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İstinye University, Istanbul 34396, Turkey

3 Department of Electronics and Communications Engineering, Faculty of Engineering, Aden University,
Aden 5243, Yemen

4 Centre of Telecommunication Research and Innovation (CeTRI), Faculty of Electronics and Computer
Technology and Engineering, Universiti Teknikal Malaysia Melaka, Durian Tunggal 76100, Melaka, Malaysia;
ahmedjamal@ieee.org

5 Electrical Engineering Department, College of Engineering, Prince Sattam Bin Abdulaziz University,
Al-Kharj 16278, Saudi Arabia; f.kasim@psau.edu.sa

6 Faculty of Engineering and Information Technology, Taiz University, Taiz 6803, Yemen
7 Millimeter Wave Technologies, Intelligent Wireless System, Silicon Austria Labs (SAL), 4040 Linz, Austria;

saeid.karamzadeh@silicon-austria.com
8 Electrical and Electronics Engineering Department, Faculty of Engineering and Natural Sciences,
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Abstract: This paper introduces a novel miniaturized, four-mode, semi-flexible leaky wave
Multiple-Input Multiple-Output (MIMO) antenna specifically designed to advance ve-
hicular communication systems. The proposed antenna addresses key challenges in 5G
low- and high-frequency bands, including millimeter-wave communication, by integrat-
ing innovative features such as a periodic Spoof Surface Plasmon Polariton Transmission
Line (SSPP-TL) and logarithmic-spiral-like semi-circular strip patches parasitically fed
via orthogonal ports. These design elements facilitate stable impedance matching and
wide impedance bandwidths across operating bands, which is essential for vehicular net-
works. The hybrid combination of leaky wave and SSPP structures, along with a defected
wide-slot ground structure and backside meander lines, enhances radiation characteristics
by reducing back and bidirectional radiation. Additionally, a naturalization network in-
corporating chamfered-edge meander lines minimizes mutual coupling and introduces
a fourth radiation mode at 80 GHz. Compact in size (14 × 12 × 0.25 mm3), the antenna
achieves high-performance metrics, including S11 < −18.34 dB, dual-polarization, peak
directive gains of 11.6 dBi (free space) and 14.6 dBi (on vehicles), isolation > 27 dB, Channel
Capacity Loss (CCL) < 3, Envelope Correlation Coefficient (ECC) < 0.001, axial ratio < 2.25,
and diversity gain (DG) > 9.85 dB. Extensive testing across various vehicular scenarios
confirms the antenna’s robustness for Vehicle-to-Vehicle (V2V), Vehicle-to-Pedestrian (V2P),
and Vehicle-to-Infrastructure (V2I) communication. Its exceptional performance ensures
seamless connectivity with mobile networks and enhances safety through Specific Absorp-
tion Rate (SAR) compliance. This compact, high-performance antenna is a transformative
solution for connected and autonomous vehicles, addressing critical challenges in modern
automotive communication networks and paving the way for reliable and efficient vehicu-
lar communication systems.
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1. Introduction
Effective vehicular communication (VC) systems are essential for road safety, emer-

gency response, and traffic management, enabling rapid information exchange [1]. Intel-
ligent Transportation Systems (ITS) and Vehicular ad hoc networks (VANETs) enhance
connectivity and message delivery for timely alerts. Vehicular-to-everything (V2X) com-
munication covers V2V, V2I, V2P, and V2N [2]. The mm-wave 5G band plays a key role
in V2X within the Dedicated Short-Range Communication (DSRC) standard, offering
high-bandwidth channels and gigabit data rates. This ensures reliable, low-latency com-
munication for safety applications like collision avoidance and emergency alerts, even in
dense urban areas. High-frequency bands with short wavelengths also improve security by
making it harder for unauthorized interception or jamming [3,4].

Millimeter-wave (mm-wave) communication offers promising benefits for high-speed
V2I on the Internet of Vehicles, addressing data rate and delay challenges [3]. However, its
limited range, susceptibility to obstructions, environmental sensitivity, and high path loss
create significant challenges in fast-moving vehicular scenarios. High-gain, narrow-beam
antennas are needed to mitigate these issues, but the lack of mm-wave channel models
complicates signal detection in high-mobility contexts. Multi-band antennas combining
lower and mm-wave frequencies are ideal for balancing performance and overcoming these
limitations [5,6].

Combining sub-6 GHz and mm-wave 5G technologies is critical for achieving low
latency, supporting existing services, and enabling new capabilities. Integrating mm-wave
and non-mm-wave antennas is recommended to meet consumer demands and align with
wireless advancements. Affordable, compact, wideband antennas are essential for 5G,
which surpasses 3G and 4G by offering faster data rates, improved service quality, reduced
costs, smaller devices, and better compatibility [7]. High-gain, efficient antennas are crucial
to address mm-wave frequencies’ high path loss [8]. Compact antennas designed for vehicle
surfaces, such as windshields or roofs, avoid issues with thick glass [9]. For effective V2X
communication, broad angular coverage and polarization diversity are necessary, achieved
using phased array or lens antennas. However, challenges include beam misalignment
due to vehicle movement, large lens sizes, expensive phase shifters, signal loss, and side-
lobe interference [10]. Dual and circular polarizations, achievable through feeding the
orthogonal modes of patch antennas, offer a practical solution for reliable and efficient
vehicular communications.

Vehicular antennas must meet strict standards. They have to integrate smoothly into
vehicle designs, be compatible with current systems, and remain affordable to produce. The
exact specifications vary by application, such as V2V, V2I, and V2P communications. These
antennas must cover bands of 5.855–5.925 GHz for V2V (DSRC/ITS-G5), 5.9 GHz for V2V
and V2I, and broader ranges like 2.2–3.8 GHz for lower 5G, and 24–28 GHz, 37–40 GHz for
higher 5G as well as mm-wave communication applications. Polarization is key, with linear
polarization (LP) suited for direct line-of-sight links, while circular polarization (CP) with
an AR under 3 dB provides improved resistance to multipath interference in dynamic envi-
ronments. A low AR minimizes signal degradation caused by environmental reflections.
Wideband or multi-band support is crucial for effective communication. High radiation
efficiency (80–90%) and adequate gain are vital for reliable performance, with typical gains
of 3.7 dBi for V2V and 7–8 dBi for satellite and 5G communications. These characteristics
ensure optimal performance in modern vehicular communication systems [11–13].
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1.1. Current Developments and Novel Contributions of the Study

The 5G mm-wave band, alongside low-band 5G, enhances transportation safety and
communication and reduces congestion. A multi-beam, multi-polarized MIMO system
described in [14] operates at sub-6 GHz (2.45, 2.6, 3.4 GHz for WLAN, LTE, and 5G) and
28 GHz (26–29 GHz). The system features eight elements (four vertical, four horizontal)
with tapered slot and dipole antennas sharing a single aperture. These elements, arranged
on circular and cross-shaped substrates, achieve 360-degree horizontal coverage and are
mounted on a 200 mm circular metal plate, simulating a vehicle rooftop. This MIMO
antenna demonstrated high isolation (>15 dB) and peak gains of 3.6–4.5 dBi for sub-6 GHz
and 9.1–9.8 dBi for mm-wave bands. However, the large size limits its practicality for vehic-
ular use, and its polarization properties are not ideal. Additionally, fabrication challenges
and real-world environmental testing remain unaddressed, indicating further research is
needed in vehicular antenna systems [15].

Many studies have focused on antennas covering both low and high bands for ve-
hicular communication. For example, a shared aperture design was used to combine sub-
6 GHz and mm-wave 5G bands, ensuring a compact structure. In [16], a wide bandwidth
(5.30–8.08 GHz) magneto-electric dipole antenna and a 28 GHz 5G band (27.15–29.02 GHz)
parallel-plate resonator antenna (PPRA) were designed in a shared aperture to provide
broad coverage and high data rates, making them suitable for V2V communication. The
antennas achieved a gain of under 9 dBi with a compact profile but lacked key MIMO
features like ECC DG, and they were tested solely for V2V communications. In [17], a
compact dual-band antenna (3.38–3.64 GHz and 26.64–29.8 GHz) was designed using a
multi-layer shared aperture. It included a two-element perforated patch MIMO antenna
and a four-element patch beam-steering array with 1 × 2 subarrays. The design utilized
Substrate-Integrated Waveguide Vertical Power Divider (SIWVPD) structures for efficient
space use, high isolation, and independent element feeding, enabling beam steering. The
proposed (26.64–29.8 GHz) array supported beam scanning of ±30◦ in the H-plane (with
0◦ and 25◦ angles achieved by controlling the phase of the divider). Despite a gain of
nearly 7 dBi, it was low for the antenna’s size, with no polarization assessment and only
ECC evaluated for the MIMO antenna. In [18], a compact, single-layer wide bandwidth
dual-band antenna covering 5.74–5.96 GHz and 26.66–29.72 GHz was achieved using a
shared-aperture design. The SIW slotted cavity antenna was employed to address the high
loss and low efficiency. The antennas provided gains of 10.8 dBi and 13.7 dBi, respectively,
while maintaining side-lobe levels (SLLs) below −14.8 dB and high isolation of 45 dB.
Despite achieving high gain with a large size of 88 mm2, the antenna did not meet all the
necessary MIMO antenna diversity requirements, and its structure was relatively complex.
A wide-angle narrowband leaky-wave antenna (LWA) was proposed in [19] using a SIW-
SSPP structure. When slots are periodic on the SIW’s top and bottom surfaces, introducing
the SSPP mode, alteration on the top allows bidirectional LWA radiation. Asymmetrical
slot designs resolved the OSB issue, achieving a scanning range of −60◦ to +63◦ from
10.5–12.5 GHz. Adding periodic truncation slits in the SSPP waveguide created three dis-
tinct frequency regions. The SSPP mode transitioned to a spatial wave in the radiation
frequency range, enabling a double-port LWA with beam-sweeping functionality. While
it achieved under 10 dBi gain with a 20 cm length, its size poses integration challenges
in vehicles, and diversity performance was not assessed [19]. An antenna with one port
was created by proportionally separating the dual-port design. It offered low-profile beam
steering, enhanced directivity, 5 GHz of BW, and up to 93% radiation efficiency [20]. How-
ever, despite these advantages, the gain was not particularly impressive, given the large
length of nearly 180 mm.
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In [21], a multi-layer three bands antenna was designed for independent telematics
in vehicles, covering 5.85–5.97 GHz, 27.6–28.5 GHz, and 131.91–155.88 GHz. The design
featured a 2 × 2 patch array with a T-junction power divider, a quarter-wave patch ele-
ment, and an 8 × 8 series-fed array, achieving gains of 5–6 dBi, 10.1–12 dBi, and simulated
15.1–19.8 dBi. Although it supported multi-band operation, it lacked polarization and diver-
sity analysis and had a complex structure. In [22], a T-shaped two-element MIMO antenna
for mm-wave (26.5–38.2 GHz) vehicular communication achieved a 7.11 dBi gain and
13 dB isolation. A defective ground structure (DGS) improved bandwidth and impedance
matching, while CSRR enhanced bandwidth and gain. It showed an ECC < 0.005 and a DG
of ~10, but polarization analysis was not performed.

Glass-mounted antennas provide a cost-effective alternative to vehicle-mounted ones,
though glass’s lossy nature can impact performance. Several CPW-fed monopole anten-
nas have been designed for vehicular communication, operating at 24.6–30 GHz [15],
26–30 GHz [23], 24.1–31.0 GHz [24], and 24–29.5 GHz [25]. These designs use copper
film adhered to thick glass with thermosetting adhesive, avoiding imperfections and con-
ductivity issues from screen printing. CPW feeding reduces pattern degradation since
it eliminates the need for ground on the opposite side. In [15], parasitic elements and a
lattice-structure reflector with multiple patches improved boresight gain and minimized
radiation distortion. A 4 × 1 monopole array in [23] achieved a 5.1 dBi gain and an HPBW
of 11.5◦ with a 4 × 4 array. The design in [24] used a linearly polarized patch director and
a grid-slotted reflector to focus fields, boosting gain to 6.2 dBi. However, these antennas
suffered from low radiation efficiency due to the thick glass substrate, highlighting the
need for optimized designs to overcome such limitations, as shown in Table 1.

Table 1. Comparison of the performance of latest studies on antennas for vehicular communications
across lower and higher frequency bands.

Ref. Antenna Type fr (GHz) Dims.
(mm × mm)

Peak Gain
(dBi) Ports Planar/

Non-Planar
Single/

Multi-Band
Vehicular

Comm. Type

[14] Dipole and slot 2.5, 2.6, 3.4, 28 60 Diameter 9.8 8 Non-planar Multi-band 5G-V2X

[15] Monopole, parasitic
elements 24.6–30 25 × 25 × 3.2 2 One Planar Single band Vehicle Window

Glass

[16] Magneto electric
(ME) dipole 5.9, 28 30 × 20 8.46 2 Planar Dual 5G V2V

[17] Shared-aperture
stack 3.5, 28 33 × 23 × 3.5 13.6 8 Planar Dual mm-wave 5G

[18] Patch/SIW cavity 5.9, 28 52 × 52 × 0.77 13.7 2 Planar Dual V2X

[21] Stacked patch

27.6–28.8
131.9–137.6,
140.5–146.9,
153.1–155.9

28.8 × 27.3 × 2.1 19.8 3 planar Triple DSRC, 5G, 6G

[22] Patch, DGS,
and CSRR 26.5–38.2 12 × 25.4 × 0.8 7.11 2 planar Single 5G V2X

[23] Patch, parasitic
elements 26–30 50 × 50 × 3.2 5 4 Planar Single Vehicle Window

Glass

[24] Patch, parasitic
elements 24.1–31 25 × 25 × 3.2 6.2 1 Planar Single Vehicle Window

Glass

Apart from discussing and investigating the recent related antennas designed for
VCs, it will be informative to include recent advancements in secure and efficient au-
thenticated key management for UAV-assisted IoVs and lightweight authentication and
privacy-preserving aggregation for blockchain-enabled federate learning in VANETs. Then,
explain how the proposed antenna’s characteristics can help to improve the VCs.

Integrating advanced antenna designs with robust security mechanisms is crucial
for enhancing vehicular communication (VC) systems. The proposed SSPP-TL MIMO
LWA antenna, with multi-band operation, high gain, and beam-steering capabilities, aims
to improve VCs by supporting secure and reliable links in dynamic environments. Re-
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cent advancements highlight complementary solutions: a key management scheme for
UAV-assisted Internet of Vehicles (IoVs) ensures secure communication through authenti-
cated session keys, addressing dynamic network topology and resource constraints [26].
Blockchain-enabled federated learning employs lightweight authentication for secure and
privacy-preserving data aggregation in Vehicular Ad Hoc Networks (VANETs), ensuring
only legitimate vehicle participation [27]. Efficient cryptographic operations in UAV-
ground station communication schemes enable secure, swift key establishment despite
resource limitations [28]. Additionally, authentication protocols emphasize low computa-
tional overhead and privacy preservation in vehicle-to-vehicle and vehicle-to-infrastructure
communications, while drone networks benefit from privacy-preserving key agreements.
These advancements align with the antenna’s features, fostering secure and efficient VC
systems [29,30]. The proposed SSPP-TL MIMO LWA antenna design offers significant
enhancements in security and reliability for UAV and vehicular communication networks
by addressing critical requirements such as multi-band operation, beam-steering, and high
radiation efficiency. Its broadside radiation patterns and peak gains of 11.6 dBi in the air and
14.5 dBi on vehicles ensure robust signal transmission, reducing vulnerabilities to commu-
nication failures or eavesdropping. By supporting dynamic link optimization through SSPP
periodic arrays and spiral parasitic structures, the antenna facilitates secure authenticated
key management for UAV-assisted IoVs. Multi-band operation across 23.67–27.26 GHz
and 71.8–82.5 GHz ensures uninterrupted connectivity for blockchain-enabled federated
learning in VANETs, while high efficiency (91–93%) and minimal interference enhance
UAV-to-UAV and vehicle-to-infrastructure communications. Additionally, its adaptability
to vehicular placements and strong far-field patterns improves privacy-preserving proto-
cols. These attributes make the antenna a robust solution for secure, high-performance
UAV and vehicular communication systems.

Integrating diffractive neural networks (D2NNs) into the SSPP-TL MIMO LWA an-
tenna system revolutionizes communication performance and adaptability. D2NNs use
diffractive optical layers and programmable plasmonic surfaces for real-time, passive, and
efficient electromagnetic signal processing. These features align with the multi-band, com-
pact, and beam-steering capabilities of SSPP-TL MIMO LWA [31,32]. In dynamic vehicular
communication scenarios, D2NNs optimize radiation patterns and beam-steering configu-
rations to mitigate interference and multipath propagation. By processing incident signals
through trained layers, they enable real-time adjustments, ensuring robust connectivity
with vehicles, pedestrians, roadside units, and mobile networks. Their passive nature
enhances energy efficiency compared to traditional methods while maintaining compact-
ness. D2NNs also optimize electromagnetic exposure, complying with SAR regulations by
minimizing radiation exposure without sacrificing performance. Their programmability
allows adaptability to future advancements in 5G and beyond, enabling precise multi-
directional and multi-band communication. This hybrid system, combining SSPP periodic
arrays, leaky-wave structures, and D2NN computational intelligence, provides a compact,
high-performance, and adaptive solution for modern vehicular communication networks.

1.2. Paper’s Contributions

Overcoming the challenges of the recent articles shown in Table 1, this work improves
VCs by offering a miniaturized, multi-frequency, dual-polarization semi-flexible antenna.
It also tackles recent antennas’ limitations for VCs, such as having lower gain, poorer
radiation efficiency, bulky designs, single polarization, narrow bandwidth, and limited
data rates. Unlike prior research, this article considers the vehicle’s full-body impact on
antenna performance and evaluates the SAR for safety and compliance with electromagnetic
exposure standards. The effects of the vehicle body on antenna performance are entirely
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performed, considering any possible impacts, such as different materials for the car model
in simulations like aluminum, plastic, rubber, and glass. Moreover, various scenarios are
carried out in the simulation setup to take into account any possible point in VC, such as
different antenna positions on the roof and inside of the car, more than one car and also
one motorbike between them, and finally, obstacles between the vehicles and around them
made of metal and bricks to see how the antennas perform in these situations.

To overcome the challenges and improve the recent related works, the proposed
antenna utilizes a reliable technique by combining the leaky wave and SSPP structures
fed parasitically and orthogonally logarithmic spiral-like strip resonators through two
ports. By combining these two structures, the frequency-dependent nature of LWAs and
SSPP is changed to improve the OBS issues of the LWAs and make them move towards
the frequency-independent structure. In addition, this combination and the logarithmic
spiral-like structure create multiple modes and more than one wide band, offering a stable
and similar behavior throughout the working bandwidth.

The proposed antenna can be a reliable solution for VCs, operating across critical
frequencies in the lower 5G band (3.4 GHz), X-band (10 GHz), higher 5G, and mm-wave
communications (24 GHz, 55 GHz, 60 GHz, and 80 GHz). Its dual polarization enhances
signal robustness, reduces interference, and boosts data throughput since several obstacles
usually exist in the path of cars, pedestrians, and infrastructures. The compact, low-profile,
and semi-flexible design ensures easy installation and integration without compromising
aesthetics or aerodynamics and does not take too much of the car’s area. It provides stable
performance in dynamic environments with a maximum directive gain of 11.6 dBi in air and
14.56 dBi in vehicles. Logarithmic spiral-like resonators and SSPP-TL structures improve
gain, isolation, and polarization across bands, enabling long-range communication and
better obstacle penetration. In addition, the SAR analysis confirms safety compliance,
ensuring reliability and acceptance for modern vehicular systems.

The proposed antenna is an efficient solution for vehicular communication, supporting
V2V, V2P, and V2I interactions. Its multi-band capability, dual polarization, high gain, and
compact structure address diverse requirements. For V2V, it ensures stable and interference-
free links. In V2P, it provides broad coverage for reliable pedestrian connectivity, enhancing
safety. For V2I, it enables long-range communication with infrastructure, aiding smart city
and ITS development. These features position the antenna as a key enabler for improving
connectivity, safety, and efficiency in modern vehicular networks.

The paper is organized as follows: Section 1 offers an in-depth overview of the
challenges and methods associated with designing antennas for vehicular communication
systems. Section 2 details the geometric arrangement of the proposed multi-band antenna
and the design principles employed. Section 3 explores the antenna’s characteristics and
presents a parametric analysis. Section 4 then outlines the practical performance metrics
of the antenna. Finally, Section 5 concludes the paper by summarizing the key findings of
the study.

2. Design Configuration
This section outlines the antenna’s design methodology and configuration. The pro-

posed MIMO SSPP LWA is initially tailored to operate within targeted frequency ranges
and is later integrated with periodic nested semi-circular strip resonator (NSCSR) elements.
The radiation properties of the single-port setup are analyzed before transitioning to a
dual-port structure. To enhance isolation, reflection coefficients, radiation efficiency, and
gain while addressing surface waves, NSCSR cells and meander lines are employed as a
neutralization mechanism. The SSPP framework minimizes back and end-fire radiation,
enabling elevated and efficient broadside radiation. At each stage of development, current
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and electric field distributions are thoroughly examined. Optimization studies are then per-
formed, leveraging realistic vehicle models to replicate practical scenarios. Key parameters
are fine-tuned based on initial estimates, and the design process is systematically detailed.

2.1. The Configurations of SSPP and Their Defining Principles

Figure 1 depicts the phases involved in the antenna design process, beginning with
a single-port arrangement that later evolves into a two-port configuration. This design is
then combined with neutralization networks to improve overall performance. The antenna
utilizes a single layer of substrate with εr = 3.2 and thickness of h = 0.125 mm (Rogers 4830).
The substrate’s conductor layer is copper, measuring 18 µm thick. The proposed antenna
features a unique feeding approach, combining two orthogonal semi-elliptical transmission
lines and periodic SSPP structures. Additionally, it includes a wide slot ground with an
embedded meander line functioning as a DGS to improve matching, gain, and radiation
efficiency. Figures 1 and 2 display the front and rear perspectives of the prototypes, along
with the different stages of their design. Further details on each design stage will be
discussed in Section 2.2.
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The proposed antenna is designed to be both compact and broadband, integrating
semi-elliptical SSPP transmission lines (TLs) alongside parasitic NSCSR patches located on
one side of the SSPP transmission line. This innovative design facilitates continuous beam
scanning in both transverse and longitudinal directions through the utilization of two SSPP
TL structures. The SSPP transmission line serves as a conductive pathway that supports a
mode akin to surface plasmons, effectively emulating the surface wave behavior observed
in subwavelength artificial structures. Notably, this SSPP mode remains non-radiative,
confined to the interface between the conductor and the surrounding medium, and its high
momentum results in a mismatch with conventional guided wave modes.

By employing two SSPP TLs, the single-conductor, low-loss configuration facilitates
continuous beam scanning from forward to backward directions while ensuring efficient
broadside radiation (using a single port). By tailoring the periodic structure of the SSPP
waveguide, various modes (e.g., even, odd, or higher-order harmonics) can be supported at
different frequencies, each corresponding to a specific radiation angle or pattern. Due to the
periodic nature of SSPP structures and leaky wave principles, energy “leaks” into free space
as the SSPP waves propagate, driven by periodic perturbations in the waveguide. The
phase-matching condition between the guided SSPP mode and the radiated wave governs
this leakage. Adjusting the periodicity allows different modes to radiate at varying angles.
The SSPP modes transition into leaky modes when they reach specific cut-off frequencies
or through intentional design modifications (e.g., tapering or impedance mismatching).
Additionally, multiple leakage points enable multimode radiation over a broad frequency
range. Furthermore, SSPP LWAs exhibit inherent frequency-dependent beam steering due
to their dispersive properties. By exciting the antenna at different frequencies, each mode
radiates in distinct directions or exhibits unique polarization characteristics. The small
wavelengths at mm-wave and sub-THz frequencies make SSPP LWAs highly compact,
making them ideal for integration into advanced systems such as 5G, 6G, or imaging
technologies. SSPP structures can achieve wide bandwidths by optimizing their dispersion
curves to support multiple modes over an extensive frequency range. This is crucial for
applications requiring high-speed communication or high-resolution imaging.

The study delves into SSPP TLs’ resonation and transmission characteristics, the radia-
tion mechanisms, and the overall performance of the antenna. Detailed analysis includes
the dispersion curves of various cells of units and the SSPPs’ slow-wave characteristics.
Additionally, SSPP structures contribute to improved matching and broadside radiation
patterns, keeping the beams within a fast-wave region, as shown in Figure 3. According to
Figure 1, the design process for the proposed antenna involves determining the dimensions
of the monopole quadrangular patch and the SSPP (Single-Sided Parallel Plate) transmis-
sion line (TL) by employing fundamental equations from reference [33]. The objective is to
construct an antenna with a length of half the wavelength, specifically measuring less than
18 mm at an operating frequency of 8.5 GHz. To achieve optimal performance, the ground
length is designated as λ0/4, which ensures a perfect impedance match and resonance
at the designated frequency. The integration of the SSPP TL enhances the bandwidth
and radiation patterns of the antenna, thereby facilitating effective beam steering. In the
absence of the SSPP TL, the antenna may encounter limitations in efficiency and overall
performance. For further information regarding conventional rig antennas, please consult
reference [34].
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√
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Here, the patch’s width is represented by W, the speed of light is denoted by c, the 
resonance frequency is shown by f0, ε୰ stands for the substrate’s relative permittivity, the 
effective dielectric constant is ε୰ୣ୤୤ , L is the angular length of the patch, the extension 
length is denoted by ΔL, the effective length is signified by Leff, the substrate thickness is 
denoted by h, the ground length is denoted by Lg, ground width is denoted by Wg, ‘a’ and 
‘b’ are the inner and outer radii of the ring, w is the space between the rings, Wg is the 
width of the ground, Xnm is the first-order Bessel function root, depending on the mode of 
the patch, F is the resonating frequency, and aୣ is the effective inner radii. In the above 
equations, we can obtain X୬୫ ൌ 0.6773 for TMଵଵ, X୬୫ ൌ K୬୫ ൈ a, ୠିୟୠାୟ ൏ 0.35, and b = 2a. 
Port 2 is configured to receive signals perpendicularly in order to facilitate dual polariza-
tion. A semi-elliptical slot is etched from the layer of ground to effectively minimize fring-
ing fields, thereby enhancing the bandwidth at resonant frequencies and improving the 
performance of radiation modes. 

The next step is to apply the proposed SSPP structures to the transmission lines. The 
design of the periodic cells affects how the SSPP mode behaves. When the SSPP scaling 
factors (called P1) or the stub lengths (L5–8) are increased, the frequency of the SSPP mode 
decreases. The stub width (t1) and the gap between the periodic units also affect how the 
SSPP mode transmits. This effect is shown in Figure 3. The fast-wave region is on the left 
side of the light line, while the slow-wave region is on the right. Figure 3 illustrates that 
the dispersion curves for the SSPP transmission line, with different stub lengths (L5–8), 
gradually move away from the light line. Longer SSPPs (L5–8) lead to better confinement 
and a lower cut-off frequency. 

  

Technologies 2025, 13, x FOR PEER REVIEW 10 of 36 
 

 

  

Figure 3. Variations of dispersion for the SSPP structures. 

In the LWA, the SSPP transmission line (TL) functions as the feeding structure, where 
electromagnetic waves are tightly confined to the TL in transmission mode. Periodic rec-
tangular metallic strips are used to modulate the transmission line, thereby inducing the 
unbounded radiation mode. Due to the periodic nature of these structures, multiple spa-
tial harmonics are generated in accordance with Floquet theory, with the phase constants 
expressed as follows: β୬ ൌ β଴ ൅ ଶ୬஠୮ , n ൌ 0, േ1, േ2 …  (5)

where βn is the phase constant of the nth-order space harmonics, β0 is the phase constant 
of the fundamental transmission mode, and p is the modulation periodicity. It can be seen 
that to get a fast wave of space harmonics, it should be n < 0. The n = −1 space harmonic is 
usually chosen. Herein, the phase constant of the −1st order harmonic is given by β−1 = β0 
− (2π/p). Consequently, the primary beam direction of the LWA is determined using the 
formula θ = arcsin(β−1/K0), where k଴ represents the wavenumber in free space [35,36]. 

It is important to highlight that the Eigenmode Solver in Computer Simulation Tech-
nology (CST) Microwave Studio, an electromagnetic simulation software, is used to cal-
culate the dispersion curve of the unit cell. The boundary conditions must be set meticu-
lously in accordance with CST’s guidelines: Et = 0 should be applied for the boundaries at 
Xmin-Xmax and Ymin-Ymax, while Zmin-Zmax must be defined as periodic. A “phase” 
parameter is then assigned to the periodic boundary to facilitate a parameter sweep for 
analyzing the frequency dispersion characteristics of the proposed SSPP structure. A user-
defined watch template can be customized to include additional watches. The parameter 
sweep watch encompasses group velocity, phase velocity, and dispersion plots for the 
first mode, all available in the ‘1D Results’ folder of the navigation tree. Results for power 
flow and Pierce Impedance are also found in this folder. To view or modify the parameter 
sweep source code, engage the “Edit” option in the parameter sweep window (for further 
details, refer to CST’s help documentation). 

Figure 4 illustrates three separate frequency zones. The antenna functions within the 
fast-wave region, spanning from 3 GHz to 24 GHz, distinct from the airline represented 
by the dashed black line. Broadside radiation occurs at frequencies of 8.5 GHz, 18 GHz, 
28 GHz, and 45 GHz. Moreover, backward radiation is observed between 10 GHz and 22 
GHz, while forward radiation is evident from 22 GHz to 42 GHz. An example design is 
presented for broadside radiation. By applying Equation (1) and associated formulas, it is 
determined that β0 equals 2π/p, with β0 being derived from k in Figure 3. Initially, the 
periodicity p is roughly 0.32 mm near 18 GHz, but after refinement, it is confirmed at 0.30 
mm. 

Figure 3. Variations of dispersion for the SSPP structures.

Here, the patch’s width is represented by W, the speed of light is denoted by c, the
resonance frequency is shown by f0, εr stands for the substrate’s relative permittivity, the
effective dielectric constant is εreff, L is the angular length of the patch, the extension length
is denoted by ∆L, the effective length is signified by Leff, the substrate thickness is denoted
by h, the ground length is denoted by Lg, ground width is denoted by Wg, ‘a’ and ‘b’ are
the inner and outer radii of the ring, w is the space between the rings, Wg is the width of
the ground, Xnm is the first-order Bessel function root, depending on the mode of the patch,
F is the resonating frequency, and ae is the effective inner radii. In the above equations,
we can obtain Xnm = 0.6773 for TM11, Xnm = Knm × a, b−a

b+a < 0.35, and b = 2a. Port 2 is
configured to receive signals perpendicularly in order to facilitate dual polarization. A
semi-elliptical slot is etched from the layer of ground to effectively minimize fringing fields,
thereby enhancing the bandwidth at resonant frequencies and improving the performance
of radiation modes.

The next step is to apply the proposed SSPP structures to the transmission lines. The
design of the periodic cells affects how the SSPP mode behaves. When the SSPP scaling
factors (called P1) or the stub lengths (L5–8) are increased, the frequency of the SSPP mode
decreases. The stub width (t1) and the gap between the periodic units also affect how the
SSPP mode transmits. This effect is shown in Figure 3. The fast-wave region is on the left
side of the light line, while the slow-wave region is on the right. Figure 3 illustrates that
the dispersion curves for the SSPP transmission line, with different stub lengths (L5–8),
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gradually move away from the light line. Longer SSPPs (L5–8) lead to better confinement
and a lower cut-off frequency.

In the LWA, the SSPP transmission line (TL) functions as the feeding structure, where
electromagnetic waves are tightly confined to the TL in transmission mode. Periodic
rectangular metallic strips are used to modulate the transmission line, thereby inducing the
unbounded radiation mode. Due to the periodic nature of these structures, multiple spatial
harmonics are generated in accordance with Floquet theory, with the phase constants
expressed as follows:

βn = β0 +
2nπ

p
, n = 0,±1,±2 . . . (5)

where βn is the phase constant of the nth-order space harmonics, β0 is the phase constant
of the fundamental transmission mode, and p is the modulation periodicity. It can be
seen that to get a fast wave of space harmonics, it should be n < 0. The n = −1 space
harmonic is usually chosen. Herein, the phase constant of the −1st order harmonic is
given by β−1 = β0 − (2π/p). Consequently, the primary beam direction of the LWA is
determined using the formula θ = arcsin(β−1/K0), where K0 represents the wavenumber
in free space [35,36].

It is important to highlight that the Eigenmode Solver in Computer Simulation Technol-
ogy (CST) Microwave Studio, an electromagnetic simulation software, is used to calculate
the dispersion curve of the unit cell. The boundary conditions must be set meticulously
in accordance with CST’s guidelines: Et = 0 should be applied for the boundaries at
Xmin-Xmax and Ymin-Ymax, while Zmin-Zmax must be defined as periodic. A “phase”
parameter is then assigned to the periodic boundary to facilitate a parameter sweep for
analyzing the frequency dispersion characteristics of the proposed SSPP structure. A user-
defined watch template can be customized to include additional watches. The parameter
sweep watch encompasses group velocity, phase velocity, and dispersion plots for the first
mode, all available in the ‘1D Results’ folder of the navigation tree. Results for power flow
and Pierce Impedance are also found in this folder. To view or modify the parameter sweep
source code, engage the “Edit” option in the parameter sweep window (for further details,
refer to CST’s help documentation).

Figure 4 illustrates three separate frequency zones. The antenna functions within the
fast-wave region, spanning from 3 GHz to 24 GHz, distinct from the airline represented
by the dashed black line. Broadside radiation occurs at frequencies of 8.5 GHz, 18 GHz,
28 GHz, and 45 GHz. Moreover, backward radiation is observed between 10 GHz and
22 GHz, while forward radiation is evident from 22 GHz to 42 GHz. An example design
is presented for broadside radiation. By applying Equation (1) and associated formulas,
it is determined that β0 equals 2π/p, with β0 being derived from k in Figure 3. Initially,
the periodicity p is roughly 0.32 mm near 18 GHz, but after refinement, it is confirmed at
0.30 mm.

After the transmission wave couples from the SSPP (TL) to the semi-circular strip
patches, it emits as a space wave [37]. As illustrated in Figure 5, strong coupling and
high leakage efficiency occur as the wave traverses all patches. Creating a consistent
phase plane is critical for maximizing gain in spatial radiation. The gap between the strips
significantly influences the in-phase surface and the working frequency. To clarify the
frequency characteristics of the proposed dual-port antenna, the electric field component
Ez distributions on the XoY plane, positioned approximately 1 mm above the substrate,
are shown at various frequencies in Figures 5 and 6. Within a range of less than 10 GHz,
the electric field Ez gradually diminishes from one port to another, signifying continuous
electromagnetic radiation into free space. The mode fields in the SSPP transmission line are
primarily concentrated in the deeper sections. At frequencies exceeding 10 GHz, the electric
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field weakens since the majority of the energy has already been emitted. Nevertheless, at
18 GHz and above, significant electric field concentrations are observed in both the SSPP
transition area and the antenna element section, demonstrating that the electric field energy
is effectively transmitted between the two ports.
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The single-port antenna facilitates lateral radiation with a single-beam scanning capa-
bility, achieved through its asymmetric modulation along the transverse axis. This design
effectively mitigates the typical issue of dual beams, which often arises due to the absence
of a ground plane in the SSPP transmission structure. The approach incorporates periodic
semi-circular strip loading along the +X side of the SSPP transmission line. By carefully
adjusting the dimensions of these strips, a phase shift is induced in opposing directions,
ensuring the electromagnetic fields remain in phase along the +X and +Y axes while be-
coming out-of-phase along the −X and −Y axes. As a result, the majority of the energy
radiates toward the +X and +Y directions, with reduced emission toward the −X and −Y
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directions. When an additional feed is placed orthogonally, the antenna supports both
sideward and longitudinal radiation. Figure 7 displays the phase distribution of the SSPP
LWA at different frequencies, highlighting strong radiation behavior in both forward and
backward directions.
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2.2. Leaky Wave Designs, Their Fundamental Concepts, and Integration with SSPPs Section

The development of the proposed LWA follows established guidelines, formulas, and
industry standards critical for such antennas. A key concept is that the resonant frequency
is significantly influenced by variations in the antenna’s length. Typically, there is an
inverse correlation between the antenna length and its resonant frequency: increasing the
length lowers the resonant frequency, whereas decreasing it raises the frequency. This
dependency arises from the core principles of electromagnetic wave propagation and the
antenna’s structural characteristics.

The design of the leaky-wave structure emphasizes achieving high performance
in terms of directivity, gain, low losses, and structural simplicity. As a member of the
traveling-wave antenna category, LWAs operate by guiding waves along structures longer
than their wavelength. This wave motion generates longitudinal currents, producing
end-fire and back-fire radiation patterns influenced by the open-stopband (OSB) effect, as
referenced in [38,39]. These antennas are typically represented by a balanced composite
right-/left-handed (CRLH) transmission line model, accounting for the roles of inductors
and capacitors. Nevertheless, adjustments are necessary to facilitate radiation in the
broadside direction from both the antenna and the vehicle.
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To understand the antenna’s design process, it is essential first to comprehend the
fundamental principles of LWAs and how slots and stubs influence key parameters like
impedance bandwidth and radiation patterns. The proposed SSPP LWA incorporates
asymmetrical features, such as longitudinal stubs to enhance OSB suppression and trans-
verse stubs to address OSB-related issues. These stubs function similarly to left-handed
capacitances (CLs), shaping the radiation pattern to prioritize broadside emission over
end-fire or back-fire directions. Moreover, the stubs help to minimize surface waves com-
monly generated by LWAs. The characteristic mode approach is employed to design and
evaluate the slots, focusing on their effect on the radiation pattern and achieving asym-
metric radiation [40]. In this design, the waveguide port must excite the TE10 mode rather
than the TE01 mode typically associated with dielectric insets. This approach leverages an
asymmetrical structure to improve OSB suppression, aligning the radiation mechanism
with the structural asymmetry. When the periodic strips are symmetrically positioned
relative to the sidewalls, the vertically polarized TE10 mode fails to produce a horizontal
field in the antenna aperture. This principle governs the transverse sections of the peri-
odic stubs, ensuring that the emitted electromagnetic waves are polarized orthogonally
to the antenna’s longitudinal planes. The TE10 mode, which is horizontally polarized, is
excited through the dielectric inset, allowing the radiation to rely solely on this mode and
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negating the need for asymmetry to induce radiation. Additionally, by adjusting the gap
between stubs, it is possible to regulate the inset’s leakage rate, offering further control
over the antenna’s performance. This configuration utilizes a blend of periodic protrusions
(patches) and two distinct periodic SSPP designs to regulate the leakage rate by altering the
asymmetry of gaps, particularly by adjusting the spacing between elements of the SSPP
structures, as outlined in the SSPP segment.

Following the evaluation of SSPP and leaky-wave structure concepts, an extra leaky-
wave array featuring periodic semi-circular strip elements and a second port was incor-
porated. This adjustment enhances the bandwidth at the initial two radiation modes
(approximately 3.35 GHz and 24 GHz) and introduces an additional wideband near 33 GHz.
Furthermore, the gain and radiation efficiency see improvements throughout the opera-
tional frequency range. Although the integration of the leaky-wave and SSPP structures
delivers high gains and broad bandwidth, the antenna’s radiation remains bidirectional
and end-fire-oriented due to the imperfect ground plane. To resolve this issue, meander
lines were implemented along with the defective ground to reduce radiation leakage and
direct the antenna’s radiation toward the broadside direction (stage 4). Furthermore, pairs
of semi-circle strips were added based on their respective resonances to boost gain and
radiation efficiency by increasing surface wave activity in that region. The size and spacing
of these strips were optimized according to the surface current distribution (SCD) and
E/H fields observed around them, as shown in Figures 5 and 6. This adjustment also
broadens the working bandwidth around the third and fourth radiation modes, extending
it to cover the bands of 32–41 GHz, 55 GHz, and 75–81 GHz (stage 5). Once the required
radiation modes and operational bands were achieved, the second set of semi-circle arrays
were shifted towards the +Y direction to create a spiral-like structure. This enhances the
antenna’s circular polarization capabilities, reduces OSB, and improves its multi-resonance
and multimode functionalities. Lastly, a chamfered-edge meander line neutralization net-
work was developed to enhance port isolation (stage 6). The meandered structure further
supports the antenna’s multi-frequency characteristics. Table 2 outlines the dimensions and
refined parameters for the different elements of the proposed antenna. These values were
initially calculated using relevant formulas and subsequently adjusted through parametric
analysis to achieve optimal performance.

Table 2. The proposed antenna’s structural parameters.

Parameters Values (mm) Parameters Values (mm) Parameters Values (mm) Parameters Values (mm)

Ls 14 L10 0.50 t2 0.55 r4 3.12
Lf1 3.15 L11 9.00 t3 0.50 r5 4.12
Lf2 2.5 L12 12.75 t4 0.25 r6 5.12
Lg1 7.20 L13 13.25 t5 0.30 L9 8.25
Lg2 6.80 L14 13.25 t6 0.5 t1 0.25
L1 2.85 L15 10.75 t7 0.45 r3 2.12
L2 1.10 L16 10.75 t8 0.40 L8 0.90
L3 1.40 Ws 12.00 t9 0.35 b2 3.80
L4 0.65 Wg 3.25 t10 0.30 r2 1.12
L5 0.45 a1 3.60 t11 0.25 L7 0.75
L6 0.60 a2 3.80 t12 0.20 b1 4.85
r1 0.12

Based on the evaluation of the proposed design and the design stages shown in
Figure 1, the SCD for each step of the antenna development is displayed in Figure 8. In
this figure, it is evident that the current density of the antenna is most concentrated at
stage one of the design near the transmission line when port 1 is activated. At stage two,
corresponding to the first mode at 3.4 GHz, the SCD reaches its peak intensity around the



Technologies 2025, 13, 66 15 of 35

transmission line and the periodic SSPP structure. In phase 3, a significant current flows
along the SSPP structures, influencing the first two large semi-circular strips (corresponding
to the second mode at 10 GHz). It also demonstrates that the surface current distribution
(SCD) near the SSPP-TL, along with the inclusion of another semi-circular strip, plays a
crucial role, as depicted in phase 4 (third mode at 27 GHz). A similar pattern is observed in
phases 5 and 6, where a higher current density is concentrated around the newly added,
smaller strips (associated with the fourth mode at 55 GHz and 80 GHz) and the meander-
line neutralization network. Furthermore, it highlights that with the addition of these
strips and the meander lines, no current flows near the second port, ensuring port two is
completely isolated.
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The antenna can be fine-tuned and enhanced via a parametric analysis, during which
five key parameters that significantly impact the initial design are modified. Figure 9
presents adjustments to various parameters, including the semi-elliptical ground slot di-
mensions (a2, b2), SSPP section lengths (L5–L8), wide ground slot length (Lg1), feed line
measurements (Lf1, Lf2), and semi-elliptical transmission line (TL) dimensions (a1, b1).
When the minor radius of the semi-elliptical TL is reduced to less than 3.5 mm, only
higher-band harmonics are observed, with frequencies below 22 GHz completely elimi-
nated. Conversely, increasing the minor radius to 5.5 mm alters the behavior significantly,
introducing lower-band harmonics below 10 GHz alongside additional higher resonances.
A comparable effect is seen with the major radius (b1), where expanding it to 4 mm causes
a slight shift in frequencies below 8 GHz, leading to a decline in performance for the
second and fourth radiation modes. Figure 9b demonstrates the variation in the reflection
coefficient regarding the semi-elliptical slot’s dimensions on the ground. It shows that
when the minor and major radii of the antenna are less than 2 mm, the first three modes of
radiation are obtained with narrower BW, but the fourth modes of radiation are degraded
and not working. However, when the minor and major radiuses of the TL are increased
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and reach 4.5 mm, all the resonance and radiation modes are achieved with wider BW at
the lower and middle band of the frequency.
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Figure 9. A parametric study of five essential parameters in terms of reflection coefficient results in
(a): a1, b1; (b): a2, b2; (c): Lf1, Lf2; (d): Lg1; and (e): SSPP array.

Figure 9c depicts that for the 3–3.5 mm feed line length, almost all the radiation modes
are created with wider BW for the lower bands for the lower 5G communications. The
reflection coefficient variation of the antenna in terms of the length of the wide slot in
the ground layer is illustrated in Figure 9d, which shows that the antenna has the best
performance and matches the working band when the length is 5–7 mm. It also depicts that
exceeding it degrades the radiation’s first and last mode of the radiation. The impedance
BW of the antenna in terms of the SSPP arrays is shown in Figure 9e. The positive impacts
of the periodic SSPP arrays are evident in the working bands for each associated resonance
and the radiation modes and in improving the BW for each mode.

A reflection coefficient behaving similarly across a broad frequency range (from DC
to 80 GHz) is often due to specific design characteristics of the system or device under
test. Since the proposed antenna is designed for multi-wideband impedance matching,
its reflection coefficient remains relatively low across a broad frequency range. This en-
sures minimal reflections, leading to uniform behavior. Furthermore, patch structures as
logarithmic spiral antennas are frequency-independent designs that inherently maintain
consistent impedance characteristics over the working frequency range. In addition to the
logarithmic spiral structure of the patch-producing frequency-independent structure, the
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proposed antenna uses more than one operating mode and multiple periodic SSPP struc-
tures, each affecting different working frequency ranges, to create an aggregate behavior
that appears frequency-independent. Moreover, the combination of the leaky wave and the
SSPP structures also improves those characteristics [41].

Following the parametric analysis of the proposed antenna, the S-parameter results
for the MIMO antenna are shown in Figure 10. It should be mentioned that these variables
are optimized, and their results are shown in Figure 10 for the reflection coefficient (a), the
transmission coefficient (b) for each step of the design, and the final S-parameter results
for two port MIMO antenna. It shows that the associated bands for each design stage are
achieved at the related bands. For instance, the resonances around 3.4 GHz and 24 GHz
are obtained at stage 1. At stage 2, the third mode of radiation and resonance gets around
35 GHz, keeping the first two bands and increasing the working BW. Moving forward
to the third, fourth, and up to the 6th stages, the other bands also achieved and kept
improving the BW. Furthermore, adding the meander lines, the DGS, and the naturalization
network improved the level of transmission coefficient and the isolation from −5 dB up to
−20 dB. The final S-parameters results of the two port MIMO antenna are also presented
in Figure 10c to understand the antenna’s capabilities and impedance matching at the
desired bands.
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Another important consideration is the beam steering capability and scanning range of
the proposed antenna. Key parameters influencing beam steering performance, including
scanning range, scanning rate, and beam coverage, are subsequently evaluated. Consider-
ing the limited bandwidth of LWAs, the concept of scanning rate (S) can be extended to
an average scenario. It is defined as the ratio of the scanning angle range to the antenna
bandwidth, as expressed by the following equation Saverage = ∆θ/∆f = (θ2 − θ1)/(f2 − f1).
Here, θ1 and θ2 are the starting and ending angles of the scanning range. f1 and f2 corre-
spond to the working frequencies of θ1 and θ2. However, it is important to notice that the
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average scanning rate in the last equation only considers the absolute bandwidth. However,
relative bandwidth is more important in evaluating their spectrum efficiency for normal
electronic systems. So, it is reasonable to replace the absolute bandwidth ∆f in it with
the relative bandwidth ∆f/fc, SRASR = ∆θ/(∆f/fc) [42]. Here, SRASR refers to the relative
average scanning rate, while fc represents the central operating frequency. Once these
parameters are computed for each operational band of the designed antenna, their final
values are summarized in Table 3.

Table 3. Coverage parameters of the proposed LWA.

Frequency Bands (GHz) Scanning Range/Beam
Coverage (◦)

Scanning Rate
(◦/GHz) SRASR (◦)

3.32–4.28 172–180 8.33 333.4
8.45–11.7 4–167 50.15 2007.4

16.66–18.45 13–127 63.69 2547.5
23.67–27.26 47–150 28.7 1147.8
31.67–34.57 34.57–31.67 33.8 1351.7
52.3–61.67 53–11 4.48 179.4
71.8–82.5 11–48 3.45 138.3

To illustrate the isolation and performance of the antenna more clearly, the radiation
pattern overlap of the antenna at the working bands is presented in Figure 11 and Table 4.
These visualizations from Figure 11 and Table 4 show the spatial distribution of radiated
power from each port and confirm that the overlap between patterns is minimal, even at
the higher frequency bands. This confirms the claim of achieving excellent port isolation.
The 2D far-field radiation patterns/polar are plotted to depict the radiation from each
port and also to show how minimal they overlayed. Table 4 presents the half-power beam
width (HPBW) and the main lobe of ports 1 and 2’s radiation pattern in detail at different
frequencies. Table 4 also shows that the radiation is well separated, much more than the
minimum acceptable angle.
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Figure 11. Radiation patterns overlap between ports 1 and 2: black dotted line is port 1, red dashed
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Table 4. The radiation pattern overlaps between ports 1 and 2 in detail.

fr (GHz) 3.8 10 24 33 55 80

HPBW (◦) P1
P2

68
69

73
74

32
32

29
31

20
23

18
26

Main lobe direction (◦) P1
P2

175
1

112
349

60
238

91
169

66
164

82
166

3. Evaluation of the Antenna’s Performance in a Vehicular Environment
The initial step involves identifying the best placement on the vehicle to maximize

radiation toward the desired directions for the proposed antenna. For our simulations, we
utilized a Volvo car model (V90, the estate version of the S90) sourced from [43], as well as a
Porsche model (911 Turbo) and a basic bike model obtained from [44]. The primary structure
was modeled as a perfect electrical conductor (PEC), while other components represented
standard vehicle materials such as polymers and aluminum. Typically, horizontal coverage
is crucial for V2V and V2P communication, with a zero-elevation angle being adequate.
However, V2I and V2N communications need a higher elevation angle. Thus, for V2X
communication, the mm-wave antenna should be designed for horizontal and vertical
transmission (supporting dual and circular polarization). Mounting the antenna at an
elevated position, such as on the vehicle’s roof, effectively reduces interference from nearby
cars, buildings, dense foliage, or bridge pillars. This approach minimizes obstructions and
supports line-of-sight communication [45]. Additionally, placing the antenna on the roof
allows more flexibility for alignment compared to the bumper, which limits radiation to
the front and rear.

The proposed antenna needs high gain to compensate for substantial path loss, in
addition to dual and circular polarization that further enhances performance. To determine
the effectiveness of the compact MIMO SSPP LWA antenna for vehicular communication,
we used CST Studio Suite software to analyze its performance on the car’s rooftop, evalu-
ating metrics such as impedance matching, gain, radiation efficiency, and directivity. As
shown in Figure 12, the antenna is placed at the front and rear edges of the rooftop, on all
four sides, and when two cars and a bike are present between them. Figure 13 illustrates
the impact of the car’s metallic body (different materials are considered for all the vehicles,
such as steel, aluminum, rubber, polymer, and fiberglass) and PEC on the antenna, showing
slight impedance bandwidth mismatches, a frequency shift, and an increase in gain. For
example, with the antenna at the front, we achieve a reflection coefficient of <−9.23 dB in
the working bands (3.2–8.5 GHz, 24–26 GHz, and others), a maximum gain of 11.85 dBi,
and a peak efficiency of 89%. With antennas positioned at both the front and rear, we
observe a maximum gain of 14.5 dBi and an efficiency of 92.31%. This trend is consistent
across the placements in Figure 12, with bandwidth, gain, and efficiency improvements
when the antenna is mounted on the vehicle rather than in free air. Due to the signifi-
cant path loss associated with 5G millimeter-wave frequencies, this high-gain antenna
configuration is perfectly suited for short-distance communications, including V2V and
V2I applications [46]. Figure 13 also demonstrates strong isolation with minimal coupling
on the rooftop, both front-to-back and in configurations with multiple antennas, including
scenarios involving two cars and a bike. The SSPP LWA design, shown in Figure 13, offers
effective beam alignment for wide horizontal coverage without excessive cost and complex-
ity, fulfilling the requirements for V2X communication. Furthermore, Figure 13 confirms
excellent port isolation in each configuration (>25 dB across most bands and >20 dB at
some lower bands).
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Figure 13. Effect of the vehicle body on the proposed SSPP LWA: (a) reflection coefficient,
(b) transmission coefficient, and (c) gain, AR, and radiation efficiency.
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To consider more realistic scenarios in our assessment of antenna capabilities for
communication and show the antenna can work reliably, two more simulation setups are
carried out, such as considering two more antenna arrays inside the car to evaluate the in-
vehicle communication and when more obstacles (between two cars, walls surrounding the
car, and also soil beneath the cars) with different materials like metal and bricks are utilized.

The other scenario is considering several obstacles with different materials. In such an
environment with metallic and brick poles as obstacles, walls next to the cars, and solid
ground beneath them, the reflection coefficients (S11), transmission coefficients (S21), and
radiation patterns are affected (Figure 14). As it was shown in Figure 14, the reflection
coefficient level is slightly degraded due to reactive coupling and impedance mismatch
caused by nearby reflective surfaces such as metallic poles, walls, and the ground as
compared to the other scenarios. For instance, more stopbands. These obstacles also
shifted the resonance frequencies and narrowed the impedance bandwidth, particularly at
lower frequencies where longer wavelengths interact strongly with larger objects. On the
other hand, the transmission coefficients are also influenced by the multipath environment,
as obstacles and walls introduce scattering, diffraction, and attenuation, especially in
millimeter-wave (mm-wave) bands where line-of-sight (LOS) communication is critical.
The presence of walls and ground reflections creates multipath interference, leading to
signal fading or enhancement depending on the constructive or destructive overlap of
paths. However, the effects are not dramatic due to the special structure of the antenna and
its special performance in terms of beam steering capability, diverse MIMO features, high
and stable gain, and circular polarization.
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Adding two additional antennas inside the car—beyond the four antennas mounted
on the roof—alters the electromagnetic environment, influencing both reflection coefficients
(S11) and transmission coefficients (S21, S31, etc.) due to increased mutual coupling and
interference among antennas (Figure 15). As shown in Figure 15, the reflection coefficients
(S11) are affected and more stopbands are created, particularly for the newly added an-
tennas and their neighboring antennas, as the proximity between antennas introduces
additional reactive and radiative coupling effects. These interactions can create impedance
mismatches as well, resulting in higher reflection levels and a narrower BW at the working
bands. Similarly, the transmission coefficients (S21, S31, etc.) between antennas likely
show increased variability due to constructive and destructive interference patterns. These
patterns depend on the relative position, polarization, and resonant modes of the antennas.
However, the dual-polarization feature of the antennas mitigated the coupling effects, even
when close spacing slightly exceeded the acceptable thresholds of the mutual coupling
levels, reducing isolation between antennas. Additionally, the presence of the car body
(made of different materials like aluminum, plastic, steel, . . .) is another reason for this
exacerbation of BW and isolation reduction among the ports, especially for those antennas
are placed in positions where the vehicle’s metallic structure acts as a reflector or scatterer,
creating multipath propagation. However, the special features of the antenna, such as the
meander lines DGS structure, implementing neutralization networks, the combination of
the leaky wave and SSPP, and the nested logarithmic spiral-like resonators, did not let the
S-parameters results of the proposed antenna change dramatically. The special techniques
helped maintain low reflection coefficients (<−10 dB) and high isolation (>25 dB), ensuring
reliable performance in V2V, V2P, and V2I communications.
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Figure 15. Simulation setup and S-parameters assessment when two antennas are inside the car for
in-vehicle communications (a) reflection coefficients, (b) transmission coefficients, (c) simulation setup.

Figures 16–18 illustrate the two-dimensional radiation patterns of the proposed an-
tenna, obtained through simulations corresponding to the scenarios depicted in Figure 12.
These patterns highlight the antenna’s capability to radiate in various directions, enabling
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interaction with nearby vehicles, pedestrians, roadside infrastructure, and mobile network
systems. The findings reveal that the antenna’s positioning effectively supports V2V and
V2P communications (surrounding the vehicle) as well as V2I communication (via upward
radiation). The red line in the 2D patterns, representing maximum directive gain, further
confirms the antenna’s effectiveness.
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For optimal elevation coverage, two antennas are placed on the front rooftops (Case 1),
enhancing V2I and V2N communication. In Case 2, four antennas on each side of the first
car’s rooftop and two on the second car’s sides were evaluated to identify placements that
minimize coupling and reduce interference from other vehicles. Research suggests that
placing antennas on all four sides (Case 3) widens the frontal visible region within the car’s
elevation plane, which can be achieved by mounting on the windshield with a transparent
substrate to prevent obstructing the driver’s view. Additionally, positioning antennas at the
front and rear rooftops broadens coverage in the driver’s forward field of vision, ideal for
highway communication with nearby vehicles. This setup also allows for flexible antenna
mounting at the front and rear edges of the rooftop in non-intrusive spots.

The radiation patterns of antennas change across different car styles, such as those with
glass-dominant upper parts, due to variations in material properties, structural designs,
and electromagnetic interactions. One of the reasons is the use of different materials in
the car body. Cars with significant glass coverage have a higher dielectric constant and
lower conductivity compared to metal parts, causing variations in electromagnetic wave
propagation. Glass does not reflect radio waves as efficiently as metal but can absorb and
refract them, altering the radiation patterns. In contrast, metal roofs strongly reflect and
guide waves, resulting in different radiation characteristics. In addition, glass and other
parts of the car create more diverse multipath effects as waves may pass through the glass,
reflect from internal structures, or interact with passengers and other surfaces inside the
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car. This increases back and scattered radiation, impacting directional gain and reducing
efficiency in focused communication.
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Figure 18. The two-dimensional radiation patterns with four antennas on the bigger car and two
antennas on the smaller car.

Figures 16–18 compare polar radiation patterns across different configurations, includ-
ing one antenna at the front, four antennas at four sides of the roof, four on the big car, and
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two on the smaller car. It should be mentioned that the resented radiations are linear and
directive to show which direction they are more focused on.

SAR Definition and Analysis

This part analyzes the effects of electromagnetic exposure on individuals, focusing
on both drivers and pedestrians, through the evaluation of SAR. While most studies on
mm-Wave V2X antennas have not accounted for this factor, this research incorporates it by
simulating various scenarios with the CST voxel model (Gustav) within vehicle analyses.
The findings show that electromagnetic radiation minimizes human exposure, as the vehicle
body acts as a large ground plane, effectively reflecting radiation [45,46]. Three different
situations are analyzed, acknowledging that roads are not always densely populated with
pedestrians. The first scenario involves a driver accompanied by one passenger, while
the second scenario includes four pedestrians positioned in various directions around
the vehicle. SAR values for both the driver and pedestrian scenarios are provided in
Tables 5 and 6, calculated with an input power of 1 W (30 dBm) and considering tissue
masses of 1 g and 10 g at different resonance frequencies. The findings confirm that the
SAR values comply with the safety standards established by the Federal Communications
Commission (FCC) and the Council of the European Union, remaining below the allowable
limit of 1.

Table 5. Evaluation of SAR with two passengers positioned in the vehicle (The red and dark-blue
colors are maximum and minimum).
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4. Experimental Confirmation and Analysis of Findings 
For the measurement shown in Figure 19, the setup is specifically designed to meas-

ure key performance metrics such as S-parameters (reflection and transmission coeffi-
cients) and radiation patterns of the antenna. The VNA and the anechoic chamber are 
complementary tools in this process, each serving distinct purposes. The R&S®ZVA67 
VNA is used to measure the S-parameters, which provide insight into the impedance 
matching and transmission characteristics of the antenna. The VNA is connected to the 
antenna under test (AUT) using coaxial cables or waveguides, depending on the fre-
quency range. Calibration is performed before measurement to remove the effects of ca-
bles and connectors, ensuring accurate results. The S11 parameter (reflection coefficient) 
is measured by sending a signal from one port of the VNA to the antenna and recording 
the reflected signal, indicating how much power is reflected due to impedance mismatch. 
Similarly, the S21 parameter (transmission coefficient) can be measured by analyzing the 
power transmitted between two ports, which is useful in multi-port antenna systems. 
These measurements are conducted over the antenna’s operational frequency range, up 
to 70 GHz, leveraging the VNA’s wide dynamic range to capture the antenna’s perfor-
mance across multiple bands. 

The radiation pattern measurements are conducted in the anechoic chamber (dimen-
sions: 10 m × 6 m × 6 m) to ensure an interference-free and reflection-free environment. 
The chamber is lined with radio-frequency (RF) absorbers that minimize reflections and 
emulate free-space conditions. The AUT is mounted on a turntable, which rotates to cap-
ture the antenna’s radiation characteristics in various angular positions. A calibrated horn 
antenna or another reference antenna is used as a transmitter or receiver. When measuring 
the far-field radiation pattern, the distance between the AUT and the receiving antenna is 
set according to the far-field criteria. The chamber setup enables the measurement of gain, 
beamwidth, side-lobe levels, and polarization. By rotating the AUT or varying the meas-
urement angles, 2D and 3D radiation patterns are obtained, providing a comprehensive 
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4. Experimental Confirmation and Analysis of Findings
For the measurement shown in Figure 19, the setup is specifically designed to measure

key performance metrics such as S-parameters (reflection and transmission coefficients)
and radiation patterns of the antenna. The VNA and the anechoic chamber are comple-
mentary tools in this process, each serving distinct purposes. The R&S®ZVA67 VNA is
used to measure the S-parameters, which provide insight into the impedance matching and
transmission characteristics of the antenna. The VNA is connected to the antenna under test
(AUT) using coaxial cables or waveguides, depending on the frequency range. Calibration
is performed before measurement to remove the effects of cables and connectors, ensuring
accurate results. The S11 parameter (reflection coefficient) is measured by sending a signal
from one port of the VNA to the antenna and recording the reflected signal, indicating how
much power is reflected due to impedance mismatch. Similarly, the S21 parameter (trans-
mission coefficient) can be measured by analyzing the power transmitted between two
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ports, which is useful in multi-port antenna systems. These measurements are conducted
over the antenna’s operational frequency range, up to 70 GHz, leveraging the VNA’s wide
dynamic range to capture the antenna’s performance across multiple bands.
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Figure 19. Measurement setup of the proposed antenna: (a) measurement setup of antenna and the
network analyzer, (b) the front and back of fabricated antenna, (c) E-radiation measurement in the
chamber, and (d) H-radiation measurement in the chamber.

The radiation pattern measurements are conducted in the anechoic chamber (dimen-
sions: 10 m × 6 m × 6 m) to ensure an interference-free and reflection-free environment.
The chamber is lined with radio-frequency (RF) absorbers that minimize reflections and
emulate free-space conditions. The AUT is mounted on a turntable, which rotates to cap-
ture the antenna’s radiation characteristics in various angular positions. A calibrated horn
antenna or another reference antenna is used as a transmitter or receiver. When measuring
the far-field radiation pattern, the distance between the AUT and the receiving antenna
is set according to the far-field criteria. The chamber setup enables the measurement
of gain, beamwidth, side-lobe levels, and polarization. By rotating the AUT or varying
the measurement angles, 2D and 3D radiation patterns are obtained, providing a com-
prehensive understanding of the antenna’s directional properties. This combination of
precise S-parameter and radiation pattern measurements ensures a thorough performance
evaluation of the proposed antenna.

Although the proposed antenna is compact, it exhibits excellent impedance matching
across the targeted frequency ranges, as shown in Figure 20a. Specifically, it achieves
reflection coefficients of less than −14.6 dB within the range of 3.32–4.28 GHz, under
−12.3 dB between 8.45 and 11.7 GHz, below −11.34 dB from 16.66 to 18.45 GHz, under
−15.6 dB in the 23.67–27.26 GHz range, less than −14.34 dB between 31.67 and 34.57 GHz,
below −13.23 dB from 52.3 to 61.67 GHz, and between 71.8 and 82.5 GHz. This impressive
performance positions the antenna as a highly suitable option for 5G mm-wave vehicular
communication applications. The antenna also shows an ideal range of less than −20 dB
for mutual coupling between ports and a good agreement between the simulated and
measured results. Therefore, the antenna offers high isolation for MIMO communications
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(Figure 20a). Additionally, as depicted in Figure 20b, the MIMO SSPP LWA achieves a
measured peak gain of 11.24 dBi, a maximum radiation efficiency of 91%, and an axial ratio
(AR) of 2.7 throughout the entire target operating bandwidth. The discrepancies between
the simulated and measured results are attributed to fabrication tolerances, human errors,
imperfect soldering of SMA connectors, and differences between simulation and real-world
measurement environments.
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Figure 20. Observed and modeled (a) reflection and transmission parameters and (b) radia-
tion characteristics.

Figure 21 illustrates both the simulated and measured co- and cross-polarization
of the antenna. A minimal and insignificant difference was observed in the radiation
measurements, attributed to potential tolerances during the manufacturing process. In
addition, the cross-polarization of the antenna is less than −35 dB for all the working bands
of the antenna.

The performance of the proposed MIMO antenna in terms of diversity parameters is
evaluated using ECC, CCL, Mean Effective Gain (MEG), and DG, as illustrated in Figure 22.
The results indicate that the antenna achieves an ECC value of less than 0.08 across the
entire operational frequency range. While an ideal ECC is zero, the proposed design closely
approaches this ideal. The figure also presents the DG, showing that the antenna maintains
DG values exceeding 9.8 dB throughout the operational bandwidth. Additionally, the
MIMO antenna demonstrates a CCL of less than 0.05 bits/Hz/s, which is well within the
acceptable range. The MEG, shown in Figure 22b, reaches a maximum of −4 dB. These
findings establish the proposed dual-port MIMO antenna as a strong candidate for future
microwave and millimeter-wave applications.

Table 7 presents a comparison between the proposed antenna and recent related stud-
ies, highlighting that the MIMO SSPP LWA is more compact than the LWAs discussed
in [1,6] (single-element) and [47]. Moreover, the proposed antenna provides a wider band-
width than those in [1] (single-element) and [47] despite these studies potentially achieving
higher gain. However, the larger size of these antennas makes them less appropriate for
integration into vehicle structures. The compact nature of the proposed design, along with
its broad bandwidth and high gain, ensures the required high-speed, high data rate, and
low-latency performance for efficient vehicular communication. Although the antennas
proposed in [9,14] utilize smaller volumes by omitting a dielectric substrate, they may
not be ideal for vehicle body placement, which demands antennas with physical solid
durability. In such situations, adding a cavity or communication module may be necessary,
increasing the antenna’s size and potentially reducing its coverage.
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Figure 21. Measured and simulated radiation patterns of the proposed antenna at (a): 3.4 GHz,
(b): 8.5 GHz, (c): 24 GHz, (d): 35 GHz, (e): 60 GHz, and (f): 80 GHz.
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Table 7. Other related multi-band mm-wave antennas and mm-wave MIMO LWAs for vehicular communications.

Ref. BW (GHz) Polarization Max. Gain (dBi) Max. Efficiency (%) Enhancement
Techniques Dim (mm × mm) Applications

[1] 25.99–31.49, 5.5 N/A 8.48 93.8 Parasitic elements and
corrugations 33.83 × 16 Directional 5G communication,

imaging, or sensing

[5,7] 25.13–37.74, 12.61 N/A 11.13 78 Corrugations and
metamaterials 14 × 33 5G communications

[14] 2.45, 2.6, 3.4, 28 Multi 9 N/A Tapered slot antenna
(TSA) >60 Diam 5G-V2X

[24] 28 N/A 6.2 39 mm-wave on-glass
antenna 25 × 25 Vehicular

[33] 11–16 N/A 12 >88 SSPP LWA,
hole-shaped SSPP TL 200 × 30 Imaging radar

[34] 6–15 N/A 12 95 SSPP LWA 404 × 80 Planarly integrated
communication systems

[47] 55–66, 11 N/A 14.86 90.2 DSVA, corrugations,
and grating elements 70 × 40 High-speed 5G

communications

[48] 16.5–18 CP/LP 12.54 98.5
Half-mode

substrate-integrated
waveguide LWA

170 × 35 Vehicular

[49] 56.3–63.4 CP 13.47 >62 Single layer
SIW 320 × 20 V2V

[50] 24.6–42.1,
50.1–52.5 N/A 6.72 98.7 Collinear planar 22 × 13 V2X

[51] 2.6, 3.9, 5.6 N/A 5.9 N/A U-shaped structure 120 × 120 Vehicular
[52] 27.5–32 N/A <15 <90 SSPP 65 × 20 5G applications
[53] 8–14 N/A <8 N/A SSPP 269 × 63.24 Computer vision aids, VC
[54] 8–12 N/A <10 <95 SSPP 55 × 30 Localization in X-band
[55] 4–6.5 N/A 8.5 N/A CPW SSPP 120 × 87.5 Beyond fifth generation

This work

3.32–4.28
8.45–11.7

16.66–18.45
23.67–27.26
31.67–34.57
52.3–61.67
71.8–82.5

CP, Dual 11.6, 14.5 on car <92 LWA SSPP 14 × 12 5G, B5G, and vehicular
communication
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5. Conclusions
This study demonstrates the development and effectiveness of a compact and innova-

tive SSPP-TL MIMO leaky wave antenna (LWA) with orthogonal feeding optimized for
vehicular communication applications in both lower and mm-wave 5G frequency bands.
By integrating key design elements, including periodic SSPP arrays, spiral-shaped parasitic
semi-circular strip patches, and a defected ground structure (DGS) with meander lines,
the proposed antenna operates as a multi-band system, supporting four distinct radiation
modes while significantly minimizing back and end-fire radiation. The antenna achieves
exceptional reflection coefficient values (S11 < −14.3 dB) across a wide range of frequen-
cies: 3.32–4.28 GHz, 8.45–11.7 GHz, 16.66–18.45 GHz, 23.67–27.26 GHz, 31.67–34.57 GHz,
52.3–61.67 GHz, and 71.8–82.5 GHz. With stable broadside radiation patterns, peak gains
of 11.6 dBi in air and 14.5 dBi on a vehicle, and maximum radiation efficiencies of 91%
and 93%, respectively, this antenna demonstrates outstanding beam-steering and dual-
polarization capabilities. The compact size (14 × 12 × 0.25 mm3) further highlights its
suitability for integration into modern connected and autonomous vehicles. Extensive
testing confirms its robust performance across various vehicular scenarios, supporting
Vehicle-to-Vehicle (V2V), Vehicle-to-Pedestrian (V2P), and Vehicle-to-Infrastructure (V2I)
communication. Additionally, the Specific Absorption Rate (SAR) values for drivers and
pedestrians remain well within the safety limits set by regulatory authorities, ensuring safe
electromagnetic exposure. This work underscores the transformative potential of integrat-
ing SSPP structures with leaky wave antennas to enable compact, multi-functional, and
high-performing designs for vehicular communication. The proposed antenna provides
seamless connectivity with mobile networks and ensures reliable communication with
surrounding vehicles, pedestrians, and roadside units, addressing critical challenges in
modern automotive communication networks. Future research can explore the integration
of this antenna into larger vehicular networks with dynamic beamforming and adaptive
MIMO configurations, further enhancing its utility in congested urban environments and
complex vehicular communication scenarios. Additionally, optimizing the antenna for
multi-protocol support, such as 5G, Wi-Fi 6E, and satellite communication, could expand its
applications for connected and autonomous vehicles. Investigating materials with higher
mechanical robustness and environmental resilience will also facilitate their deployment in
harsh vehicular environments. These advancements will ensure that the proposed antenna
remains at the forefront of vehicular communication technologies, driving the evolution of
next-generation intelligent transportation systems.
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