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Abstract19

This paper introduces a Fractal Patch Antenna (FPA) integrated with20

Photonic Crystals (PhC) designed for Intelligent Transportation Systems21

(ITS) in the Millimeter-wave bands (mmWaves) given the importance of22

the application of mmWaves in Vehicle-to-Everything (V2X) networks,23

we assumed, as examples, that the antenna is designed to resonate at24

three frequency bands: 31.42 GHz, 37.76 GHz, and 38.92 GHz. With a25

gain of 10.88 dBi, at 38.92GHz, the antenna demonstrates promising sig-26

nal reception and transmission capabilities, which are anticipated to be27

important for ITS operations. The antenna bandwidth covers multiple28

frequency bands, enabling versatile communication in mmWaves V2X29

applications. To evaluate the performance of the antenna, we conducted30

a detailed analysis of its configuration. This included a comparison of31

the antenna with and without the PhC integration, as well as an explo-32

ration of rectangular lattice structure. In addition, variations in hole33

sizes and spacing were examined to assess their impact on key parame-34

ters such as the gain and reflection coefficient. The integration of fractal35

geometry and PhC structures results in a compact, high-performance36

antenna suitable for mmWave communication. The integration of fractal37

geometry and PhC structure results in compactness and high perfor-38

mance in mmWaves communication applications. Through simulation39

and analysis, including radiation pattern, gain, and reflection coefficient40

plot assessment, the antenna performance is thoroughly evaluated. The41

study highlights the potential of the proposed FPA-PhC antenna config-42

uration to enhance communication networks within the ITS, significantly43

advancing the ITS system with support from the mmWave bands.44

Plain Language Summary45

This study introduces a Fractal Patch Antenna (FPA) integrated with46

Photonic Crystals (PhC) to improve communication within Intelligent Trans-47

portation Systems (ITS) by leveraging millimeter-wave (mmWave) bands. The48

antenna is designed to operate efficiently at frequencies of 31.42 GHz, 37.7649

GHz, and 38.92 GHz, achieving a high gain of 10.88 dBi at 38.92 GHz, which50

improves its ability to send and receive signals. With a broad bandwidth cov-51

ering multiple frequencies, it supports versatile applications, particularly in52

Vehicle-to-Everything communication. We have conducted a comparative anal-53

ysis between the FPA with and without the PhC, as well as variations in rect-54

angular lattice configurations and changes in hole sizes and spacing. The use55

of fractal geometry and PhC with square lattice ensures compactness while56

significantly improving performance. Comprehensive simulations and anal-57

yses of key parameters such as radiation patterns, gain, and reflection coef-58

ficients validate the antenna’s capability, demonstrating its potential to ad-59

vance ITS communication networks and enable efficient mmWave communi-60

cations.61

1 INTRODUCTION62

Every year, millions of road accidents could be prevented with advanced63

vehicle communication systems. Vehicle-to-Everything (V2X) technology, par-64

ticularly using millimeter-wave (mmWave) bands, promises to transform road65

safety with higher data rates. This highlights the importance of developing66

antennas that operate efficiently at high frequencies, enabling high-speed com-67

munication between vehicles and the infrastructure. mmWave frequencies are68
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particularly suited for short-range, high-data-rate applications in dense ur-69

ban environments where infrastructure can support the deployment of small70

cells and repeaters. These antennas are essential for leveraging the high data71

rates and low latency offered by the mmWave bands, facilitating advanced72

V2X communication systems. A Fractal Patch Antenna (FPA) based on Pho-73

tonic Crystals (PhC) is a type of antenna that utilizes fractal geometry and74

PhC to achieve enhanced performance compared to traditional patch anten-75

nas. Howell (Howell, 1975) first introduced the microstrip antenna in 1972,76

with the patch antenna representing a variant of the compact antenna design.77

Patch antennas can take various forms, including circular, rectangular, tri-78

angular, and square shapes, with different feeding methods available. While79

patch antennas offer advantages such as lightweight construction, minimal man-80

ufacturing costs, operation at microwave frequencies, compatibility with in-81

tegrated circuit technology, and compactness, they suffer from poor gain. This82

paper is organized to systematically explore and compare antenna configu-83

rations for improved V2X communication. Not only does one delve into the84

design and analysis of antennas with square lattice photonic crystals, but one85

also discusses the antenna design without PhC integration. Antennas with86

square lattice photonic crystals are then compared with rectangular lattice87

designs, highlighting differences in gain and bandwidth performance. The ef-88

fects of varying the size and spacing of PhC on the antenna’s performance are89

explored as well, providing insights into the tunability and adaptability of these90

configurations in practical deployments.91

1.1 Background92

Various scenarios have been proposed to achieve the required high gain93

and high bandwidth by including the utilization of metamaterials as substrates94

(Soily et al., 2022; Hamza et al., 2022; K & Pradeep, 2022; Sinha et al., 2021;95

Deshmukh et al., 2019, 2019), parasitic patches (Awan et al., 2021; Sharma96

et al., 2021; El Arrouch et al., 2022; Erbaş, 2020; Oliveira et al., 2021; Hos-97

sain et al., 2021; Asok & Dey, 2021), air gaps (Tanveer et al., 2021), slots (J. Zhang98

& Mao, 2020; Khabba et al., 2022; Mangal & Gour, 2021; Lin & Omote, 2021;99

Olawoye & Kumar, 2020; Hao et al., 2020; C. Chen, 2022), shorting pins (Yang100

et al., 2021; Fang et al., 2022; Gautam & Kumar, 2023; Wu et al., 2023; Ah-101

mad et al., 2020, 2020; X. Zhang et al., 2021), metamaterials (Sufian et al.,102

2021; Kulkarni & Deshpande, 2024; Mishra et al., 2023; Bakir & Sahin, 2023;103

Yin et al., 2023; Kumar et al., 2023), dielectric substrates (Dong et al., 2022;104

Desai & Bindu, 2023; Jiang et al., 2023; Li et al., 2023; Muangrung et al., 2023),105

antenna array (Yan et al., 2024), configurations, multilayered substrate tech-106

niques (Zhao et al., 2023), and incomplete grounds (Biswas et al., 2023). Fur-107

thermore, the use of PhC structures has been proposed to address surface waves108

(Messatfa et al., 2022; Benlakehal et al., 2024, 2023, 2022; Saurabh & Meshram,109

2022; Temmar et al., 2023). PhC, periodic dielectric structures, prohibit elec-110

tromagnetic waves of specific directions from passing through them (Messatfa111

et al., 2022; Salehi et al., 2020). Beyond 5G and 6G networks promise trans-112

formative capabilities, including high data rates, low latency, and massive con-113

nectivity, making them well-suited for enhancing Intelligent Transportation114

Systems (ITS) functionalities. The design of the antenna presented uses the115

concept of fractal geometry, which involves repeating patterns at different scales.116

Incorporating fractal elements into the patch structure enables us to achieve117

a more compact antenna size without destroying performance. Miniaturiza-118

tion is crucial for the integration of the antenna into small, space-constrained119

devices commonly found in ITS. A key aspect of antenna design is the use120
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of a PhC as a substrate material. PhC are materials that show unique elec-121

tromagnetic properties, including control over the propagation of waves.122

1.2 The True Reasons for Designing V2X Antennas in the Mil-123

limeter Wave Bands124

Advances in wireless communications, particularly intelligent vehicular125

communications, require frequency spectrum allocation and management strate-126

gies that accommodate the increasing demand for bandwidth, efficiently uti-127

lize it, and mitigate interference.128

The functionality of Autonomous and Connected Vehicles (ACVs) re-129

lies on data from various sensors, necessitating high communication bandwidths,130

often in the gigabits-per-second range. mmWave technology is crucial for achiev-131

ing this, enabling high-performance Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure132

(V2I), and intra-vehicular communications. mmWave V2V links allow vehi-133

cles to share raw data with neighboring vehicles, enhancing situational aware-134

ness. V2I links use mmWave to improve road safety applications by trans-135

mitting vehicle data to cloud resources for processing. mmWave links with136

high data rate are also used to download real-time maps and dynamic envi-137

ronment information (Hakak et al., 2023). ACVs utilize various mmWave com-138

munication bands, including 5G bands like 28 GHz, unlicensed bands like 60139

GHz, and automotive radar bands like 24 GHz and 76 GHz (Ahangar et al.,140

2021). However, designing 5G antennas for autonomous vehicles poses sig-141

nificant challenges (Saad et al., 2023), as these antennas must provide reli-142

able communication with a wide radiation pattern and a wide operating fre-143

quency range.144

The author in (Mukherjee, Roy, & Mukhopadhyay, 2022) presents a SISO145

antenna in Y shape designed to cover the (26.5 - 28) GHz, 5G mmWave bands.146

This paper also provides a comparison between the proposed SISO antenna147

and current MIMO antennas used in automotive applications. Traditionally,148

licensed sub-6 GHz bands such as 2.4 GHz and 5.9 GHz have been commonly149

used for ITS (Soto et al., 2022). However, the emerging 26.5 GHz and 28 GHz150

mmWave 5G bands (Mukherjee, Mukhopadhyay, & Roy, 2022) are being ex-151

plored for ITS due to their potential to enable much faster data rates and lower152

latency compared to sub-6 GHz bands (Mukherjee et al., 2020). This capa-153

bility is crucial for V2V communication, which is essential for automated driv-154

ing, optimizing fuel efficiency, and providing rapid communication to prevent155

breakdowns. In (Niranjan Prasad et al., 2023), the design and analysis of a156

wideband 5G antenna for autonomous vehicles is discussed. The proposed an-157

tenna utilizes Tesla geometry, which is known for its high gain and wide-angle158

radiation pattern. The results show a gain of 4.5 dB, a bandwidth of 2.442159

GHz, and an operational frequency of 29.2 GHz. In (Saad et al., 2023), the160

design of NR V2X SL communication prioritizes the FR2 (24.25 – 52) GHz161

band to support high data rates (50-1000) Mb/s. Beamforming is essential162

to counteract pathloss at higher frequencies and can also be used for FR1.163

It enables directional transmission, facilitates spatial reuse of resources in con-164

gested areas, and expands the coverage of the V2X network. Additionally, beam-165

forming allows controlled sidelink power.166

The mmWaves offer the potential for achieving ultra-high data rates,167

which are essential for supporting these advanced applications. With limited168

available spectrum below 6 GHz, it is challenging to meet the required data169

rates for advanced V2X applications. The mmWaves provide a large trans-170

mission bandwidth, which can help address the scarcity of spectrum and sup-171
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port the high data rate demand of V2X communications. Despite the chal-172

lenges posed by high atmospheric attenuation and significant path loss in the173

mmWaves channel, specific beamforming can mitigate these issues by con-174

centrating the transmitted signal in one direction (D. Zhang et al., 2018).175

As a fundamental aspect of ITS, the utilization of beyond 5G (B5G) tech-176

nology in V2X communication has garnered global attention. This cutting-177

edge technology promises to revolutionize the way vehicles interact with each178

other (V2V) and with infrastructure (V2I), improving safety on roads (Ye et179

al., 2024).180

The 3rd Generation Partnership Project (3GPP) has acknowledged the181

performance challenges inherent in V2X communication and addressed them182

in its Release 17. This release standard stipulates that the 5G new radio (NR)183

frequency range 2 (FR2), spanning from 24 GHz to 71 GHz, can be employed184

for V2X communication. However, several challenges arise when operating185

in this high-frequency band.186

The advent of 5G NR technology has brought about significant advance-187

ments in vehicular communication, particularly in the context of V2X net-188

works (Gyawali et al., 2021). V2X networks encompass various types of com-189

munication between vehicles, infrastructure, pedestrians, and other entities,190

enabling better road safety and enhanced driving experiences (Garcia et al.,191

2021). One key aspect of 5G NR-based V2X communication is its use of high192

communication frequencies in the FR2 spectrum, which offers increased spec-193

trum resources in V2I communication scenarios (Saad et al., 2021). In the 3GPP194

Release 17 standard, the upper bound of the FR2 spectrum has been extended195

to 71GHz. As a result, high-frequency wireless communication can be expected196

to play a significant role in future B5G V2X networks (3GPP, 2021; 3rd Gen-197

eration Partnership Project (3GPP), 2023). In summary, while there are chal-198

lenges to overcome, mmWaves with ongoing research and development efforts199

focused on enabling technologies, mmWaves NR-V2X could indeed be a suit-200

able option to enhance V2X communication capabilities (S. Chen et al., 2024;201

Saad et al., 2023). Sidelink communications, in the context of wireless net-202

working, refer to a mode of direct communication between devices without203

the need for intermediation by a central network infrastructure. It allows de-204

vices to establish peer-to-peer connections, enabling efficient data exchange205

and collaboration, particularly in scenarios where direct communication is ben-206

eficial, such as V2V communication in ITS or device-to-device (D2D) com-207

munication in crowded urban environments. Some argue that there is not enough208

spectrum in the Intelligent Transportation System (ITS) band to meet the209

needs of V2X communications. One way to address this problem is to make210

the spectrum available somewhere in the FR2 bands. That is the approach211

taken in this paper. Another way to address that problem is to give V2X de-212

vices access to bands that are currently unlicensed as proposed in (Peha, 2023;213

Peha et al., 2024), because sharing between V2X devices and unlicensed de-214

vices can be very efficient (Ligo & Peha, 2019). The 3GPP Release 17 & 18215

for the next generation of V2X will support operations in the FR2 spectrum216

range, which is from 24.25 GHz to 71 GHz (Saad et al., 2023), and researchers217

have been exploring the use of mmwave spectrum for V2X. It is not yet known218

which spectrum band at these higher frequencies will be used. The October219

2024 V2X interoperability demonstration in Cheyenne, Wyoming, revealed220

that some participants were exploring the use of complementary spectrum be-221

yond the 5.9 GHz band, reflecting a growing interest in leveraging alterna-222

tive frequency ranges for advanced V2X applications (U.S. Department of Trans-223
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portation ( October), 2024). For this research, as an example, we designed224

an antenna that operates at 31.42 GHz, 37.76 GHz, and 38.92 GHz.225

1.3 Proposed Approach226

The proposed FPA offers significant advantages in facilitating V2I com-227

munication. The use of fractal geometry combined with the PhC structure228

allows the antenna to operate on a wide range of frequencies, providing in-229

creased bandwidth for data transmission. This allows for the transmission of230

big data at high data rates, essential for supporting applications such as real-231

time video feeds and V2V communications. FPAs are known for their com-232

pact and low-profile design, making them ideal for integration into vehicles233

without adding significant bulk or altering the vehicle’s aerodynamics.234

The proposed FPA offers significant advantages for V2I communication.235

The combination of fractal geometry and PhC structure enables the antenna236

to operate over a wide range of frequencies, increasing bandwidth for data trans-237

mission. This capability supports high- data-rate applications such as real-238

time video feeds and V2V communications. Known for their compact and low-239

profile design, FPAs are ideal for vehicle integration without adding signif-240

icant bulk or altering aerodynamics. This versatility allows for seamless in-241

tegration with existing communication infrastructures and supports future242

advancements in vehicular communication. By integrating the antenna into243

vehicles, they can establish reliable and high data-rate links with roadside in-244

frastructure such as traffic lights, road signs, and traffic management systems.245

Additionally, the antenna facilitates communication with toll systems,246

parking meters, and charging stations, allowing seamless and efficient services247

such as automated toll payments and electric vehicle charging coordination.248

In the realm of Vehicle-to-Pedestrian (V2P) communications, the FPA plays249

a crucial role in improving road safety. By equipping vehicles with antenna,250

they can establish short-range wireless connections with pedestrian devices,251

such as smartphones or wearable devices. FPA enables real-time exchange of252

information, warnings, and alerts, allowing vehicles to inform pedestrians of253

their presence when approaching crosswalks or provide warnings in the event254

of potential collisions. This type of communication fosters safer interactions255

between vehicles and pedestrians, contributing to overall road safety.256

Moreover, the FPA facilitates seamless V2V communication, essential257

to improve traffic safety and efficiency. Integrating the antenna into vehicles258

enables them to establish direct wireless links with nearby vehicles, facilitat-259

ing the real-time exchange of information such as vehicle position, speed, and260

trajectory. This enables collaborative collision avoidance and cooperative adap-261

tive cruise control, among other applications, leading to safer and more ef-262

ficient traffic flow.263

To evaluate the performance of the FPA, extensive simulations are per-264

formed using the high-frequency structural simulation instrument HFSS, (Ansys,265

2023). The analysis encompassed parameters such as radiation patterns, gain,266

and bandwidth. The results obtained from these simulations examine the ex-267

ceptional gain characteristics of the proposed antenna in the millimeter-wave268

ITS range, which align well with the anticipated requirements for ITS. Rel-269

evantly, the importance of the application of mmWaves in V2X networks led270

us to assume, as examples, that the antenna resonates at three key frequen-271

cies: 31.42 GHz, 37.76 GHz and 38.92 GHz, aligning with the future frequency272

spectrum for ITS applications.273
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1.4 Structure of the Paper274

To rest of the paper, organized as follows: Section 2 explores the inte-275

gration of PhC antennas for augmented performance, with a specific focus on276

the future potentials and implications of PhC antennas in V2X communica-277

tions. Section 3 examines the critical aspects of antenna design and perfor-278

mance analysis and includes the analysis of the reflection coefficient (S11) plot279

for three resonance bands, radiation pattern plot, gain plot and directivity280

plot along with the 3D radiation pattern. The study includes a detailed com-281

parison of different lattice geometries, such as, square lattices, antenna with-282

out PhC, and rectangular lattices whilst evaluating the impact of the hole and283

space size variations on parameters such as S11 and gain. In Section 4 the284

antenna is introduced, highlighting its compact design, beyond 5G capabil-285

ities, and potential contributions to the advancement of communication tech-286

nologies and V2V. Finally, Section 5 presents the conclusions and summarizes287

the findings of the study, offering an overview of the primary contributions288

and briefly outlining suggestions for future research.289

2 ANTENNA DESIGN290

Antenna design involves engineering the antenna structure and its as-291

sociated components to enhance its performance for a given application. The292

appropriate type of antenna (such as a dipole or patch antenna), the size and293

shape of the antenna, and the materials used to fabricate it are essential con-294

siderations. To ensure that the antenna meets the desired specifications in295

terms of gain, directivity, and radiation pattern, the design process includes296

simulation and testing. In the study, a copper nonagon is chosen as a radi-297

ation patch.298

Fig. 1(a) shows the microstrip antenna configuration proposed for the299

triple band antenna. The antenna design is implemented on a Gallium Ar-300

senide (GaAr) substrate with dimensions Ls×Ws×h = 4.9×5.9×1mm3,301

ro = 0.85mm, ri = 0.5mm, and Lm = 0.7mm and εr=12.9.302

Figure 1. (a) Configuration of the proposed microstrip patch antenna, illustrating its dimen-

sions and layout fig.a.

(b) Structure of the square lattice photonic crystal used for the ground and substrate of the an-

tenna fig.b.

The shape of the antenna is a regular nonagon made of copper, with three303

nonagonal fractals created in it, the thickness of the copper patch is 0.035 mm,304

it is fed by a 50 Ω microstrip line, with a strip width of 0.9 mm. The height305
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of the ground copper is 0.035 mm. PhC substrate is created by integrating306

the cuboid in a bed with a diagonal of 0.2 mm and a distance between each307

cuboid of 1 mm. As mentioned earlier, reducing the size of the cuboids and308

increasing the distance between the cylinders will reduce the gain and band-309

width of the antenna.310

Fig. 1 (b), shows the structure of PhC for the ground and substrate. The311

structure of a PhC consists of a periodic arrangement of dielectric materials312

with alternating high and low refractive indices. Periodicity creates a pho-313

tonic bandgap, a range of frequencies where light propagation is forbidden,314

similar to the bandgap in semiconductors for electrons. These bandgaps are315

crucial for controlling the flow of light, enabling applications such as waveg-316

uiding, filtering, and optical sensing. Hence, the introduction of defects within317

the PhC lattice is a key strategy for modifying the optical properties. These318

defect modes act as resonators, prohibiting or guiding light at specific frequen-319

cies, thus enabling functionalities such as efficient light emission, high-Q op-320

tical cavities, and enhanced sensing capabilities.321

2.1 Mathematical Equations322

To design a patch antenna, it is important to consider several equations.323

The equations considered to calculate the patch length are as follows:324

L =
c

2f0
√
εeff

− 0.824h

(
(εeff + 0.3)

(
W
h + 0.264

)
(εeff − 0.258)

(
W
h + 0.8

)) (1)

where L is length of the patch, c is the speed of light, W is width of the patch,325

εeff , is the effective dielectric constant, f0 is the operating frequency of the326

antenna and h is the height/thickness of the substrate. The patch width, W ,327

can be calculated as follows:328

W =
c

2f0

√
εR+1

2

(2)

where εR is the value of the dielectric constant of the substrate. The effec-329

tive dielectric constant is calculated as follows:330

εeff =
εR + 1

2
+

εR − 1

2

[
1

1 + 12
(
W
h

)] (3)

For the patch antenna, impedance matching techniques are considered331

to ensure maximum power transfer to the antenna and that the element can332

strongly radiate and contains matching of the input impedance at the end of333

the antenna’s feedline (to the feedline’s characteristic impedance).334

2.2 Photonic Band Gap Structure335

A PhC is a periodic structure that exhibits a spatial variation in its di-336

electric properties, causing it to interact with light in unique ways. Much like337

how the arrangement of atoms in a crystal lattice affects the behavior of elec-338

trons in a material, the periodic arrangement of dielectric materials on PhC339

affects the propagation of electromagnetic waves (light) within it. PhC can340

be designed by creating holes or rod shapes in the structure of the antenna341

substrate. By changing the radius and size of the holes or rods shape and chang-342

ing the distance between those, the gain, bandwidth and other features of the343

antenna changes.344
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In two-dimensional PhC design, there are several types of lattices. (hexag-345

onal, square, and rectangular) are considered along with five different shapes346

of scatterers: hexagonal, circle, square, rectangle, and oval. These scatterers347

are considered as dielectric rods in air, or air rods are modeled in dielectric348

media. This choice of configurations underscores the significant effect of lat-349

tice symmetry and scatterer geometry on the size of the PBG. The schematic350

of a photonic crystal lattice in a PhC presented in Fig. 2 offers precise con-351

trol over the propagation of light.352

A Bravais lattice describes the periodic arrangement of points in space,353

forming the foundation of crystal structures, including applications in pho-354

tonic crystals. In two dimensions, common types of structures include square,355

hexagonal, and rectangular lattices. These structures define how electromag-356

netic waves interact with the material and directly influence the propagation357

of the waves. In square lattices, antenna elements are arranged symmetrically358

and periodically, leading to a uniform and predictable radiation pattern. The359

square lattice simplifies the design and implementation of antenna arrays, ul-360

timately justifying this adoption for systems that require simple and stable361

radiation patterns. In phased array antennas, square lattices allow precise beam362

steering and help reduce side lobes. In a square lattice, the elements are equally363

spaced along the x and y axes, ensuring a uniform distance in all directions.364

The high symmetry produces a consistent radiation pattern as elements har-365

moniously contribute to the final outcome with similar phases. This arrange-366

ment prevents signal fluctuations and irregularities in different directions. While367

a hexagonal lattice has equal side lengths (a = b) with angles between ad-368

jacent vectors of 120◦, a rectangular lattice has unequal side lengths (a ̸= b)369

with angles between adjacent vectors of 90◦. On the other hand, a square lat-370

tice has equal side lengths (a = b) with angles between adjacent vectors of371

90◦, and is often preferred in antenna application, mainly due to its simplic-372

ity, uniform spacing, and symmetrical properties.373

Figure 2. The three fundamental two-dimensional Bravais lattices: (a) Hexagonal lattice:

|a| = |b|, θ = 120◦; (b) Rectangular lattice: |a| ≠ |b|, θ = 90◦; (c) Square lattice: |a| = |b|, θ = 90◦.

Defects in this lattice structure enhance functionality, tunability, sens-374

ing capabilities, and fault tolerance. They enable tailored optical or frequency375

responses, tunable properties, sensing of environmental changes. Inclusion of376

defects expands the application in photonics and optical communication sys-377

tems. A square-shaped PhC has been utilized for the design of the proposed378

antenna. These shapes can provide additional degrees of freedom in tuning379

the PBG compared to other structures. For example, square lattices can ex-380

hibit different symmetry properties and may support different types of pho-381

tonic band gap compared to other lattices. Fig. 2 schematic representations382
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of different PhC lattice configurations provide insight into their structural di-383

versity.384

Photonic Band Gap (PBG) materials are periodic and display broad-385

band pass and stop band attributes at microwave frequencies. PBG compo-386

nents are composed by introducing periodic disturbances such as PhC rods,387

cavities, and patterns in waveguides and substrates. As in PhC photon prop-388

agation, the electromagnetic waves in a PBG structure are impeded because389

of the periodic discontinuity, hence making a slow wave structure. Within the390

PBG, the modes of EM wave propagation have field distributions and disper-391

sion properties that differ significantly from those in free space. Due to these392

unique properties of PBG materials, they have potential applications in an-393

tennas, amplifiers, waveguides, and filters, power combining, phased arrays,394

EMC measurements, and many microwave devices. Employing this method395

improves gain, suppresses surface waves, and increases antenna bandwidth,396

while reducing patch loss.397

In a recent study of ours (Bagheri et al., 2024), the performance of a398

similar photonic crystal antenna was analyzed with and without the integra-399

tion of the PhC structure. In that study, the results have clearly demonstrated400

the significant enhancements in gain and bandwidth achieved by incorporat-401

ing the PhC substrate compared to that achieved by incorporating the con-402

ventional configuration. This comparative analysis underscores the effective-403

ness of the PhC structure in improving the overall performance of this type404

of antennas. Besides, the authors of (Vahdati & Parandin, 2019), have pro-405

posed the establishment of a photonic crystal surface that enables antennas406

to achieve uniform electromagnetic radiation. Adjusting the underlying mi-407

crostrip layer beneath the crystalline layer has shown to expand the band-408

width in the 30-80 GHz range by as much as approximately 50 GHz. Further-409

more, the antenna gain has improved from 6.45 dB to 7.7 dB, reflecting an410

increase of about 1.2 dB. These improvements clearly show that incorporat-411

ing the crystal layer leads to a significant enhancement of the bandwidth and412

gain of the antennas, particularly when operating at terahertz frequencies.413

GaAs was selected as the primary material for the proposed antenna sub-414

strate due to its customized properties. GaAs acts as a semiconductor with415

distinct advantages: it offers superior electron mobility crucial for effective416

operation at high frequencies, a wide bandgap essential for achieving high-417

speed data transmission, and a lower noise figure resulting in improved sig-418

nal clarity.419

Furthermore, GaAs demonstrates a higher breakdown voltage, enhanc-420

ing antenna durability, maintains consistent electrical properties across a broad421

range of temperatures, providing reliable performance, and features a low-loss422

tangent, minimizing energy loss. GaAs possesses relatively high thermal con-423

ductivity, facilitating efficient heat dissipation, thus maintaining antenna per-424

formance over extended periods.425

In the proposed design, we introduce square holes in the GaAs substrate,426

beneath the FPA, to create a PhC structure. This modification offers several427

benefits. The periodic arrangement of square holes forms a PBG, this allows428

precise control over transmission and reflection, enhancing antenna perfor-429

mance. The PhC structure influences radiation patterns, enabling directional430

beams or beam steering. Modifying the size and arrangement of holes cus-431

tomizes the radiation properties for specific applications. The structure con-432

fines electromagnetic energy within the antenna, minimizing substrate losses433

and enhancing radiation efficiency. Adjusting hole size and spacing tunes PBG434
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and dispersion characteristics, improving antenna performance for the desired435

parameters.436

The defect design offers precise control over the band gap properties of437

PhC substrates, enhancing the antenna’s performance and versatility. By strate-438

gically designing defects, the band-gap characteristics can be tailored to spe-439

cific frequency ranges, improving frequency selectivity and spectral efficiency.440

These defects induce localized resonant modes within the band gap, which441

can be finely tuned to adjust the antenna’s operating frequency or bandwidth.442

According to (Roslan et al., 2018), the performance of photonic crys-443

tal cavity (PCC) antennas, including resonant frequency, S parameters, gain,444

and radiation pattern, is highly sensitive to variations in hole size and spac-445

ing. A radius of 9.6 µm resulted in a return loss of -71.94 dB and a gain of446

9.730 dB, while a spacing of 100.1 µm achieved a return loss of -56.56 dB and447

a gain of 9.726 dB. These findings demonstrate that precise geometric adjust-448

ments are essential for effective photonic bandgap control.449

Strategically placed defects manipulate the radiation properties of the450

antenna whilst introducing phase shifts and altering propagation directions.451

Enhancing the antenna’s beam steering capabilities allows it to dynamically452

adjust its radiation pattern and track moving targets. Defects also mitigate453

losses within the substrate, enhancing radiation efficiency by minimizing scat-454

tering and re-absorption of electromagnetic waves. Improvement in energy455

transfer from the antenna to the surrounding environment improves overall456

performance.457

3 Results and Discussion458

The diagram of the reflection coefficient (S11) of the PhC square lat-459

tice is shown in Fig. 3. This antenna exhibits three resonance bands at 31.42,460

37.76 and 38.92 GHz covering frequency bandwidths of 1.73 GHz, 0.38 GHz461

and 0.78 GHz, in the ranges of [30.82, 32.55 GHz], [37.53, 37.91 GHz], and462

[38.40, 39.18 GHz] with a total bandwidth of 2.89 GHz. These bands are part463

of the Ka-band in mmWaves. The resonance bands at 31.42 GHz, 37.76 GHz464

and 38.92 GHz exhibit sharp dips with reflection coefficients of -17.48 dB, -465

24.47 dB and -41.02 dB, respectively. The antenna with square lattice includes466

square-shaped holes, where each side is 0.2 mm in length and the gap between467

adjacent holes is 0.4 mm, which contributed to its superior performance by468

enhancing constructive interference.469

The S11 diagram illustrates how much electromagnetic energy is reflected470

back from the antenna across different frequencies. It consists of a plot show-471

ing the magnitude (in dB) of the reflection coefficient versus the frequency.472

Peaks or dips in the plot indicate the frequencies in resonance that the an-473

tenna is most efficient. The wider bandwidth indicates the broader frequency474

coverage. The diagram helps improve antenna design for efficient communi-475

cation.476

The fine-tuning of the proposed antenna was achieved through improv-477

ing its impedance matching, demonstrating satisfactory performance across478

three frequency bands (31.42 GHz, 37.76 GHz), and 38.92 GHz, and provid-479

ing appropriate impedance matching in these ranges. As shown in Fig. 4, the480

values of VSWR and S11 confirm efficient power transfer and reduced signal481

reflection, ensuring enhanced performance.482
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Figure 3. Reflection coefficient plot for the proposed PhC antenna with square lattice.

Figure 4. Plot of the VSWR for the proposed PhC antenna with square lattice.

In antenna design, a VSWR below 1.5 is considered excellent, while val-483

ues up to 2.0 are generally acceptable for most communication applications.484

Similarly, a S11 value lower than -10 dB is typically regarded as acceptable,485

whereas values of -15 dB, or lower, indicate very good performance.486

At 31.42 GHz, the VSWR is 1.28, and the S11 is -17.48 dB, indicating487

appropriate impedance matching in the antenna with the square lattice. At488

37.76 GHz, the VSWR is 1.14, and S11 is -24.47 dB, reflecting improved per-489

formance in this band. At 38.92 GHz, the VSWR reaches 1.02, with an S11490

of -41.02 dB, showing minimal reflection and maximum efficiency in this fre-491

quency range. The obtained results confirm that the proposed antenna ex-492

hibits stable operation across the intended frequency bands and meets the industry-493

standard impedance matching requirements. The low VSWR and deep S11494

values indicate excellent signal transmission with minimal return losses, mak-495

ing this design highly suitable for millimeter-wave communication applica-496

tions within ITS.497

In Fig. 5 the radiation pattern plot illustrates how electromagnetic en-498

ergy is distributed in different directions from the antenna in three frequency499
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bands 31.42 GHz, 37.76 GHz and 38.92 GHz. It shows the intensity of radi-500

ation in angular coordinates relative to the antenna’s orientation. The main501

lobe represents the direction of maximum radiation, whereas the side lobes502

indicate the directions of secondary radiation. The plot helps to determine503

the antenna’s coverage area, directivity, and suitability for specific applica-504

tions. The radiation pattern plot illustrates the distribution of electromag-505

netic energy in various directions from the antenna, across three resonant fre-506

quency bands.507

Figure 5. Radiation pattern plot for the proposed PhC antenna with square lattice, at (a)

31.42 GHz, (b) 37.76 GHz, (c) 38.92 GHz.

In Fig. 6, the gain plot shows the antenna gain characteristics in the 31.42508

GHz, 37.76 GHz, 38.92 GHz frequencies. It shows the gain and directivity com-509

pared to that of an ideal isotropic radiator. The gain plot provides informa-510

tion on the antenna’s ability to focus radiation in desired directions, aiding511

in the assessment of its directional performance and efficiency. Fig. 7 which512

shows the directivity plots for the proposed antenna at the three resonant fre-513

quencies. These plots demonstrate the antenna’s ability to effectively concen-514

trate radiation in specific directions, achieving commendable directivity val-515

ues of 4.34 dB at 31.42 GHz, 8.28 dB at 37.76 GHz, and 8.86 dB at 38.92 GHz.516

Fig. 8 illustrates the antenna gain plot without the PhC. At 31.42 GHz, the517

gain was 5.52 dB, indicating weaker impedance matching. At 37.76 GHz and518

38.92 GHz, the gains were 4.58 dB and 6.15 dB, respectively, with broader519

radiation patterns. In contrast, the achieved gain plot with the PhC square520

lattice shown in Fig. 6, highlights a significant increase in gain resulting from521

the incorporation of PhC. Inclusion of PhC not only enhances the gain of the522

antenna, but also improves its directivity by enabling more focused radiation523

patterns. This optimized design utilizes the PhC’s properties to effectively524

concentrate energy in specific directions, leading to improved signal radiation525

performance and clearly demonstrate the critical role of PhC in advanced an-526

tenna design, for applications that require high gain and precise directivity.527

As shown in Fig. 9 by analyzing the S11 plot of the antenna without the PhC528

structure, it is possible to observe a considerable decrease in bandwidth, com-529

pared to the performance of the antenna that uses PhC. The antenna band-530

width increases from 1.50 GHz without the photonic crystal to 2.89 GHz with531

the incorporation of the photonic crystal. Fig. 10 shows the reflection coef-532

ficient plot for the antenna with rectangular lattice structure. The resulting533

bandwidth for this design is only 1.41 GHz, indicating moderate impedance534

matching and a relatively narrower operational range. The increased band-535

width in the antenna with the square lattice structure highlights its superior536

performance. Showing that it is more suitable for applications that demand537

both precise impedance matching and wider frequency coverage, these find-538
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ings emphasize the role of lattice geometric in optimizing antenna bandwidth539

and overall efficiency for specific applications.540

At 31.42 GHz, the gains for PhC antennas with the square lattice and541

rectangular lattice structures are nearly identical. The square lattice PhC an-542

tenna (whose gain plots are shown in Fig. 6 (a)) demonstrates better direc-543

tionality characteristics, while the rectangular lattice one exhibits a broader544

radiation pattern, as shown in Fig. 11 (a). At 37.76 GHz, the gain of the square545

lattice antenna from Fig. 6 (b) significantly outperforms the gain of the rect-546

angular lattice antenna in Fig. 11 (b). It achieves a gain of 8.48 dB compared547

to 4.69 dB (for the rectangular one), with a more focused and directional ra-548

diation pattern. Similarly, at 38.92 GHz, the gain of the square lattice an-549

tenna presented in Fig. 6 (c) is higher (8.73 dB) and demonstrates superior550

directionality compared to the rectangular lattice antenna, whose gain is 7.06551

dB (Fig. 11) (c). These results highlight the advantages of square lattice struc-552

tures in terms of gain and radiation pattern.553

Figure 6. Gain plot for the proposed PhC microstrip patch antenna with square lattice, at

(a) 31.42 GHz, (b) 37.76 GHz, (c) 38.92 GHz.

Figure 7. Directivity plot for the proposed PhC antenna with square lattice, at (a) 31.42

GHz, (b) 37.76 GHz, (c) 38.92 GHz.

Table 1 presents a brief comparison of antenna performance metrics across554

different materials and frequency bands.555

It provides insights into key parameters such as gain, bandwidth, and556

frequency for materials such as FR-4, TLY-5, and GaAs. The tabulated data557

facilitate rapid assessment of each material’s suitability for specific frequency558
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Figure 8. Gain of the antenna without PhC structure at (a) 31.42 GHz, (b) 37.76 GHz, (c)

38.92 GHz.

Figure 9. Reflection coefficient plot for the proposed antenna without PhC structure.

ranges, aiding in informed decision making during antenna design for vari-559

ous applications.560

For comparison purposes, a new PhC configuration was designed by in-561

creasing the spacing between the photonic crystals and reducing the size of562

the square holes. Initially, the square hole side length was 0.2 mm. Then, it563

was reduced to 0.15 mm, while the spacing between the crystals was increased564

from 0.4 mm to 1.02 mm. In PhC structures, the periodicity and size of the565

structural features play a crucial role in determining how electromagnetic waves566

propagate and are guided. These changes resulted in an overall decrease in567

performance.568

Gain measurements indicate that at 31.42 GHz, the gain is 4.02 dB, while569

at 37.76 GHz, the achieved gain is 4.32 dB, showing a noticeable reduction570

compared to the proposed design with square lattice. Although a slight im-571

provement was observed at 38.92 GHz, the gain increased to 6.54 dB. The struc-572

tural modifications caused an increase in energy loss through radiation, dis-573

rupted constructive interference, and led to greater reflection losses. As a re-574

sult, less energy was effectively transmitted, leading to weak overall perfor-575

mance. The gain and reflection coefficient plots for this structure are shown576

in Fig. 12 and Fig. 13.577

–15–



manuscript submitted to Enter journal name here

Figure 10. Reflection coefficient plot for the proposed PhC antenna with rectangular lattice

structure

Figure 11. Gain plot of the proposed PhC antenna with rectangular lattice structure, at (a)

31.42 GHz, (b) 37.76 GHz, (c) 38.92 GHz.

3.1 Phantom Model Simulations for Vehicle Mounted Antenna578

Analysis579

It is worthwhile to analyze the performance of the proposed antenna in580

realistic vehicular settings. Simulations were conducted to evaluate the per-581

formance of the proposed antenna mounted 2 mm on the rooftop of a vehi-582

cle. These simulations included a comparison of the antenna’s mounted po-583

sition on a car-like phantom model (whose length is 7 cm) and on a rooftop584

(size of 800 × 600 mm) without the car phantom model Fig. 15. Resulting585

3D radiation patterns are also shown in these Figures. The simulation pro-586

vides a realistic assessment of the antenna’s ability to support both near-field587

and far-field coverage ranges. At 38.92 GHz, the gain decreases from 8.73 dB588

(for the proposed antenna alone) to 3.68 dB (small car) or 5.72 dB ( car rooftop589

only ). Values for the directivity are 4.00 dB and 5.81 dB for the small car590

and car rooftop only, respectively. Ensuring reliable signal propagation and591

stable field distribution in practical vehicular scenarios. These results demon-592

strate the antenna suitability for robust and consistent operation in real-world593

vehicular environments. As discussed in (Singh et al., 2017), (Imai et al., 2014),594

the level of detail in the phantom model significantly impacts the accuracy595

of the simulation results. Although a more detailed model could improve ac-596

curacy, it would also increase computational resource requirements and sim-597

ulation time. These exploratory results aim to contribute and seek a balance598
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Figure 12. Gain plot of the PhC antenna with the hole side length reduced from 0.2 mm to

0.15 mm and the spacing between the crystals increased from 0.4 mm to 1.02 mm, at (a) 31.42

GHz, (b) 37.76 GHz, (c) 38.92 GHz.

Figure 13. Reflection coefficient plot for the PhC antenna with the hole side length reduced

from 0.2 mm to 0.15 mm and the spacing between the crystals increased from 0.4 mm to 1.02

mm.

between vehicle-mounted model complexity and its feasibility. Furthermore,599

validation will be achieved through fabrication and experimental measurements,600

which are left for future work.601

4 Statement of Novelty602

The paper presents an advancement in ITS through the development603

of a FPA integrated with PhC for V2X communication applications on the604

mmWaves. The antenna is designed to resonate at mmWaves as planed for605

V2X operations.606

One of the key characteristics of this design lies in the seamless integra-607

tion of PhC within the antenna structure. By intelligently incorporating PhC608

elements into the antenna substrate, the proposed design achieves enhanced609

radiation efficiency and improved communication performance in mmWaves610
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Figure 14. HFSS simulation of the PhC antenna on top of car phantom model, showing the

antenna’s 3D radiation pattern.

Figure 15. HFSS simulation of the PhC antenna of on top of the car rooftop, showing the

antenna’s 3D radiation pattern.

V2X scenarios. The PhC structure acts as a PBG, effectively prohibiting spe-611

cific frequencies from propagating through the substrate, thereby improving612

antenna performance and mitigating undesired electromagnetic effects.613

The bandwidth serves as a metric to determine the performance capac-614

ity of an antenna or communication system. A wider bandwidth typically re-615

sults in higher data transmission rates, better signal quality, and enhanced616

communication capabilities.617

Moreover, the utilization of GaAs as the substrate material is another618

pivotal aspect of the design. GaAs offers properties perfectly suited for millimeter-619

wave communication in V2X scenarios. Its wide bandwidth, low noise figure,620
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Table 1. Comparison of antenna performance from different studies/authors.

Material (ϵr ) f
(GHz)

Gain(dBi) Bandwidth
(GHz)

Ref.

FR-4 (4.4) 1.50 2.14 9.70 (Kannappan et al., 2021)
2.45 - -

TLY-5 (2.17-2.40) 28 7.41 1.5 (Park et al., 2016)

26.5 4.93 0.3
28 - -

FR-4 (4.4) 35 - - (Mukherjee, Roy, & Mukhopadhyay, 2022)
39 - -
43 - -

31.42 6.54 1.73
GaAs (12.9) 37.76 10.63 0.38 (Bagheri, 2024)

38.92 10.88 0.78

Table 2. Performance Comparison of Different Antenna Configurations

Design Type Frequency (GHz) Gain (dBd)

Square Lattice
31.42 4.39
37.76 8.48
38.92 8.73

Without PhC
31.42 5.52
37.76 4.58
38.92 6.15

Rectangular Lattice
31.42 4.44
37.76 4.69
38.92 7.06

Square Lattice Modified Design
31.42 4.02
37.76 4.32
38.92 6.54

and high thermal conductivity contribute to the improved efficiency, reliabil-621

ity, and durability of the antenna system.622

In addition, the integration of a PBG material within the GaAs substrate623

enables precise control over electromagnetic wave propagation, resulting in624

improved radiation efficiency, thus enhancing overall communication perfor-625

mance in ITS applications. The synergistic integration of PhC structures and626

GaAs substrate material represents a significant leap forward in the field of627

ITS communication antenna design. The approach promises to revolution-628

ize the ITS landscape, facilitating the foundation for more robust and efficient629

ITS communication networks.630

5 Conclusion631

Lately, there has been a notable trend in commercial and communica-632

tion systems toward the development of low-cost, lightweight, and low-profile633
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antennas capable of maintaining excellent performance across a wide frequency634

range. This technological shift has brought significant attention to antenna635

design, with a particular focus on novel configurations such as fractal nonag-636

onal antennas.637

Nonagonal fractal antennas offer several benefits over traditional designs.638

These include low cost, compact size, ease of fabrication and installation, and639

compatibility with integrated circuit technology. The nonagonal fractal an-640

tenna proposed in this paper utilizes several advantages, including compact641

size, affordability, and high efficiency. With a bandwidth of 2.89 GHz and a642

gain of 10.88 dBi at the 38.92 GHz resonance frequency, this antenna is par-643

ticularly suitable for V2X applications within the FR2 frequency range. Its644

properties position it as a potential candidate for various communication ap-645

plications, including Ka-band and FR2 communications, V2X communica-646

tions, and satellite communications.647

Future research will involve the fabrication and testing of the designed648

antenna in real-world environments, after the antenna fabrication, we plan649

to conduct detailed measurements of the S11 response, radiation pattern, and650

VSWR by using an EMI/EMC testing facility.651

Exploring the use of Barium Strontium Titanate (BST) material for the652

antenna substrate offers additional benefits, such as high dielectric constant653

and tunable permittivity, enabling miniaturization and improved performance654

in vehicular environments. Combining BST with photonic crystal structures655

enhances radiation efficiency and reduces interference while maintaining high656

performance for millimeter-wave V2X applications. Leveraging BST and pho-657

tonic crystals can achieve superior impedance matching and enhanced com-658

munication capabilities, contributing to the evolution of ITS. Additionally,659

BST’s tunable properties enable dynamic adaptation to changing environmen-660

tal conditions, further enhancing the antenna’s versatility and effectiveness661

in V2X.662
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