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This research explores the integration of Frequency Selective Surfaces (FSS) with Multiple-Input
Multiple-Output (MIMO) antennas to enhance communication performance in Internet of Things

(loT) and Vehicle-to-Vehicle (V2V) applications operating at 5.9 GHz. Unlike existing Literature where
various FSS structures are employed for performance improvement, this study presents An innovative
approach by integrating a decagonal FSS unit cell with a dug-hex microstrip antenna design. The key
contributions of this work include significant performance improvements, such as a gain enhancement
from 1.46 dB to 6.42 dB for the single-port antenna (32 mm x 24 mm x 1.6 mm), efficiency exceeding
87.45%, And a bandwidth of 738.86 MHz. For the quad-element MIMO antenna (50 mm x 50 mm x
1.6 mm), the FSS integration results in a gain increase from 2.7 dBi to 7.4 dBi across all ports, while
also improving frequency selectivity and port isolation. Notably, the MIMO antenna already exhibits
good isolation between ports without FSS integration. Experimental validation confirms that the
simulated and measured results align closely, demonstrating the effectiveness of the FSS-MIMO
integration. This work not only highlights the potential of FSS technology for enhancing antenna
performance in IoT and V2V communications but also introduces a novel, compact design that offers
significant improvements in gain, efficiency, and bandwidth. The proposed approach is particularly
suited for space-constrained environments, providing a valuable contribution to the development of
more efficient and robust wireless communication systems, particularly for loT networks and safer
transportation systems.
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The rapid evolution of wireless communication technologies demands continuous advancements in antenna
design and signal processing techniques'.

In addition to the growing need for high-throughput and low-latency communication in IoT and V2V
environments, emerging sensing technologies such as LiDAR have revealed the importance of compact,
lightweight, and high-precision systems. For instance, the off-axis four-reflection optical structure presented
in? enables bathymetric LIDAR systems to achieve accurate depth measurements in aquatic environments using
a highly miniaturized 532 nm system mounted on UAVs, with depth errors under 0.1 m And a total volume
of 90x 160 x 90 mm. Similarly, in, a Lightweight single-band LiDAR on An unmanned shipborne platform
addresses topographic survey Limitations in urban and mountainous areas using advanced split-field optics and
adaptive signal acquisition, demonstrating depth accuracy better than 30 cm.
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These developments emphasize the convergence of communication and sensing, motivating the integration
of intelligent electromagnetic surfaces into antenna systems. Among these, Reconfigurable Intelligent Surfaces
(RIS) and Holographic Surfaces (RHS) are increasingly explored for real-time control of wavefronts. In% a
comparative study shows that RHS-enabled systems offer superior positioning performance in linear arrays,
while RIS performs better in planar arrays with larger surface areas and lower frequencies, illustrating the design
tradeoffs for sensing and positioning. In°, a robust and adaptive channel estimation method is proposed for IRS-
aided mmWave systems, overcoming the challenge of estimating high-dimensional composite channels through
compressed-sensing techniques and deep learning frameworks. This is particularly relevant for dense MIMO
scenarios at mmWave frequencies, where channel sparsity and passive reflection complicate estimation.

Furthermore, the combination of sensing and communication, referred to as Integrated Sensing and
Communication (ISAC), is being actively pursued using hybrid RIS structures. In®, a joint beamforming strategy
using both active and passive RIS elements is proposed to simultaneously optimize radar sensing and downlink
communications in multi-user ISAC systems. These approaches point toward a future where surfaces like FSS,
RIS, and RHS play a key role in shaping the radiation characteristics of antennas to meet the dual needs of
connectivity and perception.

Multiple-Input Multiple-Output (MIMO) systems have emerged as a key technology in modern wireless
communications”®, offering significant improvements in spectral efficiency and channel capacity’. However,
with the growing demand for higher data rates and increased reliability, researchers are exploring new approaches
to further optimize MIMO system performance!’. This paper investigates the integration of Frequency Selective
Surfaces (FSS) with MIMO antennas, a promising approach that leverages the unique electromagnetic properties
of FSS to overcome current limitations in MIMO systems! 12,

MIMO technology utilizes multiple antenna elements at both the transmitter and receiver, enabling spatial
multiplexing and diversity to enhance channel capacity without requiring additional bandwidth. The integration
of FSS, characterized by their frequency-dependent transmission and reflection properties, offers significant
potential to manipulate electromagnetic waves and address key challenges in MIMO systems!>. These challenges
include improving isolation between antenna elements, enhancing beam-forming capabilities, extending the
operational bandwidth, and more effectively exploiting multipath environments!*>.

FSS can selectively transmit, reflect, or absorb electromagnetic waves at specific frequencies'®. By carefully
designing their structure, it is possible to tailor these properties to achieve the desired electromagnetic behavior,
which can be exploited to enhance MIMO system performance'”. This selective behavior is key to many of the
potential benefits of FSS-MIMO integration'®.

One of the primary challenges in MIMO systems is maintaining sufficient isolation between closely spaced
antenna elements to minimize mutual coupling'®. FSS structures address this issue by creating electromagnetic
bandgaps or altering the surface current distribution on the antenna substrate. This significantly reduces
interference between antenna elements, thereby improving overall system performance®®. Another promising
aspect of FSS-MIMO integration is its potential to enhance beam-forming capabilities. By designing FSS
structures with specific phase responses, it is possible to manipulate the radiation pattern of MIMO antennas,
enabling more precise spatial multiplexing®!. This is particularly beneficial for massive MIMO systems, where
the ability to form narrow, high-gain beams is crucial for achieving high spectral efficiency?.

The integration of FSS with MIMO antennas also offers the possibility of extending the operational bandwidth
of the system. This is especially valuable in applications requiring broad frequency coverage, such as cognitive
radio systems or wideband communication networks. By carefully engineering the FSS response, it is possible
to create multi-band or wideband MIMO antennas that maintain high performance over an extended frequency
range?>?4,

Despite these potential benefits, the integration of FSS with MIMO antennas presents several challenges that
require careful consideration. The design of effective FSS structures for MIMO applications demands advanced
electromagnetic modeling and optimization techniques®. Various computational methods are commonly
used to analyze and optimize FSS-MIMO systems, each with its strengths and limitations. Furthermore, the
performance of FSS is highly sensitive to fabrication accuracy, where even slight deviations from the designed
structure can significantly impact their effectiveness.

This study uniquely contributes to understanding the mechanisms of integration, practical implementations,
and performance implications of FSS-MIMO systems. Unlike previous research, this work comprehensively
examines FSS geometries, adaptive structures, and their applications in addressing critical challenges such as
mutual coupling and bandwidth limitations in MIMO systems.

The proposed antenna is particularly suitable for integration into vehicular communication systems, especially
those based on Dedicated Short Range Communication (DSRC) protocols operating at 5.9 GHz. Its compact size
and enhanced gain make it ideal for mounting on vehicle rooftops or behind bumpers, where low-profile, high-
performance antennas are required. This integration supports robust Vehicle-to-Vehicle (V2V) communication
by ensuring high directionality and reduced signal loss, even in complex multipath propagation environments.

The remainder of this paper is structured as follows: Sect. 2 discusses the proposed FSS-MIMO design
methodology, detailing the principles of electromagnetic modeling and design. Section 3 presents the simulation
and experimental results, highlighting the impact of FSS integration on key performance metrics. Finally, Sect. 4
concludes with a summary of the findings and future research directions.

Related work and comparative analysis

Frequency selective surface (FSS)

Recent studies have explored the integration of Frequency Selective Surfaces (FSS) to enhance the performance
of MIMO antennas, particularly for sub-6 GHz 5G communications. One such approach is presented in?°, where
a compact chair-shaped MIMO Antenna with a single-layer FSS structure is proposed. The design utilizes a
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parasitic element to improve isolation and an FSS technique to enhance gain. Fabricated on a Rogers 4350B
substrate, the Antenna operates between 3 And 6 GHz, achieving a peak gain of 7.96 dBi while maintaining
improved isolation. The MIMO performance evaluation through key metrics, including ECC, DG, CCL, MEG,
And TARGC, confirms its suitability for future 5G systems.

A similar approach is adopted in%®, where a millimeter-wave Antenna designed for 5G networks integrates
FSS-based reflectors to enhance gain. The rectangular slot Antenna, operating in the fundamental mode of the
desired frequency band, sees its gain increase from 4.5 dBi to 10.3 dBi at 28 GHz with the addition of the FSS.
Despite a slight reduction in radiation efficiency, the Antenna with FSS maintains a bandwidth from 25.5 GHz
to 30.8 GHz with S11<-10 dB, confirming its applicability to 5G scenarios.

In?’, attention is given to optically transparent MIMO Antennas. The study proposes a design supported by
an FSS to enhance gain while maintaining fabrication simplicity. Transparent conductive materials often suffer
from reduced conductivity, leading to decreased antenna gain and efficiency. By integrating an FSS beneath the
MIMO structure, radiation characteristics are significantly improved. The design, utilizing a Malinex substrate
and a silver oxide conductive sheet, achieves an average gain of 4.56 dBi over the 3.09 GHz to 3.7 GHz band
while ensuring port isolation greater than 20 dB. This work addresses the challenge of low gain in transparent
conductive metal oxide-based antennas.

Another innovative design is presented in, introducing a low-cost tri-band fractal monopole antenna with a
tunable complementary FSS (C-FSS). Fabricated on a 1.6 mm FR-4 substrate, the antenna incorporates an offset
feeding technique and a fractal shape to enable dual polarization (linear and circular). With the integration of
four PIN diodes for tunability, the design achieves enhanced gain while maintaining its tri-band nature. The
measured peak gain at resonating frequencies of 6.0 GHz, 9.05 GHz, And 11.56 GHz reaches 8.24 dBi, 6.04
dBi, And 8.63 dBi, respectively, compared to lower values without the C-FSS. This makes the design suitable
for wireless, RADAR, satellite, and microwave applications across C-band, X-band, and additional frequency
ranges.

Further advancements in UWB antenna designs are explored in?°, where a gain-enhanced UWB antenna is
proposed for high-gain wideband communications. Using a coplanar waveguide (CPW) feeding mechanism
and a castle-shaped profile, the design extends impedance matching while integrating a Split Center Resonator
(SCR) FESS to further enhance gain. Analysis of inter-element spacing and antenna-FSS distance demonstrates
a gain improvement of at least 5 dBi, making the design viable for modern UWB communication applications.

For higher-frequency applications®, presents a microstrip-fed printed meandered log-periodic monopole
array (PMLPMA) Antenna integrated with an octagonal ring FSS layer. Designed for the 5G n257 (28 GHz) band,
the compact antenna system (18.75% 18.75 mm?) consists of five log-periodic monopole elements arranged in
two vertically placed PMLPMA units. Simulation results reveal a gain increase from 3.5 dBi to 7.35 dBi with the
FSS, as well as An isolation level exceeding 30 dB in the 26.5-29.5 GHz range. Prototype measurements validate
the design’s potential for 5G mobile applications.

Beyond traditional RF applications®!, explores a graphene-based THz patch Antenna with an integrated FSS.
This design enhances gain from 1.57 dBi to 4.87 dBi while enabling beamforming, multibeam capabilities, And
electrostatic tunability over the 0.5-0.65 THz range. These features make it a promising candidate for high-speed
THz communication systems.

For X-band applications®, proposes a four-port MIMO Antenna integrating an FSS to enhance gain and
reduce mutual coupling. The design achieves a bandwidth of 7.8-9.08 GHz, with a peak gain of 5.2 dBi. The
FSS layer ensures stable performance across polarization angles, confirming its efficiency for communication
systems.

Finally, in*, a compact quad-port sub-6 GHz MIMO Antenna with an FSS layer is designed for 5G
applications. Covering the 3-5 GHz range, the Antenna exhibits a peak gain improvement from 4 dBi to 7.4 dBi
using the FSS. Additionally, it maintains low mutual coupling (< —22 dB) And stable radiation characteristics,
making it particularly suitable for 5G MIMO systems.

Through these various studies, it is evident that FSS integration plays a crucial role in enhancing antenna
performance across different frequency bands and applications. Whether for sub-6 GHz frequencies, millimeter-
wave, or THz frequencies, FSS-based designs consistently demonstrate significant improvements in gain,
isolation, and bandwidth, reinforcing their importance in modern wireless communication systems.

These recent works validate the importance of multiband support, pattern diversity, mutual coupling
reduction, And conformal integration. Compared to these approaches, the proposed FSS-loaded MIMO antenna
introduces a compact and experimentally validated solution operating at 5.9 GHz, offering improved gain, high
isolation, and direct integration potential in DSRC-based V2X and compact IoT systems.

Table 1 summarizes recent antenna designs incorporating Frequency Selective Surfaces (FSS) for various
applications including 5G, millimeter-wave, and THz bands. The comparison includes key performance metrics
such as frequency range, gain, bandwidth, and isolation when available.

3

MIMO and flexible antenna designs for V2X and loT systems
Recent research has proposed a variety of advanced antenna designs aimed at improving communication
performance in V2X and IoT systems. In*, a flexible and reconfigurable multiband antenna for Vehicle-to-
Everything (V2X) communications was developed using PIN diodes directly integrated into the radiating patch.
This antenna offers dual-band frequency agility (3.4-3.8 GHz And 5.3-8 GHz), covering key bands such as
5.8 GHz ISM And 5.9 GHz DSRC, while enabling radiation pattern diversity and conformance. Its compact size
and low-profile design make it a suitable candidate for wearable and vehicular surfaces.

In*, a 4-port circularly polarized MIMO Antenna operating at 5.9 GHz is presented with a novel hybrid
decoupling structure combining parasitic ring elements and a defected ground structure (DGS). This
configuration achieves exceptionally high isolation (>34 dB), a peak gain of 7.68 dBic, low ECC (<0.001), and
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Ref | Antenna type Frequency (GHz) | Size of antenna (mm) | Size of FSS (mm) | Gain (dB) | Bandwidth (MHz) | MIMO Isolation
% MIMO with FSS 3.0-6.0 19x43x0.508 7.96 3000 -21dB
26| Millimeter-wave antenna with FSS 25.5-30.8 12x12x0.203 25%25x%5 10.3 5300 -
27| Transparent MIMO antenna with FSS | 3.09-3.7 - 4.56 610 >20 dB
6.0, 8.24,
28 | Tunable fractal antenna with C-FSS | 9.05, - 21.13x24.81x1.6 | 6.04, -- -
11.56 8.63
2 | UWB antenna with SCR FSS Wideband 21x21x1.6 21x222x1.6 +5.0 6000 -
3| Log-periodic antenna with FSS 26.5-29.5 18.75x 18.75x 1.55 18.75x18.75x 1.55 | 7.35 3000 >30dB
31| THz patch antenna with FSS 0.5-0.65 4.87 - -
32| MIMO antenna with FSS for X-band | 7.8-9.08 5.2 -- -
3 | Compact MIMO antenna with FSS 3.0-5.0 45x45%x 1.6 108 x 108 x 1.6 7.4 2000 <-22dB
Table 1. Comparative results in related works.
Frequency range Bandwidth Key features/target
Ref | Antenna type (GHz) Size (mm) Peak Gain (dBi) | (MHz) Isolation/ECC application
34 PIN-diode flexible reconfigurable antenna | 3.4-3.8 & 5.3-8 0.17ho X 0.23\o | ~7.5 ~ 1800 -- Pattern and frequency
reconfigurable V2X antenna
35 4-port CP-MIMO with parasitic & DGS 5 Isolation >34 dB, | Long-range V2X, strong
decoupling 5.82-5.94 14ho x L4ko 7.68 120 ECC<0.001 diversity
36 Dipole array with radial power divider 27.93-29.13 - 5.42 >1000 - mmWave loT sensing,
quasi-omnidirectional
37 Conformal 4-port MIMO with circular 537_7.34 37%37x0.127 | 4.63 ~1970 ECC<0.005 Wearable & curved IoT/
stubs V2X surfaces
5 ] - 235-25,3.3-3.55, | B ~ B ISM/5G-IoT tri-band with
Stub-loaded compact tri-band monopole 518-7.63 1.84-2.72 2200+ >75% efficiency
39 12-port integrated microwave/mmWave 2.37-2.65 to - . 360° diversity, indoor &
MIMO 23-31 >6.5 at mmWave | >6000 Isolation>15 dB V2x5G
32x24x1.6 5.91-6.42
- I Single) (Single) 738.86 -
Our | Decagonal FSS with Dug-Hex Microstrip | 9 (Single), g'¢) Compact MIMO, V2X/IoT,
work | Antenna ’ 50%x50% 1.6 high isolation and efficiency
(MIMO) 2.7-7.4 (MIMO) <-30dB

Table 2. Summary of recent MIMO, flexible, and V2X/IoT-Specific antenna Designs.

robust diversity performance, demonstrating suitability for long-range V2X links with reliable link budget
performance.

Focusing on mmWave IoT sensing>®, proposes a quasi-omnidirectional dipole array fed by a radial waveguide
power divider, fabricated on Rogers-RO3003C substrate. The Antenna operates between 27.93 And 29.13 GHz
with a peak gain of 5.42 dBi And efficiency exceeding 78%. Its modular structure and wide tunable bandwidth
(25.56-40.09 GHz) enable it to serve as a robust solution for dense sensor deployment and mmWave IoT access
points.

A conformal 4-port MIMO antenna for wireless IoT was developed in*, featuring concentric circular
structures And U-shaped stubs for isolation improvement. Operating between 5.37 And 7.34 GHz with a peak
gain of 4.63 dBi, the design shows excellent mutual coupling suppression and diversity metrics. Its miniaturized
and flexible configuration highlights its application in curved or wearable surfaces for V2X or mobile IoT
platforms.

The compact tri-band monopole antenna presented in*® operates across ISM, sub-6 GHz 5G, and IoT bands
(2.35-2.5, 3.3-3.55, 5.18-7.63 GHz) with peak gains up to 2.72 dBi. Using slot and stub loading techniques, the
antenna achieves wide coverage and omnidirectional performance with radiation efficiency >75%, confirming
its viability for multi-standard devices and portable IoT modules.

Finally®®, presents An integrated 12-port MIMO Antenna system combining microwave and mmWave
elements, enabling 360° pattern diversity for 5G IoT systems. The design supports bands from 2.37 GHz to 31 GHz,
with gains over 6.5 dBi at mmWave and > 95% radiation efficiency. The antenna demonstrates high isolation and
low ECC, supporting seamless connectivity in V2X, indoor environments, and smart infrastructure. Its unique
multiband and multi-port architecture makes it the first of its kind offering full coverage from microwave to
mmWave with compact integration.

Table 2 presents a comparative overview of recent MIMO, flexible, and reconfigurable antenna designs
targeting Vehicle-to-Everything (V2X) and IoT applications. It highlights essential characteristics such as size,
frequency bands, isolation, and gain to demonstrate current trends and performance benchmarks.

Compared to the aforementioned studies, the proposed work introduces a compact, experimentally validated
decagonal FSS integrated with a Dug-Hex microstrip Antenna, tailored for 5.9 GHz operation in DSRC-based
IoT and V2V communications. Unlike previous designs that either target higher frequency bands or involve
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complex reconfigurability schemes, our antenna demonstrates a notable gain improvement (from 1.46 dBi to
6.42 dBi for the single-port configuration, And from 2.7 dBi to 7.4 dBi in the MIMO setup), while maintaining
low profile and fabrication simplicity. Additionally, the design ensures high radiation efficiency (>87.45%) and
enhanced bandwidth, making it a strong candidate for next-generation vehicular and IoT applications.

Design of a single-port MIMO antenna

Antenna design methodology

The proposed Antenna was designed through a structured approach combining electromagnetic modeling,
parametric optimization, and experimental validation. Initially, the antenna geometry was determined based
on specific design objectives, including compactness, operating frequency of 5.9 GHz, and high efficiency. The
chosen configuration was a novel “dug-hex” microstrip antenna characterized by an octagonal-shaped radiating
patch fabricated on an FR4 substrate with dielectric constant (e_r) of 4.3, thickness of 1.6 mm, And loss tangent
0f 0.025.

The design process began with defining the critical geometric parameters (e.g., patch dimensions, feeding
line dimensions, substrate size), detailed in Table 3. Electromagnetic simulations were then conducted using
CST Microwave Studio software to optimize these parameters, ensuring optimal impedance matching and
radiation characteristics at the target frequency. The reflection coefficient (S11), radiation pattern, gain, and
efficiency were iteratively assessed to refine the design.

Following the simulation-based optimization, an equivalent electrical circuit model was developed to
accurately characterize the antenna’s impedance behavior. This step involved selecting appropriate inductors,
capacitors, and resistors to represent resonances, matching conditions, and losses, further aiding in fine-tuning
antenna performance.

Finally, the optimized antenna design was fabricated using standard photolithography techniques on an
FR4 substrate with copper metallization, ensuring precision and consistency in dimensions. Experimental
measurements of the fabricated prototype validated the simulation results, demonstrating a close agreement and
confirming the robustness and reliability of the proposed antenna design methodology.

Dug hex antenna design motivation

The design of a compact, efficient antenna is crucial for modern communication systems, especially in
applications with limited space, such as Internet of Things (IoT) and Vehicle-to-Vehicle (V2V) communication
systems. The “dug hex” antenna, a variation of the microstrip antenna, was chosen for its ability to achieve a
balance between compact size, high efficiency, and the desired frequency characteristics.

One of the key challenges in antenna design is ensuring good impedance matching while maintaining a
small physical footprint. The hexagonal shape in the “dug hex” design provides a unique geometry that enhances
the antenna’s ability to operate efficiently at a target frequency while offering robustness against fabrication
tolerances. Additionally, the irregular “dug” patch, as opposed to traditional circular or rectangular designs,
is known to provide an improved radiation pattern, making it ideal for high-performance applications where
space is a constraint, but high efficiency is required. The motivation for this design lies in its ability to meet the
stringent size and performance requirements for IoT and V2V communication, particularly in the context of
operation at 5.9 GHz.

Dug hex antenna form

Figure 1 presents the design of a dug microstrip antenna, with (a) depicting the front view and (b) the back view.
The Antenna is constructed on a rectangular substrate measuring 32 mm (W) by 24 mm (L). The front features
an octagonal patch element with radius R, centered on the substrate. A rectangular feed line of width Wf and
length Lf extends from the bottom edge towards the patch center. The back view shows a solid rectangular ground
plane covering most of the substrate area. This design’s key feature is the distinctive octagonal “dug” shape of the

Parameters | Value(mm)
L 30

w 24
Routl 13
Rinl 12.5
Rout2 4
Rin2 2

w1 3

L1 5

12 6

Ld 15
wd 12

H 1.6

T 0.035

Table 3. Parameters of microstrip antenna.
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Fig. 1. Design Microstrip Antenna proposed (a) front view (b) back view.

S-Parameters [Magnitude in dB]

dB

4 4.5 5 5.5 6 6.5 7 7.5
Frequency / GHz
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Fig. 2. Reflection Coeflicient of proposed microstrip antenna.
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Fig. 3. Equivalent circuit of proposed microstrip antenna.
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patch element, which distinguishes it from traditional rectangular microstrip antennas. While specific values for
all dimensions are not provided, the figure clearly labels the critical parameters defining this antenna’s geometry.

The dimensions of the microstrip antenna proposed are given in Table 3.

Based on the proposed microstrip antenna, Fig. 2 shows how the reflection parameter S11 varies with
frequency.

The S11 parameter plot in Fig. 2 reveals the frequency response of our proposed dug microstrip Antenna
design. We see a pronounced dip in the reflection coefficient at roughly 5.9 GHz, where S11 plummets to an
impressive —40 dB. This sharp resonance indicates excellent impedance matching at the target frequency,
suggesting highly efficient power transfer to the antenna. The bandwidth, while not explicitly marked, appears
relatively narrow typical for microstrip designs. This resonance characteristic aligns well with our design goals
for operation in the lower C-band. However, we should consider exploring techniques to potentially broaden the
bandwidth for more versatile applications. The deep null in S11 is particularly noteworthy and warrants further
investigation into the specific antenna geometry features contributing to this performance.

Equivalent circuit

The equivalent circuit of the microstrip antenna for V2V communication, illustrated in Fig. 3, models its
behavior in terms of impedance, resonance, and losses. It consists of a combination of resistors, inductors, and
capacitors, representing the various electrical contributions of the antenna and its environment.
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RO Rl Rz Cl CZ 2

50 Ohm | 0.5Ohm | 50 Ohm | 0.04 pF | 0.04 pF | 18.2nH | 18.2nH

Table 4. Parameters of eqivalent circuit.

Fig. 4. Proposed FSS.

The circuit input is connected to a resistor, representing the characteristic impedance of the matching system,
followed by a network of series and parallel components. A first capacitor is used to isolate DC components and
adjust the input impedance. Next, an inductor models the inductive contribution of the antenna’s transmission
line.

At the center of the circuit, a resistor in series with a parallel network consisting of an inductor and a capacitor
represents the resonant behavior of the antenna. This parallel network helps refine the frequency response and
improve the antenna’s selectivity for better adaptation to V2V communication frequencies.

Finally, a last resistor at the circuit output represents impedance matching and system losses. This model is
essential for understanding the antenna’s frequency response and optimizing its performance, particularly in
terms of reflection, impedance matching, and radiation efficiency.

The values of the different components used in this equivalent circuit—resistances, inductances, and
capacitances—are presented in Table 4. These parameters are carefully chosen to reflect the antenna’s behavior
around its operating frequency, ensuring accurate modeling of its input impedance and resonance characteristics.
This model is essential for understanding the antenna’s frequency response and optimizing its performance,
particularly in terms of reflection, impedance matching, and radiation efficiency.

Design of proposed frequency selective surface (FSS)

The proposed Frequency Selective Surface (FSS) utilizes a decagonal geometry for its unit cell, a distinctive
feature that enhances its reflective properties. The goal of designing the FSS is to increase the gain of the MIMO
antenna by redirecting electromagnetic waves in a way that creates constructive interference with the primary
wave emitted by the antenna. By using this specific geometry, electromagnetic waves incident on the FSS are
redirected towards a primary lobe of operation, thus focusing more energy in the desired direction, which
increases the gain and directivity of the antenna.

The decagonal unit cell is fabricated on an FR4 substrate, characterized by a dielectric constant of 4.3, a loss
tangent of 0.025, And a thickness of 1.6 mm. The critical dimensions of the decagonal unit cell are D1 =6.8 mm
and D2=5.8 mm, And the overall unit cell dimensions are 15x15 mm. The reflection And transmission
coefficients of the FSS, particularly at the frequency of 5.9 GHz, are key to enhancing antenna performance, as
shown in Fig. 4.

The high transmission coefficient of the FSS at 5.9 GHz enables efficient interaction of electromagnetic waves
with the FSS, which redirects downward waves back towards the antenna. This reflected wave constructively
interferes with the primary wave emitted by the antenna, resulting in enhanced gain and directivity. The careful
placement of the FSS at a distance corresponding to A (the wavelength) ensures optimal phase alignment, further
maximizing this constructive interference and optimizing the overall radiation pattern.

By integrating this FSS behind the antenna, we leverage this constructive interference to increase the radiated
energy in the desired direction, while minimizing losses and improving the overall system performance,
particularly in terms of gain and directivity.

This design underscores the FSS’s potential for effective manipulation of electromagnetic waves. The FSS’s
ability to achieve desired reflection and transmission characteristics makes it a promising component in various
applications requiring frequency-selective filtering or wave redirection.

The performance of the proposed FSS is illustrated in Fig. 5, which presents the simulated S-parameters.
The reflection coefficient (S11) remains low across the frequency band, while the transmission coefficient (S21)
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S-Parameters [Magnitude in dB]

dB

4 4.5 5 5.5 6 6.5 7 7.5 8
Frequency / GHz

Fig. 5. Reflection Coefficient S11 and transmission coefficient S21 of FSS.

Distance (mm) | Normalized Distance (A) | S11 (dB) | Gain (dBi)
12.7 0.25\ -22.00 6.45
254 0.50\ -23.00 4.79
38.1 0.75\ -25.00 7.49
50.8 1.00M -25.00 3.85

Table 5. Effect of antenna-to-FSS distance on s11 and gain at 5.9 GHz.

< 340

Dug-Hex
antenna

F38S array
4x4

Fig. 6. Side profile of Dug-Hex antenna with FSS reflector.

shows a sharp resonance around 5.9 GHz, indicating strong frequency selectivity and minimal insertion loss at
the target frequency. This confirms the FSS’s effectiveness in isolating and transmitting specific frequency bands,
particularly relevant in applications such as V2V communication and electromagnetic shielding.

The FSS is configured as a 4 x4 array of unit cells. Each unit cell has dimensions of 60 mm x 60 mm And a
periodicity of 2 mm. The dimensions of the individual cells are consistent with the overall dimensions of the
array.

Single-port MIMO antenna with Fss

Results and discussion

To assess the impact of the Antenna-to-FSS distance on performance, a parametric study was conducted where
the separation was varied from 0.25\ to A (A=50.8 mm at 5.9 GHz). For each configuration, the reflection
coefficient (S11) and gain were extracted. This evaluation helps to identify the optimal distance that maximizes
constructive interference between the direct and reflected waves. Table 5 summarizes the measured S11 and gain
values for the different separation distances.

As shown in Table 5, the best performance in terms of gain is achieved when the antenna is placed at a
distance of 2 A, reaching a gain of 7.49 dBi and a deep reflection coefficient of — 25 dB. While the configuration
at 1.0\ also exhibits low S11, the gain drops significantly, likely due to destructive interference effects or phase
misalignment. The results confirm that a proper alignment between the direct and reflected waves is essential to
enhance the gain via constructive interference. These findings are consistent with prior studies on FSS reflectors,
and they validate the importance of tuning the antenna-FSS spacing to maximize radiation efficiency.
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Fig. 7. Reflection coeflicients of patch antenna without and with FSS reflector.
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Fig. 8. Antenna gain evaluation: impact of FSS reflector.

The antenna emits a wave that propagates both upward from the patch and downward through the partial
ground plane. By incorporating an FSS reflector at a distance of A from the antenna, the downward wave is
redirected back towards the antenna, effectively creating a secondary source of emission. This secondary wave
undergoes reflection and travels a distance of A before interfering with the primary wave emitted from the patch.
Due to the phase alignment of these waves, constructive interference occurs, leading to a modified radiation
pattern. The resulting antenna exhibits omnidirectional radiation above the patch, enhancing its directivity and
gain.

When integrated into an electronic circuit, the antenna serves as an effective electromagnetic shield for the
ground plane, further contributing to its functionality in IoT communication applications.

The presence of the FSS significantly impacts the antenna’s reflection coefficient (S11), as depicted in Fig. 7.
The graph illustrates a notable reduction in the input reflection coefficient value from —46.34 dB to —25.16 dB
at a frequency of 5.9 GHz. Moreover, the antenna’s —10 dB bandwidth, centered at 5.9 GHz, is measured to be
738.86 MHz. This narrower bandwidth is particularly beneficial for Vehicle-to-Vehicle (V2V) communication
within the Dedicated Short Range Communication (DSRC) system frequency. The comparison between the
scenarios with and without FSS highlights the antenna’s improved performance at 5.9 GHz, a critical factor for
efficient V2V communication.

Figure 8 compares the performance of the antenna with and without an ESS reflector. The reflector
significantly enhances the antenna’s gain, increasing from 1.46 dB to 6.42 dB at a frequency of 5.9 GHz. This gain
enhancement is achieved while maintaining the other antenna characteristics.

Figure 9 demonstrates the notable efficiency enhancement of the Antenna when combined with an FSS. This
integration enables the antenna to operate within its intended frequency range with an efficiency exceeding
87.45%.

Effect of FSS on antenna characteristics

These results are consistent with prior research demonstrating the benefits of FSS integration. For instance, in,
a CPW-fed UWB Antenna loaded with a single-layer FSS achieved a bandwidth increase from 5 to 17 GHz to
3-18 GHz And a gain enhancement from 6.5 dBi to 10.5 dBi. Similarly, in*’, the addition of An FSS reflector
to a miniaturized monopole antenna resulted in at least 4 dBi gain improvement across the entire operating
band. In*!, the use of a flexible RIS layer enabled pattern reconfigurability And boosted gain from 3.4 to 7.93
dBi. Additionally, a tri-band fractal antenna with tunable C-FSS reported in®® showed up to 1.5 dBi gain
enhancement at each band of interest. These studies collectively support the effectiveness of FSS loading, And
the observed performance improvements in our proposed antenna, specifically a gain enhancement of 6.42 dB
And efficiency exceeding 87%validate the design approach and confirm its suitability for high-performance
wireless applications.
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Fig. 9. Efficiency of patch antenna versus frequency with FSS.
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Fig. 10. Voltage Standing Wave Ratio (VSWR) for patch antenna with FSS.
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Fig. 11. Fabricated Design Dug-Hex antenna proposed (a) front view (b) back view.

The Voltage Standing Wave Ratio (VSWR) of the FSS-equipped patch antenna, as shown in Fig. 10, is
measured to be 1.17 at 5.9 GHz. This value, below the VSWR threshold of 2, indicates a favorable impedance
match between the feed line and the antenna. Such a well-matched impedance ensures efficient power transfer,
leading to improved overall antenna performance.

Validation results

To experimentally validate the proposed Dug-hex antenna and FSS, a fabrication process was conducted in a
fab lab, as depicted in Figs. 11 and 12. The fabrication adhered to the parameters outlined in the previous table,
utilizing FR4 for the substrate and copper for the antenna. The subsequent sections offer a detailed comparative
analysis between the simulated and measured results.

Figure 13 illustrates that there is no substantial difference between the measured and simulated S-parameters
for both configurations, with and without the FSS. The close agreement between the two sets of results suggests
that the experimental data aligns well with the theoretical predictions. This confirms the accuracy of the design
and fabrication process, validating the performance of the proposed Dug-hex antenna and FSS.

Analysis of quad-element mimo antenna results
A quad-element Multiple-Input Multiple-Output (MIMO) Antenna was designed by arranging the individual
antenna units in an orthogonal configuration. The MIMO system has specific dimensions of 50 mm x 50 mm X
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Fig. 12. Fabricated Design of proposed FSS.

== Simulated
= = Measured

S11dB

4 4.5 5 55 6 6.5 7 7.5 8
Frequency [Ghz]

Fig. 13. Measured and simulated S-Parameter results of antenna without FSS and with FSS.
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Fig. 14. Bottom and Ground view of proposed MIMO Antenna.

1.6 mm. Figure 14 illustrates the bottom schematic view of the MIMO antenna in part (a) and the ground plane
in part (b), respectively.

As depicted in Fig. 15, the S11 parameters of the MIMO antenna, obtained from four ports (two inputs
and two outputs), indicate a value below — 10 dB, which is generally considered indicative of good impedance
matching in Antenna design. This favorable matching is observed at a frequency of 5.9 GHz with An approximate
bandwidth of 755.58 MHz.

Results and discussions
Figure 16 shows a Frequency Selective Surface (FSS) array positioned behind a MIMO Antenna. The FSS array
consists of a 4x4 arrangement of unit cells, with optimal antenna reflection achieved when the separation
distance between the antenna and the FSSis set to 2 A, where A represents the wavelength corresponding to the
resonant frequency of 5.9 GHz.

The antenna generates a wave that propagates upwards from the patch and downwards through the partial
ground plane. By introducing a reflector consisting of FSS cells positioned at a distance of A from the antenna,
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Fig. 15. Reflection coefficient of MIMO Antenna.
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Fig. 16. Side Profile of MIMO Antenna with FSS Reflector.
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Fig. 17. S11 with and without FSS for Four port.

the downward-propagating wave is redirected back towards the antenna, effectively functioning as an additional
source of emission. As a result, the antenna combines two waves: the primary wave originating from the patch
and the secondary wave from the reflector. The secondary wave, having been reflected, travels a distance of A
before interacting with the primary wave. This interaction leads to constructive interference, as the waves are
in phase, thereby altering the radiation pattern. Consequently, the antenna exhibits omnidirectional radiation
above the patch, enhancing both its directivity and gain.

Moreover, when integrated into an electronic circuit, the antenna acts as an effective electromagnetic shield
for the ground plane. This integration further enhances the antenna’s functionality, particularly in facilitating
IoT communication.

Figure 17 shows the S11 parameter results for the four ports of the MIMO Antenna, both with and without
the FSS reflector. The results highlight a primary resonance around 6 GHz, which aligns with the system’s target
operating frequency, confirming that the design is on track. The effect of the FSS reflector is noticeable, as the
solid lines (with FSS) display deeper dips compared to the dashed lines (without FSS), which indicates improved
wave reflection And reduced losses. The FSS reflector also enhances impedance matching, particularly around
6 GHz, with S11 values dropping below —10 dB. This translates to better radiation efficiency and improved
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overall antenna performance. When comparing this to the previous figure, which shows the MIMO antenna and
FSS array configuration, it’s clear that positioning the FSS at a distance of 2 \ from the antenna plays a key role
in these performance gains. The FSS effectively reflects the waves back toward the antenna, creating constructive
interference, which not only alters the radiation pattern but also boosts both directivity and gain.

Figure 18 presents the far-field E-field radiation patterns at 5.9 GHz for the four antenna ports (P1, P2, P3,
and P4), measured at two different azimuthal angles: Phi = 0° and Phi = 90° . The polar plots illustrate the
variation of the electric field intensity in terms of 6 around the antenna, with each color representing one of
the four ports.

At Phi = (° .the radiation patterns show a characteristic multi-lobe structure for each port. This lobed
pattern indicates that the antenna radiates in several distinct directions with varying intensities. The different
lobes correspond to the directions where the antenna has maximum radiation, while nulls (or minimal) occur in
directions where radiation is weak or nonexistent. Despite some slight differences in lobe amplitude between the
four ports, the overall patterns are quite symmetrical, demonstrating balanced radiation characteristics across
all ports.

Similarly, at Phi = 90°, the patterns maintain a multi-lobe structure but with a different orientation
compared to Phi = 0° .The shape of the lobes is slightly altered, showing that the antenna’s radiation varies
depending on the azimuthal plane. However, the overall structure remains consistent, reflecting the antenna’s
stable performance in different planes. The symmetry and uniformity of these lobes are crucial for applications
where the antenna needs to cover a wide range of directions, such as MIMO and IoT systems.

The presence of multiple lobes in both Phi = 0° and Phi = 90° planes demonstrates that the antenna is
capable of providing extensive directional coverage, which is essential for ensuring reliable communication. The
minor variations in the radiation pattern across different ports might be attributed to slight asymmetries in the
antenna design or fabrication, but these variations do not significantly impact the overall radiation performance.
The patterns also suggest that the antenna offers good omnidirectional coverage, which is critical for MIMO
systems where signals must be transmitted and received from multiple directions simultaneously.

In summary, the radiation patterns in Fig. 18 confirm that the Antenna achieves robust and stable multi-
directional radiation at 5.9 GHz, making it well-suited for applications requiring extensive spatial coverage and
high directivity, such as MIMO and IoT systems. The consistency in performance across the four ports further
underscores the antenna’ effectiveness in such scenarios.

Figure 19 illustrates the far-field H-field radiation patterns at 5.9 GHz for four antenna ports (P1, P2, P3, and
P4) at two azimuthal angles: Phi = 0° and Phi = 90° . Similar to the E-field patterns in Fig. 17, these H-field
patterns show a multi-lobe structure, indicating directions of maximum radiation. The patterns at Phi = 0°
are rounded and balanced across ports, while those at Phi = 90° exhibit a consistent orientation shift. This
stability in both planes confirms the antenna’s suitability for applications like MIMO and IoT systems that
require extensive and reliable directional coverage.

Figure 20 shows the 3D radiation patterns of the MIMO antenna with a frequency-selective surface (FSS). The
four subfigures (a), (b), (c), and (d) represent the radiation patterns for the four Antenna ports. Each diagram
illustrates the 3D gain distribution, highlighting the regions of maximum and minimum radiation around the
antenna.

The patterns reveal a degree of uniformity in the radiation distribution across the ports. However, each
port exhibits slightly different distributions due to the antenna configuration and interactions with the FSS.
This relative consistency in gain and spatial coverage confirms the MIMO antenna with FSS’s ability to provide
effective multidirectional coverage, which is crucial for communication systems that require high reliability and
omnidirectional coverage.

Figure 21 highlights the significant impact of the frequency-selective surface (FSS) on the MIMO antenna’s
performance at 5.9 GHz. Without the FSS, the Antenna exhibits a consistent gain of around 2.7 dBi for all ports
(P1, P2, P3, and P4). However, with the FSS, the gain improves dramatically, reaching values between 7.1 And
7.4 dBi. This demonstrates a gain increase of nearly 4.5 dBi, confirming the FSS’s critical role in enhancing the
antenna’s performance, making it more suitable for high-efficiency applications such as MIMO systems.

Farfield E-Field(r=1m) Abs (Phi=0) Farfield E-Field(r=1m) Abs (Phi=90)

Phi=180 Phi=270

N . — P4
L -~ .
150 S~ _ | 7 150 150 T~ |
180 180
Theta / Degree vs. dB(V/m) Theta / Degree vs. dB(V/m)

Fig. 18. FarFiled E-Filed for 5.9 GHz at Phi=0° and at Phi=90°.
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Fig. 19. FarFiled H-Filed for 5.9 GHz at Phi=0° and at Phi=90°.
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Fig. 20. 3D radiation pattern of MIMO Antenna with FSS.

Validation results

In this Fig. 22, a fabricated design of a MIMO antenna is presented as part of the validation process. The
photograph shows the physical implementation of the antenna on a substrate, with distinct ports (labeled P1, P2
, P3, and P4) which correspond to different feeding points, possibly for multi-input multi-output functionality.
The MIMO antenna appears to be constructed using a PCB (printed circuit board) with connectors to allow for
signal feeding.
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Fig. 21. MIMO Antenna Gain Evaluation: Impact of FSS.
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Fig. 22. Fabricated Design MIMO Antenna proposed (a) front view (b) back view.
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Fig. 23. Validation MIMO Antenna without FSS (a) Port 1 (b) Port 2 (c) Port 3 (d) Port 4.

This fabricated prototype is essential for validating the simulation or theoretical models, as physical testing
allows for performance evaluation in real-world conditions, such as measuring return loss, gain, and radiation
pattern. The quality of the soldering, as seen in the image, ensures proper electrical connectivity and minimizes
interference, which is critical for the accuracy of the results.

By showcasing both the front and back of the antenna, the figure provides a complete view of the proposed
design’s physical structure, which reinforces the practical applicability of the antenna in actual use cases.

In Fig. 23 above, the validation of a MIMO antenna without Frequency Selective Surface (FSS) is presented
by comparing simulated and measured S11 (return loss) parameters for four different ports. The results span a
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frequency range from 4.5 GHz to 8 GHz, with the red curves representing simulated data And the blue dashed
curves representing measured data. Both curves show a good agreement, with a resonance frequency around
5.5 GHz. At this frequency, the return loss drops below —10 dB for all ports, indicating effective impedance
matching and good radiation performance. While minor variations are observed between ports, the overall
performance is consistent, demonstrating stable and uniform behavior of the MIMO system without FSS. This
alignment between the simulated and measured results validates the antenna design and its performance in the
absence of FSS.

In contrast, Fig. 23 below illustrates the validation of the same MIMO antenna system, this time with the
integration of a Frequency Selective Surface (FSS). The S11 results, both simulated And measured, are again
compared for the four ports, and the frequency range remains the same. However, the inclusion of the FSS
causes a slight shift in the resonance frequency to around 5.6 GHz. Additionally, the return loss drops more
sharply below — 10 dB at this frequency, indicating improved impedance matching and better antenna selectivity.
The FSS also enhances the frequency response by creating more pronounced dips in return loss, leading to
better frequency filtering and increased isolation between the MIMO ports. Despite minor discrepancies in the
measured data, the overall performance remains uniform across the four ports, confirming the positive impact
of FSS on optimizing the antenna’s performance.

In summary, Fig. 23 shows that the MIMO antenna without FSS already provides satisfactory performance,
with good alignment between simulated and measured data, while Fig. 24 demonstrates that the addition of an
FSS improves the resonance characteristics by slightly shifting the frequency and enhancing both return loss
and system consistency across the ports. These results validate the effectiveness of FSS in optimizing the MIMO
antenna design and performance.

Figure 25 presents the coupling transmission results S21 between different port pairs in the MIMO system
without the integration of the Frequency Selective Surface (FSS). The results show that, while isolation between
the ports is acceptable, some mutual coupling remains, especially between ports 23 And 34, where coupling
values exceed —15 dB at 5.9 GHz. This indicates moderate interference between these ports, likely due to their
proximity and electromagnetic coupling.

On the other hand, ports 12 And 41 exhibit lower coupling, which could be advantageous in applications
where weaker coupling is desirable. While the isolation without FSS is sufficient for many applications, there is
still potential for improvement.

Although the results without FSS are satisfactory, integrating the FSS is expected to further enhance port
isolation by reducing mutual coupling through the creation of An electromagnetic bandgap and redistribution
of surface currents. This should particularly improve the coupling observed between more sensitive ports, such
as 23 And 34, and maintain low coupling where required, Like between ports 12 And 41.

5.3. Link Budget Consideration for V2X and IoT Scenarios.

To assess the applicability of the proposed antenna in practical V2X communication scenarios, a link budget
evaluation was performed for a typical line-of-sight (LOS) scenario between two vehicles separated by 300 m
operating at 5.9 GHz. Using the Friis transmission equation:

P. = P, + Gt + G, — 20log,q (f) — 20log,, (d) — 32.45

where P; = 20 dBm (transmit power), G: = G, = 7.4 dBi (measured antenna gain), f = 5.9 GHz,
and d — 300 m - The received power is:
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Fig. 24. Validation MIMO Antenna with FSS (a) Port 1 (b) Port 2 (c) Port 3 (d) Port 4.
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Fig. 25. Coupling Transmission (a) Ports 12 (b) Ports 23 (c) Port 34 (d) Port 41.

P, ~ —22.55dBm

This value is significantly higher than the DSRC receiver sensitivity threshold (typically —85 dBm), confirming
that the proposed antenna ensures robust and reliable communication over practical V2V distances. This result
supports the system design principles discussed in*, which emphasizes link margin as a critical parameter in
V2X systems.

Conclusions

In this paper, we have demonstrated the successful integration of Frequency Selective Surfaces (FSS) with
Multiple-Input Multiple-Output (MIMO) antennas for IoT and Vehicle-to-Vehicle (V2V) communication
systems operating at 5.9 GHz. The study focused on a novel dug-hex microstrip Antenna design and a decagonal
FSS unit cell. For the single-port antenna, the FSS integration resulted in significant improvements, including a
gain enhancement from 1.46 dB to 6.42 dB, efficiency exceeding 87.45%, And a bandwidth of 738.86 MHz. The
quad-element MIMO Antenna similarly benefited, with gain improving from 2.7 dBi to 7.4 dBi across all ports,
along with enhanced frequency selectivity and port isolation.

Importantly, we validated these results through fabrication and measurement of both the single-port and
MIMO antennas, as well as the FSS structure. The experimental validation confirmed close agreement between
simulated and measured results, demonstrating the effectiveness of the FSS-MIMO integration approach. The
fabricated prototypes exhibited performance characteristics closely matching the theoretical predictions, further
reinforcing the reliability and practical applicability of our design.

These findings underscore the promising potential of FSS technology in enhancing antenna performance for
IoT and V2V applications, contributing to the development of more efficient wireless communication systems.
The compact design coupled with improved gain, efficiency, and bandwidth makes this approach particularly
suitable for applications where space is limited, potentially leading to improved IoT networks and safer
transportation systems. The successful fabrication and validation of the proposed designs pave the way for real-
world implementation of these enhanced antenna systems in future IoT and V2V communication platforms.

Data availability

The datasets used during the current study are available from the first author on reasonable request.
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