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Fabry–Perot cavity-based circularly 
polarized Sierpinski fractal antenna 
with analysis and measurement 
characterization for sub 5/6G V2I 
and V2V communication
Fatima Ez-zaki1, Shahid Khan2, Omar Ourahou3, Hassan Belahrach3,4, 
Abdelilah Ghammaz3, Salahuddin Khan5, Jamal Nasir2, Slawomir Koziel2,6, Sadiq Ullah7 & 
Ladislau Matekovits8,9,10

This paper presents the design, fabrication, and performance analysis of a high-gain, broadband 
circularly polarized (CP) Fabry–Perot cavity (FPC) antenna tailored for vehicular communication 
applications. The proposed antenna employs a frequency-selective surface (FSS)-based partially 
reflective surface (PRS) superstrate, fabricated on Rogers 5880 substrate, to enhance gain and 3-dB 
gain bandwidth. At the core of the design is a Sierpinski fractal-shaped radiating element with corner 
etching, which effectively addresses the narrow axial ratio (AR) bandwidth limitations typically 
associated with circularly polarized (CP) antennas. The single-element configuration yields a gain of 
3.8 dBc, which increases to 7 dBc in a two-element array arrangement. Integrating a Fabry–Perot 
configuration with a single PRS superstrate of 1.575 mm thickness and positioned 24.6 mm above 
the radiating patch further improves the performance, achieving 15.5 dBc gain and enhanced AR 
bandwidth centered around 5.9 GHz. To further augment the performance, a PRS with a positive 
phase gradient is introduced, resulting in a stable peak gain of 17.72 dBc and improved beam width 
and polarization stability. Comprehensive simulations and measurements show excellent agreement, 
validating the proposed antenna’s suitability for high-performance, real-world vehicle-to-vehicle 
(V2V), vehicle-to-infrastructure (V2I), and vehicle-to-everything (V2X) communication systems.

Keywords  FSS, CP, Fabry–Perot, Sierpinski fractal, PRS, Measurement, V2V, V2I

The rise in end-user mobility has led to a significant increase in traffic congestion, fatalities, and injuries. Prioritizing 
passenger safety and enhancing traffic flow to eliminate road traffic fatalities has become crucial. To tackle 
these issues, the V2X communications paradigm was introduced, aiming to reduce congestion and accidents, 
especially at toll plazas. When combined with advanced driver-assistance systems (ADAS) sensors, V2X, along 
with V2V, V2I, Vehicle-to-Pedestrian (V2P), and Vehicle-to-Network (V2N) communication, and Vehicle-to-
Cloud (V2C), seeks to enhance safety, improve situational awareness,  boost traffic efficiency, and ultimately 
optimize transportation systems1.
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V2X communication enables high-speed duplex data exchange between onboard units (OBU) in vehicles 
and roadside equipment (RSE) on road infrastructure, as illustrated in Fig. 1. This is achieved using Dedicated 
Short-Range Communication (DSRC) and Cellular V2X (C-V2X) standards1. In the United States, the 5.850–
5.925 GHz frequency band is designated for DSRC, allowing communications over line-of-sight (LoS) ranges up 
to 1000 m under optimal weather conditions2,3. In Europe, the EN12253 standard outlines DSRC requirements 
at 5.8 GHz, including criteria for antenna performance1. Considering the varied range and data rate needs of 
V2X communications, the forthcoming 5G network integrates both millimeter-wave (mmWave) and sub-6 GHz 
bands to effectively handle the diverse scenarios in V2X applications.

Vehicular communication systems, including V2V and V2I, demand antenna solutions that combine high 
gain, broad bandwidth, and circular polarization to ensure robust performance in dynamic, interference-
rich environments. Such characteristics are critical for enhancing signal strength, extending communication 
range, mitigating multipath fading, and ensuring reliable connectivity, especially as modern vehicles are now 
equipped with over 40 functional antennas1. However, many conventional antenna designs struggle with 
narrow AR bandwidth, low gain, or intricate multilayer geometries, limiting their scalability and practical 
integration into vehicles. To address the performance requirements of DSRC roadside equipment, researchers 
have explored a wide array of antenna configurations, including multilayered structures2, sequentially rotated 
arrays3,4, double-looped monopole arrays4, Yagi dipole arrays5, and CP array topologies6. Among these, CP 
antennas have proven especially effective in suppressing side lobe levels (SLL), thereby improving resistance 
to environmental degradation and enhancing reception of scattered or diffracted signals. Nevertheless, many 

Fig. 1.  Geometry of the proposed single-element antenna: (a) Front view, (b) side view, and (c) exploded view.
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of these approaches still involve manufacturing complexity or lack the necessary performance-to-cost ratio for 
widespread vehicular deployment. Recent advances in vehicular communication systems have also stimulated 
the development of alternative antenna technologies to facilitate seamless integration with vehicle structures. 
For instance, flexible antennas based on advanced substrate technologies offer conformal integration with 
curved vehicle surfaces while maintaining reliable radiation performance7,8. Transparent antennas have also 
attracted increasing attention due to their capability to be integrated into vehicle windows without affecting 
visibility, which is particularly beneficial for millimeter-wave vehicular communications9. In addition, low-
profile and low-windage omnidirectional antenna structures have been investigated to reduce aerodynamic 
impact and improve system robustness in high-speed vehicular environments10–12. These emerging antenna 
concepts highlight the growing diversity of design approaches aimed at meeting the stringent requirements of 
next-generation vehicular communication systems.

In response, this work proposes a compact, single-layer FPC antenna that leverages a Sierpinski fractal 
patch and PRS to achieve enhanced gain and stable circular polarization, while maintaining a planar, low-cost 
architecture suitable for large-scale automotive integration. The proposed antenna is tailored for V2V and V2I 
applications within the DSRC band (5.6–6.09 GHz), offering robust circular polarization and high gain to ensure 
reliable communication in dynamic, multipath-rich environments. Unlike many existing solutions that suffer 
from complex multilayer designs or limited bandwidth, this work addresses the pressing need for a compact, 
low-profile, and easily manufacturable antenna. By integrating a Sierpinski fractal array with a dual-layer PRS-
based FPC, the design achieves enhanced performance while remaining suitable for seamless integration into 
modern vehicles.

Recent research has demonstrated significant interest in FPC antennas owing to their high efficiency, 
substantial gain, and straightforward feeding mechanisms13. Consequently, FPC antennas are recognized as a 
potential remedy for overcoming the challenges associated with V2X services. The antenna structure comprises 
a feed antenna sandwiched between a PRS and a ground plane. The PRS is placed at a designated height above 
the ground plane, shaping an air cavity in between. The electromagnetic (EM) waves generated by the radiating 
antenna undergo multiple reflections within this cavity. When the resonant conditions are met, these waves 
combine in phase, resulting in highly directive radiation.

On the other hand, metamaterials are artificially created materials by periodically introducing small “unit cells” 
into a dielectric, making them quasi-homogeneous. This periodic insertion alters the dielectric’s macroscopic 
properties, changing its behavior concerning incident waves. The homogenization concept applies when the 
unit cell dimensions are smaller than the excitation wavelength, allowing the metamaterial to be perceived 
as an effective medium. Consequently, the key properties of the material, namely magnetic permeability (μ) 
and dielectric permittivity (ε), are established. A metasurface is typically designed by systematically arranging 
electrically small scatterers made of metamaterials in a two-dimensional configuration. These structures harness 
the advantageous properties of metamaterials, reducing propagation losses and controlling electromagnetic 
wave propagation by altering boundary conditions14–20. Among them, one type is PRS15,18,20, commonly used as 
a superstrate to form Fabry–Perot cavities and enhance antenna radiation characteristics.

FPC antennas are extensively utilized in advanced applications, including long-range wireless communication 
systems6,13, highly directional data transfer19, efficient power transmission, and 5G wireless networks. When a 
portion of the radiated wave escapes the cavity, it creates an in-phase superposition, significantly enhancing the 
antenna’s directivity in the boresight direction. Fabry–Perot resonators (FPR) have gained considerable attention 
as high-gain radiators due to their straightforward design and simple feeding mechanism, often employing 
single-fed excitation21–27. In21, a broadband Fabry–Perot antenna is introduced, incorporating a PRS established 
using an electromagnetic bandgap (EBG) structure and a reactive impedance surface (RIS)-backed rectangular 
pitch antenna. This design achieves bandwidths of 21.5% (10.02–12.43 GHz) and 24.8% (9.91–12.71 GHz) with 
high realized gains of 12.05 dBi and 14.3 dBi for single and dual layers of the EBG superstrate, respectively. In22, 
an antenna featuring a metasurface demonstrates a maximum gain and a 30% improvement in bandwidth. The 
gain enhancement is attributed to the in-phase electric field region on the metasurface top layer. Additionally23, 
proposes a microstrip patch antenna with a metamaterial superstrate incorporating S-shaped elements to 
enhance gain characteristics. The antenna operates within a frequency range of 5.65–5.935 GHz, achieving an 
impedance bandwidth exceeding 0.92% and a gain improvement to 8 dBi, resulting in a peak gain of 10.7 dBi in 
the direction of maximum radiation. In25, an EBG cell-embedded antenna system is designed to suppress surface 
waves, achieving an increased peak gain of 10.15 dBi.

Conventional FPC antennas face a core limitation because they have a limited 3-dB gain bandwidth that 
becomes more severe when used in CP configurations due to the restricted AR bandwidth. The main cause of 
this limitation stems from the monotonic reflection phase response of conventional PRS structures which limits 
the cavity resonance to a specific narrow frequency band. Recent studies have developed PRSs with positive 
reflection phase gradients to achieve broadband cavity resonance and extended gain bandwidths26–30. In26, an 
FPC antenna operates over two wide bands using a partially reflective metasurface with magnetic coupling 
layers and patches. The results confirm 3 dB gain bandwidths of 20.7% (5.7–6.9 GHz) and 10.1% (11.7–12.95 
GHz) with peak gains of 12.07 dBi and 13.1 dBi, respectively. In27, a FPR antenna is proposed, utilizing an 
aperture-coupled microstrip feeder and an FSS superstrate with a positive reflection phase gradient. The antenna 
exhibits an impedance bandwidth of 64.4% (8.68–15.12 GHz) and a 3 dB gain bandwidth of 31.9% (8.61–11.80 
GHz), with a peak gain of 14.0 dBi. The Fabry–Perot antenna system in30 demonstrates a 3 dB gain bandwidth 
of 32.8% (7.9–11 GHz), with a peak gain of 13.67 dBi. The FPC antenna consists of a hexagonal PRS with a 
positive phase gradient from 7.9 to 10.9 GHz. In28, a broadband high-gain Fabry–Perot antenna is implemented 
using an air-loaded slot-coupled microstrip antenna and a PRS with a positive gradient reflection phase, 
achieving a maximum gain of 10.35 dBi and 31.5%. Operating bandwidth. The existing literature highlights 
a tradeoff between performance, design complexity, and compactness. It is challenging to find a single design 
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that offers simplicity, compactness, high gain, wide operating bandwidth, and CP performance. Consequently, 
available scientific publications demonstrate that CP Fabry–Perot antennas continuously face limitations in gain, 
bandwidth, polarization purity and structural simplicity and compactness. Designing a single antenna to achieve 
wide AR bandwidth along with high gain and low-profile integration presents a persistent design challenge. 
Recent antenna research have combined fractal geometries with multilayer and superstrate-based arrays for 
bandwidth enhancement and miniaturization, and improved gain and directivity through their work31– 36,38,39. 
Antennas used in vehicular and intelligent transportation systems (ITS) need to meet strict specifications 
regarding polarization stability, compact size and dynamic operating condition robustness34,37,38,39,40,41. Multiple 
reported antenna designs in vehicular applications use metasurfaces, multilayer structures and fractal arrays to 
produce high gain along with circular polarization, but these designs encounter profile height limitations and 
fabrication complexity which restrict their practical use.

To surpass these constraints this research introduces a small Fabry–Perot cavity antenna which combines 
a Sierpinski fractal-based 1 × 2 radiating array with a dual-layer square-ring PRS that produces a positive 
reflection phase gradient. The proposed design uses a dual-cavity Fabry–Perot resonance system to improve 
both gain and improve both gain and 3-dB gain bandwidth performance through a single resonant structure 
which keeps its small size and manufacturing ease. The fractal radiating array enables multi-resonant excitation, 
which synergistically interacts with the dual-layer PRS to broaden the operational bandwidth and stabilize 
circular polarization. The proposed antenna design delivers optimal performance between high gain and wide 
AR bandwidth and compact size and structural simplicity which makes it ideal for dependable V2V and V2I 
communication systems.

This innovative Sierpinski array-based FPC antenna design makes several important contributions that we 
summarize below:

•	 The systematic design and analysis of a compact wideband circularly polarized feeder antenna yield high gain 
performance together with broad impedance bandwidth and stable axial-ratio (AR) operation in a smaller 
physical volume.

•	 Square-ring PRS unit cells undergo rigorous design work and characterization to achieve optimal reflection 
phase with electromagnetic characteristics that enable broadband Fabry–Perot cavity resonance.

•	 The combination of the proposed fractal feeder antenna and partially reflective PRS layer produces the first 
Fabry–Perot cavity that achieves substantial gain and boresight directivity enhancement through constructive 
cavity interference.

•	 The implementation of a second Fabry–Perot cavity occurs through the addition of a PRS layer that features a 
different unit-cell configuration for enhanced 3-dB gain bandwidth extension.

•	 The research introduces a novel Sierpinski fractal antenna as a dual-cavity Fabry–Perot feeding element that 
enables multiple resonance points and expanded gain and circular polarization bandwidth.

The subsequent parts of the article are structured as follows: Section II details the proposed design configuration, 
Section III highlights the design evolution, Section V discusses the working and design analysis of PRS, Section 
VI is about the parametric study. Section VII brief the simulated and measured results, Section VIII discusses 
the link budget analysis, Section IX shows the application of the proposed design, and Section X concludes the 
proposed work.

Proposed design configuration
The antenna design and optimization were performed using CST Microwave Studio (MWS), a full-wave 
electromagnetic simulation tool known for its accuracy in modeling complex antenna structures. The 
methodology involved iterative design of the Sierpinski fractal patch integrated with a PRS-based FPC to achieve 
the desired high gain and stable circular polarization within the DSRC band. Simulations included detailed 
analysis of gain, AR, bandwidth, and radiation patterns under realistic boundary conditions. The design was 
subsequently fabricated and experimentally validated, confirming the simulation results and demonstrating 
practical applicability for vehicular communication systems. This structured approach ensures that each stage 
from design through validation directly addresses the performance challenges and integration requirements of 
V2V and V2I antennas. The antenna structure and dimensions are exposed in Fig. 1(a-c) and Table 1, respectively. 
The proposed design comprises a two-element array of a Sierpinski carpet antenna array with truncated diagonal 
corners for achieving circular polarization features as given in Fig. 1(a).

The design has a feeding network of a three-section quarter-wave transformer combined with a T-junction 
power splitter as displayed in Fig. 1(a). Given in Fig. 1(b), the PRS contains a 9 × 7 periodic unit cell array with a 
periodicity of P = 22 mm. The PRS overall substrate (made of Rogers 5880, εr= 2.2, tanδ = 0.0009) has a width 
and length of Lsub = 198 mm and Wsub = 154 mm, respectively. The antenna substrate and ground plane have 
the same dimensions as those of the PRS. While each Sierpinski carpet has a width and length of Wp = 24 mm 
and Lp = 24 mm, respectively. The corners of the patch are cut by WSQ = 4 mm to achieve circular polarization 
performance and improve the impedance matching and AR bandwidth. Fig 1c shows the 3D exploded view of 
the proposed design. The PRS surface is positioned on the radiating patch at a distance d, which is also the air 
gap between the radiating element and PRS Table 1.

Design equations
Radiating antenna design equations
The proposed antenna design incorporates two primary elements: a Sierpinski fractal structure and a PRS. These 
elements are derived from specific mathematical formulations. The radiating element is constructed using the 
Sierpinski carpet fractal principle, which begins with a square shape referred to as the initiator (iteration 0). The 
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dimensions of the individual element are calculated using foundational equations commonly employed in the 
design of rectangular patch antennas. The design of the target antenna starts with a rectangular patch, which 
operates at a 5.8 GHz resonant frequency. By using the following equations for the values of relative permittivity 
(εr) = 2.2, resonance frequency (fr) = 5.9 GHz, height of the substrate (h) = 1.6 mm and speed of light (c) = 3 × 108 
m/s, the rectangular patch dimensions are calculated as following (1)53,54:

	
W = c

2fr
√

εr
2

� (1)

where ‘W’ is the width of the patch. The effective dielectric constant is computed using (2):

	
εreff = εr + 1

2 + εr − 1
2

(
1 + h

W

)1/2
� (2)

The patch effective length is derived as (3)

	
Leff = c

2fr
√

εreff
� (3)

The fringing effect is estimated using (4) :

	
∆L = 0.412h

(
W
h

+ 0.264
)

(εreff + 0.3)(
W
h

+ 0.8
)

(εreff − 0.258)
� (4)

Thus, the resultant total patch length of the design is given as (5):

	 L = Leff + 2∆L� (5)

The iteration process divides the square into nine equal squares with a three-by-three grid, which is followed by 
adding a square slot in the center of the radiating element. To perform this iteration process, an iterative function 
system (IFS) is used to describe the Sierpinski fractal structure. It creates a series of self-affine based on the 
transformation w, which is defined as (6)42,43:

	
wi

[
x
y

]
=

[
a b
c d

] [
x
y

]
+

[
e
f

]
� (6)

Here, the matrix 
[

a b
c d

]
 represents the rotation coefficient, while the vector 

[
e
f

]
 represents a translation 

coefficient of the coordinates (x,y). Each transformation wi is applied to the initial geometry A (the initiator, 
which is the original square in this case). Note that the w(A) represents a system of linear affine transformations. 
The new geometry is generated by applying each transformation wi to the initial geometry A and then combining 
the results. This can be expressed by the Hutchinson operator (7):

	
w (A) =

∪N

i=1
wi (A)� (7)

In the context of the Sierpinski fractal, the transformation wi corresponds to the mappings that scale and translate 
the initial square into the eight smaller squares. By iteratively applying these transformations to the resulting 
geometries, the fractal structure emerges, exhibiting its characteristic self-similarity at every scale.

Dimensions Values Dimensions Values

Wp 24 L1 32.3

Lp 24 W1 1.9

WSQ 5 L2 5.7

L0 3.8 W2 2.85

W0 11.4 L3 4.28

L01 7.6 W3 1.52

W01 9.3 L4 7.6

L02 7.6 W4 3.65

W02 8.8 L5 6.37

Lsub 198 Wsub 154

Table 1.  Optimized dimensions of the antenna design (mm).
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Design equations for partially reflective surface (PRS)
The geometry and dimensions of the PRS unit cell are illustrated in Fig 5a. It consists of two square patches with 
a gap w between them. Here, Le and Li represent the widths of the outer and inner square patches, respectively. P 
denotes the length of the substrate (Periodicity). Current flow originates from the ring’s ability to conduct when 
a magnetic field is applied perpendicular to the square patch. Mutual capacitances result from the dielectric gaps 
between the square patches, and the current passing through them allows the patches to function as an inductor. 
As a result, a parallel LC tank circuit will be an equivalent representation of the PRS unit cell45. The resonant 
frequency can be calculated as (8):

	
fo = 1

2π
√

LC
� (8)

where C represents the equivalent capacitance, while L is the effective inductance due to both square patches (9).

	
L = 4.86µ0

2 (p − W 1 − g)
[

ln

(
0.98

ρ

)
+ 1.84ρ

]
� (9)

where,
ρ is the filling factor, it’s given by (10):

	
ρ = W 1 + g

p − W 1 − g
� (10)

The effective capacitance is given by (11):

	
C =

(
p − 3

2 (W 1 + g) Cpul

)
� (11)

where Cpul is the per unit length capacitance between the patches, which is computed using (12):

	
Cpul = ε0εeff

K
(√

1 − k2
)

K(k)
� (12)

where εeff  is the effective dielectric constant expressed as (13):

	
εeff = εr + 1

2
� (13)

K(k) stands for the complete elliptic integral of the first kind, with k defined as (14):

	
k = g

g + 2W 1 � (14)

These equations are instrumental in determining the lumped equivalent model of the PRS unit cell.

Design evolution
The thorough design methodology of the suggested antenna is depicted in Fig. 2 (Ant 1-Ant 7). The antenna 
design is developed through a systematic seven-step process, beginning with the simulation of a simple 
rectangular patch.  The first step (Ant 1) involves a basic rectangular patch.  In the second step (Ant 2), the 
first iteration of the Sierpinski carpet is applied to the patch.  In the third step (Ant 3), the Sierpinski carpet 
structure is extended to the remaining area, resulting in the second iteration. Additionally, along the x-axis, 
the proposed Sierpinski-based antennas are arranged to create a two-element linear array, as shown in step 
four (Ant 4), to enhance the antenna’s gain. In the fifth step (Ant 5), CP is achieved by truncating the patch 
corners. Subsequently, in step six, the optimized design of Ant 5 is combined with an FSS having only a top layer 
to form an FPC. The cavity is constructed using a 9 × 7 unit cell array on the superstrate. Finally, in step seven 
(Ant 7), the FPC antenna is further enhanced by adding a bottom PRS layer on the substrate. The impedance 
matching, represented by reflection loss S11, circular polarization in terms of AR, and broadside gain for various 
antenna configurations (Ant1–Ant7) are presented in Fig. 3 (a-b).

The simulated reflection coefficients (S11) for each step are shown in Fig. 3(a). The initial rectangular patch 
antenna resonates at 5.67 GHz.  Incorporating the first iteration of the Sierpinski carpet slot improves both 
impedance and AR bandwidth, resulting in two resonant bands at 5.17GHz and 5.6 GHz. The second iteration of 
the Sierpinski carpet slot maintains resonance within similar frequency bands as the first iteration (Ant 2). The 
two-element array configuration (Ant 4) demonstrates resonance around 5.5 GHz and 5.93 GHz with a broader 
bandwidth. This slight shift in the operating band toward higher frequencies is due to the fractal geometry, which 
provides a longer effective path for current flow, thereby reducing the resonant frequency. The patch corners are 
then truncated to improve circular polarization. The design in Ant 5 combines both the truncated corner patch 
and the Sierpinski fractal geometry to enhance AR and impedance matching by overlapping the individual 
resonances of the patch. Meanwhile, Ant 6 and Ant 7 exhibit similar reflection coefficient responses. Fig 3(b) 
shows the simulated gain of the design. The basic patch antenna (Ant 1) has a narrow impedance bandwidth 
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around 5.67 GHz, linear polarization, and a gain of 5.6 dBi.  In contrast, the patch antenna with the first and 
second iterations of the Sierpinski carpet fractal geometry (Ant 2 and Ant 3) shows a reduced gain of less 
than 2.8 dBi. The two-element array (Ant 4), excited through an optimized feeding network, demonstrates a 
significant gain enhancement by effectively combining the individual resonances of the array elements. While 
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Fig. 3.  Proposed antenna results in each successive step for (a) reflection coefficient, and (b) gain.

 

Fig. 2.  Evolution steps of the proposed FPC antennas.
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Ant 5 has no noticeable impact on the gain, the introduction of a single upper PRS layer in Ant 6 significantly 
increases the gain to  16.48 dBi, with a relatively narrower bandwidth response.  Ant 7 adds a second layer, 
underside of the PRS substrate, further increasing the gain up to  17.72 dBi while maintaining a wideband 
response.

Working and design analysis of PRS
When a PRS is positioned above the radiating element, the PRS and the ground plane, which are separated by a 
specific distance (Fig. 4), create an FP cavity.

The small antenna’s emitted radiation undergoes several reflections between the PRS and the ground plane, 
with each reflection diminishing in amplitude. This series of reflections culminates in constructive interference, 
substantially enhancing the antenna’s directivity in the boresight direction. Consequently, the resonant condition 
within the FP cavity, defined by a height d (the separation of the ground plane from the PRS), can be expressed 
as (17)46,47:

	
φr = 4πd

c
fr − 2Nπ − φGND, N = 0,1, . . . � (15)

In (17), N is an integer that characterizes the order of resonance and is taken to be zero, fr  is the operating 
frequency, φGND  is the phase introduced by the ground plane, and c is the velocity of light in space. This 
equation indicates that the effectiveness of the cavity is considerably altered by the height d of the cavity and the 
reflection properties of the PRS top interface. Maximum gain and directivity are achievable in the propagation 
direction when the resonance condition of the cavity is met. This condition is described in (18)46,47:

	
d = c

4πfr
(φr + φGND + 2Nπ)� (16)

The distance d leads to constructive interference, and the waves emanating from the PRS are in phase. A high 
reflectivity of the PRS top surface with a linear increase in its phase response implies a maximum gain in certain 
frequency bands. The expression for the gain in the direction of radiation (for φ = 0°), as a function of the 
reflection coefficient magnitude, is given by (19)46,47.

	
G = 1 + R

1 − R
� (17)

When the reflection coefficient of the PRS approaches unity, the gain of the antenna becomes significantly higher 
due to the high reflectivity. However, as the reflection coefficient increases, the radiation bandwidth narrows, 
resulting in a trade-off between gain and bandwidth. This relationship is expressed mathematically in Eq. (18) 
below:

	
BW = λ0

2πd

1 − R√
R

� (18)

Optimizing the reflection characteristics of the PRS, including both phase and amplitude, is crucial to gain 
a balance between high gain and wide radiation bandwidth. It is widely recognized that higher reflection 
amplitudes of the PRS lead to increased directivity, but this improvement typically results in a reduction of the 
bandwidth52. Consequently, designing FP cavity antennas that simultaneously achieve both wideband operation 

Fig. 4.  Fabry–Perot Cavity working Principle.
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and high gain characteristics presents a significant design challenge. A variety of PRS unit cell configurations 
exists, with common examples including square patches and square apertures. In this design, a dedicated unit 
cell is proposed to create a PRS functioning at approximately 5.9 GHz. The unit cell employs a square slot-loaded 
patch (SSLP) configuration, where a square slot of width Li is integrated into a conventional square patch (CSP) 
of width Le. This modification enhances and regulates the bandwidth of the positive reflection phase gradient. 
Furthermore, the square slot provides an additional parameter for tuning both the phase and magnitude of the 
PRS reflection coefficient. By combining these two distinct PRS configurations, an artificial reflection phase can 
be achieved, closely approximating the ideal phase response.

Unit cell of single top surface PRS
The structure of the proposed unit cell of single surface PRS is depicted in Fig. 5(a-b). The proposed unit cell 
(PRS1) is printed on the top side of a Rogers5880 substrate (εr= 2.2, tanδ = 0.0009) with a thickness of 1.575 
mm. Fig 5(a) presents the top view of the unit cell. Fig 5(b) illustrates the unit cell simulation setup in CST MWS, 
with port 1 and port 2 aligned along the z-axis and placed at a specified distance from the unit cell. Electric and 
magnetic wall boundaries are applied along the x-axis and y-axis, respectively.

The reflection magnitude and reflection phase of the optimized unit cell are illustrated in Fig. 6. A reflectivity 
approaching 1 is achieved, accompanied by a reflection phase of 168°. Once optimized, the final sizes of the two 
concentric metallic squares are found to be Le = 18.6 mm, Li = 8.2 mm, and w = 1 mm. The period of the cell is 
fixed at P = 22mm. From the phase value of the reflection coefficient, the height of the Fabry–Perot cavity can be 
calculated for the operational frequency of around 5.9 GHz. Using φr = 168.78° in the reflection coefficient phase 
equation for the PRS superstrate and φGND = 180° (the phase of the ground plane, a perfect electric conductor), 
the height d is calculated to be 24.65 mm. These dimensions are sufficient when using PRS1 alone. However, to 
further improve gain, bandwidth, and beam width, PRS2 is introduced. In PRS2, the dimensions of PRS1 are 
slightly optimized, enabling the achievement of maximum gain, bandwidth, and beam width.
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Fig. 5.  Geometry of the unit cell PRS1.
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Unit cell of positive phase gradient, double surface PRS (PRS2)
The principle used to design the two surfaces PRS elementary pattern is similar to the literature demonstrated 
in30. The study has shown that one or more resonance points with a growing reflection phase can be created 
between two PRS cells of similar shapes but different dimensions. Our goal is to form a cavity between two 
PRS layers using the same PRS cell previously employed to construct the single layered PRS, but with different 
dimensions. Fig 7 illustrates the configuration of the dual-layer cell under consideration. Observing Fig. 8, we 
can see that the variation in the reflection phase of the proposed unit cell has positive slope within the band of 
5.87 GHz to 5.93 GHz. The magnitude of the reflection coefficient exceeds 0.69, while the phase varies from 
−28° to 22° across the entire band. Notably, at 5.9 GHz, the phase is equal to −3.1°. Thus with the mentioned 
dimensions, the PRS has demonstrated the required performance.

Parametric analysis
Here, a thorough parametric analysis is presented to assess the influence of key parameters on the FP antenna’s 
overall performance. These parameters include the impact of changing dimensions of the upper and lower 
PRS unit cells, the impact of changing the corner truncation on the reflection coefficient and axial ratio of the 
radiating element, and the influence of varying the separation distance between the PRS layers and the radiating 
array.
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Fig. 7.  Geometry of the unit cell PRS2: (a) Top surface, (b) Bottom surface and (c) Step view.
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Impact of varying first PRS unit cell (PRS1) dimensions on S11 and phase
As shown in Fig. 9, a parametric study is conducted to analyze the impact of each unit cell dimension on the 
reflection magnitude and phase. From Fig. 9 (a-b), it is observed that varying Le and Li (the widths of the outer 
and inner square patches, respectively) influence the reflection phase, but no significant effect is observed for the 
reflection magnitude. Conversely, adjusting the gap w between the patches affects both the S11 magnitude and 
phase within the operating frequency band (Fig. 9(c)).

Impact of varying second PRS unit cell (PRS2)dimensions on S11 and phase
It is important to emphasize that optimizing the reflection characteristics of the design is crucial for achieving a 
wider bandwidth and higher gain along the operating band. Here L1 and S1 represent the widths of the outer and 
inner square patches of the top surface respectively and L2 and S2 represent the widths of the outer and inner 
square patches of the bottom surface respectively.

As shown in Fig.  10, the effects of the unit cell dimensions on the reflection magnitude and phase are 
highlighted. From Fig.  10 (a), it is observed that varying L1 and L2 have no significant effect on the phase 
and magnitude of the reflection coefficient. Given in Fig. 10 (b), varying S1 and S2 highly affect the reflection 
magnitude as well as the position and the frequency band of the positive phase gradient at 5.9 GHz. Fig 10(c) 
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shows that changing the gap between the patches also affects the reflection magnitude and the phase gradient 
of the proposed design. The best response is achieved at w = 1mm. The optimal distance between the two layers 
is set to d = 25 mm, and the optimized dimensions (mm) are L1 = 17.3 mm, L2 = 18.3 mm, S1 = 9.5 mm, S2 = 7.2 
mm, and w = 1mm.

Impact of corner truncations of the radiating antenna on impedance matching and axial ratio
To improve the AR bandwidth the corners of the patches are truncated. This configuration exhibits a significant 
impact on results in terms of impedance matching and enhancing 3 dB AR in the desired frequency band. 
Figs12(a) and (b) show that gradually increasing the truncation of radiating elements corner improve the upper 
band matching and AR band width. The maximum improvement is achieved at the WSQ of 5 mm. Beyond this 
value, a degradation is noticed in the AR performance, thus a WSQ = 5 mm is the final selected value for the 
corner truncation of the radiating elementsFig. 11.
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A parametric analysis is also conducted on the reflection coefficient and gain of the design, investigating the 
effect of the separation distance (d) between the PRS layers and the antenna element. Significant enhancements 
in gain and directivity are observed when the PRS superstrate is positioned at an optimal distance above the 
ground plane of the radiating antenna. Figs 12(a) and (b) illustrate the impact of d on the S11 and gain of the FP 
antenna with a single PRS layer. The results in Fig 12 demonstrate that modifying the height (d) significantly 
affects both the values of maximum gain and impedance matching. At d = 19.75 mm, a maximum matching and 
high gain is attained.

Simulated and measured results
S-parameters and gain
The proposed antenna’s performance is characterized by analyzing its reflection coefficient (S11), AR, broadside 
gain, current distribution on the radiating element and PRS, and radiation patterns. These simulated results are 
subsequently validated through experimental measurements. For the final prototype fabrication, the air gap 
between the radiator and the PRS is precisely controlled using polyurethane foam with the specified thickness. 
To minimize insertion losses, the inner portion of the foam is carefully removed. An SMA (Sub Miniature 
version A) connector is utilized to feed the antenna. Fig 13(a) and (b) presents photographs of the fabricated 
prototype without PRS and with PRS respectively. Fig 14(c) shows the far-field measurements in the anechoic 
chamber. Fig 13(d) shows the measured reflection coefficient through Vector Network Analyser (VNA), while 
Fig. 13(e) shows the complete measurement setup for far-field measurement.

Fig 14(a) illustrates the S11 simulated and measured results of the antenna, revealing a broadband performance 
for a referenced −10 dB impedance bandwidth spanning from 5.47 to 6.1 GHz. The minor discrepancy between 
the simulated and measured results is likely attributed to cable losses and manufacturing tolerances. The wideband 
response is achieved through the combined effects of the fractal geometry, truncated patch resonances, and the 
effective integration of the optimized PRS unit cells. Fig 14(b) displays the simulated and measured broadside 
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gain for the various configurations of the proposed design, including the single-element antenna, the FP antenna 
with a single PRS, and the FP antenna with a double PRS. As evident from the figure, the antenna without the 
PRS achieves a modest gain of 7 dBc. In contrast, the antenna with a single PRS exhibits significantly higher 
gains, with simulated and measured values of 15.3 dBc and 16.6 dBc, respectively. The addition of a second PRS 
further enhances the gain, yielding simulated and measured values of 17 dBc and 17.72 dBc, respectively, at 5.9 
GHz. The experimental outcomes are in close alignment with the simulations, with slight deviations that are 
likely caused by substrate losses and power dissipation in the foam layer used to maintain the cavity thickness.
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Fig. 14.  Measured and simulated values of the design (a) reflection coefficient and (b) gain of the design.

 

Fig. 13.  Fabricated prototype of the proposed Antenna: (a) Feeder antenna array, (b) PRS Layer, (c) Antenna 
mounted in the anechoic chamber, (d) Antenna connected to VNA, and (e) Far-field measurement Setup.
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Current distribution of the proposed design
This section details the current distribution of the radiating elements (antenna array) and PRS. The current 
distribution mechanism is highly helpful in explaining the AR performance of the proposed design. The 
current distribution on the designed antenna at 0°, 90°, 180°, and 270° is given in Figs. 15(a-d) respectively. 
The clockwise rotation of the radiated field confirms that the antenna exhibits left-hand circular polarization 
(LHCP). Figs 16(a-d) show that adding PRS layers does not alter the CP performance of the design, and the 
same impact is visible from the current distribution on the PRS as well. To analyze the gain performance due 
to the PRS, the current distribution is computed at 5.9 GHz, as given in Fig. 17. The PRS functioned as a lens, 
concentrating the antenna’s electric field in the broadside direction, which led to a significant improvement in 

Fig. 17.  The electric field distributions at 5.9 GHz of the antenna (a) without and (b) with the PRS layers.

 

Fig. 16.  The current distribution of the proposed Fabry Perot antenna at 5.9 GHz : (a) 0°, 90°, 180°, and 270° 
phases, respectively.

 

Fig. 15.  The current distribution of the proposed feeder antenna at 5.9 GHz : (a) 0°, 90°, 180°, and 270° phases 
respectively.
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the antenna gain. Figs 17 (a) and (b) show the 2D current distribution of the design at 5.9 GHz. It is seen that 
adding the PRS highly increases the directivity of the design.

Radiation pattern
The far-field patterns of the fabricated prototypes of the proposed feeder antenna array and FPC antenna are 
simulated and measured at 5.9 GHz for Phi = 0˚ and Phi = 90˚. Figs 18 (a-f) illustrates the radiation patterns in 
the E-plane and H-plane, obtained through simulation and measurement, alongside the 3D radiation pattern at 
5.9 GHz. A strong agreement between the simulated and measured results is observed. The radiation pattern of 
the feeder antenna without the PRS layer (shown in Figs. 18(a-b)) exhibits omnidirectional behavior, making it 

Fig. 18.  Far-field radiation pattern of the feeder antenna (a-b), and FP antenna at 5.9 GHz in the E and H 
planes in (c-d), and 3D pattern of the final design in (e–f).
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a good fit for V2V and V2I communications in onboard units (OBUs). In contrast, the FP antenna with the PRS 
layer (depicted in Figs. 18(c-d)) demonstrates directional behavior with high gain, making it ideal for integration 
into roadside units (RSUs) to ensure reliable Infrastructure-to-Vehicle (I2V) communication.  Figs  18 (e–f) 
obtained from CST Microwave Studio (suite), shows that adding the PRS layer enhances the gain and makes the 
radiation pattern more directional46.

To sum up, the proposed antenna effectively fulfills its primary design objectives for vehicular communication 
by integrating a Sierpinski fractal array with a dual-layer PRS-based FPC. The antenna achieves a measured 
peak gain of 17.72 dBc, significantly higher than the 7 dBc gain of the base fractal array, demonstrating the 
effectiveness of PRS integration in enhancing radiation performance. It maintains an AR below 3 dB across a 
490 MHz bandwidth, ensuring stable circular polarization, which is critical for V2V and V2I applications where 
signal alignment can vary due to dynamic vehicle movement. In comparison to recent works such as47,48, which 
report gains of 13–15 dBc using more complex multilayer structures, the proposed design delivers superior gain 
and broader bandwidth with a simpler, low-profile configuration. The use of fractal geometry contributes to 
size reduction and introduces multi-resonant behavior, enhancing the design’s suitability for space-constrained 
automotive environments. Full-wave simulations and experimental measurements consistently validate the 
antenna’s performance and practicality, positioning it as a strong candidate for modern V2X systems where high 
gain, polarization stability, and ease of integration are essential.

Link budget of the proposed antenna
To verify the effective communication range of the proposed antenna, a link budget analysis was performed at 5.9 
GHz. The link margin calculations were performed while considering all the gains and losses that a transmitting 
signal experiences while propagating through the medium. The link margin was evaluated based on the well-
known equations given in55. The values of different parameters used are given in Table 2. The noise margin or 
receiver sensitivity was evaluated based on (21)45:

	
MDS = 10log10

( kT
1mW

)
+ NoiseFigure + 10log10 (Bandwidth)� (19)

Where MDS (minimum detectable signal) is calculated using the formula involving temperature T (290 K) 
and Boltzmann’s constant k (−228 dBW/(kHz)). For a bandwidth of MHz and a noise figure of 13.87 dB, the 
calculated MDS for the proposed antenna is −72 dBm. The link margin is evaluated for various transmitted 
power levels (Pt = 21, 24, 27 and 30 dBm), as shown in Fig. 19. It shows that the proposed antenna can maintain a 
stable communication link up to a minimum distance of 1.9 km for Pt = 21 dBm and up to 4 km for Pt = 30 dBm 
making it a suitable candidate for various IoT and vehicular communication applications.

Application of the proposed design
Figs 20 (a-d) shows the effectiveness of the proposed design in ITS. The proposed design is positioned on top 
of the smart car. This simulation is performed in CST Microwave Studio (Suite)46. To avoid direct contact, a 

Fig. 19.  Link margin of the proposed design.

 

Parameter Value

Pt 21, 24, 27, and 30 dBm

Gt 17.6 dBc

Gr 17.6 dBc

F 5900 MHz

Table 2.  The values of different parameters used.
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gap of 15 mm is maintained between the conducting part of the car and the ground of the radiating element. 
Initially, the design without PRS is simulated on the car, showing exactly the same behavior as is shown by the 
simulated design alone. This performance of the simulated design without PRS shows its effectiveness for V2V 
communication. The second scenario is to simulate the PRS-based FP antenna on the car roof while considering 
the same conditions. The simulation shows again a similar performance, showing its effectiveness for the V2I 
applications.

Importantly, weather conditions and dense urban infrastructure may cause signal degradation and multipath 
propagation due to reflection from multiple sources. Similarly, high concentration of cars may cause channel 
congestion. These factors highly reduce the communication range, increase latency, and cause high-energy 
consumption. To overcome these challenges, adding diversity or MIMO characteristics to the proposed work 
would be a better option. As the design is already an array arrangement with PRS, which has highly increased the 
gain of the design, however MIMO arrangement will reduce the multipath loss and reliability issues. Weather-
resistant antenna enclosures and deicing will also provide some protection to the antenna design.

Comparison with state-of-the-art
To highlight the features of the proposed antenna more effectively, a comparison of the given antenna design 
with the recently published works is provided in Table 3. The comparison is based on the overall compactness, 
achieved gain, CP feature, and number of superstrate layers. In47, the design has low gain and a complex structure. 
Moreover, the design does not cover the operating band required for vehicular communication. In48, the design 
has a two-layer complex structure with low gain and an operating band other than required for vehicular 
communication. Similarly49,50, and 51 have low gain and bulky size without focusing vehicular communication 
band. Research works in52 and 53 are two-layer complex structures with the gain values very less than the vehicular 
communication requirement. Research in54 is bulky with no CP feature, which makes the reception of the signal 
difficult in a vehicular communication environment. In55, the design is compact, simple in structure, with a CP 
feature. Unfortunately, the design gain does not meet the target wireless application requirement. In56 and 57, the 
designs are multi-layer layers thus adding to the design complexity and increasing overall volume. Thus, multiple 
research problems make these designs ineffective for the target wireless application. Interestingly, the proposed 
design has outperformed the published designs by attaining compactness without design complexity, high gain, 

Fig. 20.  (a-d): Simulation of the proposed design on ITS. (a) proposed design without PRS on ITS, (b) 
proposed design with PRS on ITS, (c) far-field pattern of the proposed design without PRS, and (d) far-field 
pattern of the proposed design with PRS.
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and wideband with a CP feature while incorporating a single PRS layer. The proposed antenna exhibits excellent 
radiation performance, validating the accuracy and effectiveness of the design.

Conclusion

Data availability
The data used and/or analyzed during the current study may be available from the corresponding author upon 
reasonable request under applicable policies.
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