocal primitive vectors.

In the case of a square lattice PhC, the origin point of the irreducible Brillouin zone is labeled as the I'-point. Additionally, two
other points are defined as M and X. These labels correspond to specific positions in the reciprocal space and are chosen to
represent the high-symmetry points in the Brillouin zone for the square lattice PhC. The equation representing the high-

symmetry points in the Brillouin zone for a square lattice PhC can be expressed as follows I'-point (0, 0), X-point (%,0), M-
point (g ,Z ), where the I'-point denotes the origin (0, 0) in reciprocal space. The X-point represents the coordinates (2,0) in

reciprocal space, where a is the lattice constant. The M-point corresponds to the coordinates (Z ,g) in reciprocal space for the

square lattice PhC. Figure 5 shows the Brillouin zone of the square lattice, that is essential for understanding the behavior of

waves within the crystal.
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Figure 5. Brillouin zone of the square lattice.
5. Antenna Design Utilizing Square Lattice Photonic Crystal

(PBG) structures are periodic dielectric structures that can manipulate the propagation of electromagnetic waves. These
structures are analogous to the electronic band gap in solid-state physics, where certain frequencies of light are forbidden from
propagating through the structure. PBG structures has numerous applications in photonics and optical communications. Patch
antennas are commonly used in communication systems due to their low profile, low cost, and ease of fabrication. PBG
structures can be incorporated into patch antennas to improve their performance. In patch antennas, the PBG structure is
typically introduced as a periodic array of dielectric or metallic elements that are placed in the vicinity of the patch. This array
creates a band gap that can prevent certain frequencies of light from propagating through the structure. Incorporating a PBG
structure into a patch antenna can improve its performance by manipulating the propagation of electromagnetic waves, resulting
in improved gain, beamwidth, and sidelobe levels. Figure 6(a) presents the schematic structure of the proposed PhC while
Figure 6(b) presents the proposed microstrip patch array antenna ground configuration. The illustration provides insights into
the engineered configuration aimed at manipulating the propagation of electromagnetic waves. The proposed microstrip patch
array antenna configuration is presented in Figure 7. A list of dimensions of the proposed antenna is given in Table 1.
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Figure 6. (a) Schematic structure of proposed PhC. (b) proposed microstrip patch array antenna ground configuration.



Ls

Ix

Figure 7. Proposed microstrip patch array antenna configuration.

Table 1. Dimensions of the proposed antenna.

Parameter Size(mm) Parameter Size(mm)

Ls 36 d 17
Ws 40 Wg 16
dp 6.5 Lg 36
La 5 Wa 2

Lr 2.71 Ls 2

Wr 3.71 Wm 16.6

Lx 3.71 Lm 3

6. Use Photonic Crystal Properties for Reconfigurable Intelligent Surface (RIS) Design: Advancing
Communication Systems

Photonic crystals, characterized by their periodic arrangement of dielectric or metallic structures, exhibit fascinating
electromagnetic properties that can be harnessed for manipulating the propagation of light. These crystals possess a photonic
bandgap, a range of frequencies in which the propagation of certain electromagnetic waves is prohibited. This property enables
precise control over the interaction of electromagnetic waves with the RIS surface, thereby offering opportunities for improved
signal manipulation and optimization. One of the key advantages of incorporating PhC in RIS design is the dynamic control
over the reflection, transmission, and scattering of electromagnetic waves. By engineering the PhC structure, the RIS can
selectively manipulate the phase, amplitude, and direction of reflected signals. Integrating PhC into RIS design enables precise
manipulation of signal reflection and transmission properties. This capability becomes particularly valuable when creating nulls
to suppress interfering signals and enhance spectrum sharing. PhC in RIS can be dynamically tuned to create nulls in specific
directions, effectively suppressing interfering signals or unwanted transmissions. By selectively manipulating the reflection
properties of the PhC based RIS, nulls can be created to attenuate interfering signals, thus reducing their impact on desired
communication links. This dynamic null steering capability enables efficient spectrum sharing and interference mitigation. In
addition, by engineering the PhC structure, the RIS can selectively manipulate the phase, amplitude, and direction of reflected
signals, leading to enhanced interference suppression. Photonic crystal-based RIS can create nulls in the directions of interfering
signals, thus significantly reducing interference power and improving the signal-to-interference ratio (SIR).

7. Results and Performance Analysis

In this segment, we introduce a novel concept involving the integration of a fractal patch antenna designed on a PhC substrate.
The assessment of antenna performance is elucidated through the analysis of key parameters, including return loss (S11), (S12),
Voltage Standing Wave Ratio (VSWR), gain.
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Figure 8. Return loss plot for the proposed microstrip patch antenna

The Si1 parameter, also known as the return loss, is a measure of how much power is reflected from the antenna compared to
the power initially incident upon it. The Si; parameter is defined as the ratio of the power of the reflected wave to the power of
the incident wave. Mathematically, it is expressed as S11=20logio(II'l), where I is the reflection coefficient.
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Figure 9. S, plot for the proposed microstrip patch antenna.

Array antennas use multiple elements in a specific configuration. The S;, parameter evaluates the efficiency of signal transfer
between these elements, representing the ratio of transmitted signals between different elements. The S, plot offers insights
into signal transmission effectiveness and helps assess coupling between adjacent elements, crucial for optimizing array
performance. Additionally, the frequency-dependent behavior of the S, plot reveals peaks and dips, indicating resonances and
notch bands that are essential for understanding the array frequency response.
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Figure 10. Gain plot for the microstrip patch antenna.



The gain plot illustrates how the antenna radiation intensity varies with direction. It provides information on the antenna ability
to focus energy on specific directions, contributing to directivity and beamforming capabilities. The gain plot typically presents
a peak value, indicating the direction of maximum radiation. The frequency at which peak gain occurs is essential for

understanding the antenna resonant behavior. The peak gain in proposed antenna is 8.3 dB.
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Figure 11. VSWR plot for the proposed microstrip patch antenna.

The VSWR plot provides insights into the impedance matching of the antenna, indicating how well the antenna is matched to

the transmission line and how much power is reflected. Mathematically, the VSWR is given by VSWRZ% , where I, is the
reflection coefficient.

8. Conclusion and Future Research Directions

The core contribution of the research lies in the innovative design of a photonic crystal-based microstrip patch antenna array
with high gain. Leveraging the (PBQG) structure, the engineered antenna demonstrates significant improvements in gain,
bandwidth, and size reduction. The integration of PhCs, particularly within fractal patch antennas, offers advantages over
traditional counterparts, including expanded bandwidth capabilities, improved radiation efficiency, and compact designs critical
for various wireless communication systems. The discussion extends to the unique properties of PhCs, highlighting their role
as artificial electromagnetic materials. The paper underscores the diverse applications of PhCs in constructing photonic circuits
for optical communications, data processing, sensing, and optical signal manipulation. The incorporation of PhC in antenna
design, especially in the millimeter wave and terahertz bands, presents distinctive advantages such as compactness, high-
frequency operation, and specialized functionalities for material analysis, imaging, and advanced sensing applications.
Anticipating the prospects of 6G technology, the paper emphasizes the crucial role of antennas in enabling features like FeMBB,
xURLLC, and umMTC. The integration of antennas operating in diverse frequency bands is anticipated to redefine connectivity
standards and unlock transformative applications across various industries. Furthermore, the exploration of PhC in RIS design
opens intriguing possibilities for manipulating electromagnetic wave propagation. The incorporation of PhC in RIS allows
dynamic control over signal reflection, transmission, and scattering, offering enhanced interference suppression, spectrum
sharing, and efficient spectrum utilization in congested environments. Future research directions may involve further
optimization of antenna designs, exploration of additional applications for PhC, and continued advancements in 6G technology.
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