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ABSTRACT

This paper presents a design of flexible coplanar waveguide–fed slot-loaded antenna for wideband vehicle-to-
everything communications in curved automotive environments. The proposed design incorporates strategically 
placed slots in both patch and ground planes to enhance impedance matching and bandwidth characteristics. 
Experimental results demonstrate an operational bandwidth from 2.44 to 7.26 GHz (99.38% fractional bandwidth) 
with stable radiation patterns, achieving gains between 3.45–4.6 dBi and maintaining 90% total efficiency across 
the band. The antenna’s conformal capabilities are validated through fabrication and measurement, showing 
strong agreement with simulation results. Practical implementation is demonstrated via a careful integration on a 
vehicle wing mirror, with far-field performance analyzed using Ansys Savant tool. The compact 32 × 32 × 0.1 mm3 
design exhibits excellent mechanical flexibility while meeting the demanding requirements of modern vehicular 
communication systems.
Index Terms—5G vehicular networks, coplanar waveguide, conformal, flexible antenna, slot–loaded antenna, 
V2X communications

I. INTRODUCTION

Flexible conformal wideband antennas are crucial in wireless communication due to their 
unique characteristics, such as the antenna can be mounted on curved surfaces and provides 
broad bandwidth to incorporate multiple wireless communication applications. The conformal 
antennas are utilized to mount on aircraft and spacecraft in defense and navigation applica-
tions; various positions of vehicle include rooftop, side-view mirror, and bumper. In previous 
studies, coplanar waveguide (CPW) feeding techniques have been utilized to attain wide opera-
tional bandwidths for applications such as Wireless Fidelity(Wi-Fi), Worldwide Interoperability 
for Microwave Access (WiMAX), and Wireless Local Area Network (WLAN). In [1], the analysis and 
applications of CPW structures to antennas and microwave circuits. In order to achieve wide 
operating band (1.475–2.966 GHz), a CPW-fed square slot [2] antenna with tuning stub as well as 
metallic strip lines connected diagonally to the square slot has been incorporated. A trapezoidal 
shaped CPW-fed ultra-wideband (UWB) antenna in [3], antenna loaded by parasitic element in 
[4], and antenna with rounded corners technique in [5] have been experimentally demonstrated 
to get broad impedance bandwidth for various applications. Various CPW-fed antennas improv-
ing distinct features such as gain enhancement using defective ground structures [6], obtained a 
compact antenna using Koch iteration technique [7], achieved good impedance matching using 
parasitic circular patch and inverted L-shaped strip lines [8] are presented in the literature. A 
circularly polarized CPW antenna [9] has been investigated for WLAN applications in the fre-
quency band of 4.85–5.37 GHz. The design features an asymmetric square slot embedded with 
two equal-sized patches arranged perpendicularly to generate circularly polarized waves. The 
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antenna, utilizing a CPW feedline, integrates a circular radiator [10] and strategically positioned 
slot on the feedline to achieve bandwidth enhancement. Furthermore, two printed antennas 
[11] a thin wire and a disc monopole have been examined for their capacity to modulate the 
broadside radiation intensity from minimum to maximum by modifying the curvature of the 
printed substrate. A Hilbert-curve loop antenna [12] with an omnidirectional radiation pattern is 
designed, and the results were analyzed with a focus on the antenna’s flexibility. The antenna’s 
bandwidth is enhanced by utilizing a wideband cylindrical conformal antenna that incorporates 
a bow-tie-shaped slot [13] in the ground surface with increased dimensions, and a wideband 
cylindrical conformal antenna [14] is presented in the literature. A circularly polarized wideband 
antenna is constructed with an L-shaped strip [15] connected to the ground for circularly polar-
ized wave radiation, while broad impedance matching is achieved through the incorporation 
of stubs for wireless and vehicle-to-everything (V2X) applications. Inkjet-printed antenna [16] 
prototypes are developed on translucent polyethylene terephthalate substrates, aimed at com-
munication applications in vehicles.

A unique design of a microstrip patch antenna, structured like a pendulum [17] and integrating 
slot loading techniques, has been created and assessed specifically for radio frequency identifi-
cation applications. A novel patch antenna is introduced, which possesses compact dimensions, 
flexibility, and transparency [18], making it suitable for Wi-Fi 6G applications. An innovative 
methodology for creating a flexible patch [18] antenna specifically suited for strain sensing and 
wireless communication. A flexible parasitic patch [19] is designed for biomedical applications, 
incorporating ground plane imperfections and functioning within the Industrial, Scientific, and 
Medical (ISM) band. A compact grounded asymmetric coplanar strip–fed flexible frequency-
reconfigurable [20] antenna, equipped with two PIN diodes, has been developed. The antenna 
is a planar design with many frequency bands and utilizes a third-order toroidal [21] coupling 
structure. Further, circularly polarized multiple-input-multiple-output antenna [22] with a 2 × 
1 configuration is introduced for V2X vehicular applications, alongside an UWB quad-element 
antenna [23], as highlighted in the literature. Various types of flexible slotted patch antennas 
using CPW feed exhibiting wideband were presented in [23-30,], for V2X and Internet of Things 
(IoT) integration, focusing on the antenna’s adaptability to various platforms. In [31], a CPW-fed 
conformal antenna designed for 5G V2X systems. The study investigates how conformal designs 
can enhance antenna performance for vehicles, supporting the high data rates and low latency. In 
[32–42], several antenna structures improving antenna performance metrics like gain, efficiency, 
bandwidth, and miniaturization of the antenna discussed which are suitable for V2X systems.

This study systematically summarizes commonly used bandwidth enhancement techniques, 
including slot loading, parasitic elements, multilayer substrates, and defected ground structures. 
The review highlights the trade-offs among compactness, efficiency, and impedance bandwidth, 
providing useful design insights for wideband antenna development [43]. Recent studies have 
emphasized the importance of evaluating wearable antennas under realistic human-body con-
ditions using phantom models. Metamaterial-integrated wearable antennas have been experi-
mentally analyzed under bending and on-body scenarios, demonstrating controlled specific 
absorption rate() levels, stable impedance matching, and improved gain despite tissue loading 
effects. These investigations highlight that phantom-based assessment under mechanical defor-
mation is essential to accurately characterize performance parameters such as bandwidth stabil-
ity, radiation efficiency, and electromagnetic safety for body-centric wireless applications [44-45].

It is observed that from the review, the rapid growth of intelligent transportation systems has 
intensified the need for wideband antennas capable of supporting reliable V2X communications 
in constrained automotive environments. Rigid antennas often suffer from impedance mismatch 
and radiation degradation when integrated onto curved vehicle surfaces. Flexible conformal 
antennas offer mechanical adaptability, but achieving stable wideband performance under 
bending remains a challenge. Coplanar waveguide–fed antenna structures provide wide imped-
ance bandwidth and compatibility with flexible substrates, making them suitable for vehicular 
V2X applications.

In this context, the motivation of the proposed work is to develop a flexible CPW-fed slot-loaded 
antenna that offers wide impedance bandwidth, stable radiation performance, and mechanical 
conformability suitable for real-world automotive environments. By employing strategic slot load-
ing and CPW feeding techniques, the proposed antenna aims to enhance bandwidth while main-
taining compact size and structural flexibility. Additionally, evaluating the antenna performance 
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under planar and curved configurations provides critical insights into 
its practical applicability for V2X communication systems.

II. ANTENNA DESIGN CONSIDERATIONS

Fig. 1 shows the simulated and fabricated antenna prototypes with 
CPW feed. The proposed antenna is simulated using ANSYS HFSS 
Tool and fabricated on polyimide material with a dielectric constant 
of 3.5 having an overall dimension of 32 × 32 × 0.1 mm3.

The optimized dimensions of the proposed antenna are listed in the 
Table I. The methodology and design flow of the proposed antenna 
design are indicated in Fig. 2. The proposed antenna design starts 
with the selection of substrate parameters. The CPW feed is con-
figured after completing the patch design, and then the complete 
design is simulated with the HFSS simulation tool. The results are 
now analyzed, and then the structure is optimized to achieve bet-
ter operating characteristics. The optimized simulated design is 
fabricated and tested with the vector network analyzer (VNA) and 

Fig. 1.  Simulated and fabricated prototypes of the proposed antenna. (A) Simulated design. (B) Fabricated prototype.

TABLE I.  OPTIMIZED DIMENSIONS OF THE PROPOSED ANTENNA

Parameter Units (mm) Parameter Units (mm)

W1 32 L3 4.5

W2 14 L4 14

W3 8 L5 7

W4 6 L6 3

W5 4 d1 1

W6 5 d2 1

W7 4.5 d3 0.5

W8 4 d4 1.5

L1 32 d5 0.5

L2 16.5 d6 1.5

Fig. 2.  Flow chart of the design methodology.
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Fig. 3.  Iteration steps of proposed antenna.

Fig. 4.  The simulated S11 vs. frequency plot of the proposed antenna.
Fig. 5.  The gain and total antenna efficiency plots of the proposed 
antenna.

anechoic chamber. The measured results are compared with simu-
lated results. The proposed design is integrated with the vehicle and 
then analyzed.

The design of the proposed antenna followed a structured evolu-
tion, as illustrated in Fig. 3. The initial configuration consisted of a 
standard CPW-fed square slot antenna shown in Fig. 3(A). To enhance 
performance, the second iteration introduced variably sized slots 
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into the square patch, depicted in Fig. 3(B). The final design was real-
ized by etching rectangular slots onto the ground plane as shown in 
Fig. 3(C), optimizing the antenna’s characteristics. Introducing slots 
in both the radiating element and the ground plane significantly 
modifies the surface current flow by creating several resonant paths 
with unequal electrical lengths. These modified current paths sup-
port the excitation of additional resonant modes in the vicinity of the 

fundamental resonance, which collectively combine to produce an 
enhanced impedance bandwidth. Moreover, the increased effective 
electrical length caused by the slots, together with the strengthened 
electromagnetic interaction between the radiator and the ground 
plane, lowers the antenna’s quality factor. This reduction in quality 
factor enables stable impedance matching to be maintained across 
a wider operational frequency range.

Fig. 6.  Measurement setup using vector network analyzer and anechoic chamber.

Fig. 7.  Conformal antenna configurations with different radii. (A) Antenna conformed on foam material with radius “R.” (B) R = 60 mm. (C) R = 45 
mm. (D) R = 30 mm.
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III. RESULTS AND DISCUSSION

A. Impedance Characteristics
The simulated antenna’s performance is characterized through a 
comprehensive analysis of S11 parameters, gain, total efficiency, 
and radiation patterns. Fig. 4 presents the reflection coefficient (S11) 
characteristics for all three design iterations. The baseline CPW-fed 
configuration operates across 2.66–7.40 GHz, achieving a mini-
mum return loss of −23.16 dB. Performance optimization occurs in 
two stages: initial bandwidth expansion to 4.5 GHz (2.67–7.24 GHz) 
through patch-integrated rectangular slots, followed by further 
enhancement to 5.16 GHz (2.44–7.26 GHz) via ground plane slot 
modifications.

The gain and total antenna efficiency plots of the proposed antenna 
are shown in Fig. 5. From the plot, it is clear that all the simulated 
antennas achieve a gain exceeding 3.3 dBi and maintain a total effi-
ciency greater than 90% across the operating frequency band.

A VNA measures the scattering parameters of the fabricated pro-
totypes for both the planar and conformal antenna designs. The 
measurement setups for these models are illustrated in Fig. 6(A) and  
Fig. 6(B), respectively. Additionally, the antenna’s broadside gain is 
characterized in an anechoic chamber, as shown in Fig. 6(C).

The proposed antenna conformed with different radii such as 60 mm, 
45 mm, and 30 mm are depicted in Fig. 7(A)–(D). The correspond-
ing reflection coefficient and gain plots are shown in Fig. 8(A). It is 
observed that as curvature radii decrease, the antenna upper cut-off 
frequency shifted from 7.25 GHz to 6.5 GHz and there is no effect 
on the lower cut-off frequency. Fig. 8(B) compares the simulated 
and measured reflection coefficients for both planar and conformal 
antenna configurations. The simulated planar antenna exhibits an 

operating band of 2.44–7.26 GHz with a 99.38% impedance band-
width, while the measured planar antenna covers 2.52–6.75 GHz, 
achieving a 91.2% bandwidth. For the conformal model (with a 45 
mm cylindrical curvature radius), the simulated results show a band-
width of 2.46–7.22 GHz (98.34% impedance bandwidth), whereas 
measurements indicate an operational range of 2.56–6.54 GHz 
(87.47% bandwidth). The slight variations between simulated and 
measured results may arise from fabrication tolerances or measure-
ment uncertainties. Fig. 8(C) illustrates the simulated and measured 
antenna gain. The simulated gain is 4.6 dBi, while the measured 
value is approximately 3.95 dBi, which aligns with the performance 
requirements for V2X applications. The antenna gain alters due 
to the bending effect of curvature radius at medium and high fre-
quency ranges. As the radius of the cylinder increases, the gain at 
mid-frequencies increases and decreases at low frequencies, which 
are suitable for V2X applications.

Table II presents the performance evaluation of the proposed antenna 
across different design iterations and the final measured prototype. 
The simulated models from Step-1 to Step-3 demonstrate progressive 

Fig. 8.  (A) Comparison of simulated S11 for both planar and conformal antenna configurations. (B) Comparison of measured S11 for both planar 
and conformal antenna configurations. (C) Gain plot of the proposed antenna in broadside direction.

TABLE II.  PERFORMANCE EVALUATION OF THE PROPOSED ANTENNA

Model S11 Range (Depth) Bandwidth

Percentage 
Bandwidth 

(%)
Max. Gain 

(dBi)

Step-1 2.66–7.40 (−23.16) 4.74 94.2 4.5

Step-2 2.67–7.24 (−22.4 dB) 4.57 92.2 4.54

Step-3 2.44–7.26 (−32.03 dB) 4.82 99.38 4.6

Measured 2.52–6.75 (−40.5 dB) 4.23 91.3 3.92
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improvements, with Step-3 achieving the widest bandwidth (2.44–
7.26 GHz, 99.38%) with a minimum S11 of −32.03 dB achieved, indicat-
ing optimal impedance matching. The measured prototype exhibits a 
slightly reduced but still excellent bandwidth (2.52–6.75 GHz, 91.3%) 

with an impressive S11 of −40.5 dB, confirming effective impedance 
matching in the practical implementation. While the simulated peak 
gain improves marginally from 4.5 dBi (Step-1) to 4.6 dBi (Step-3), the 
measured gain of 3.92 dBi remains within acceptable limits, with the 

Fig. 9.  (A) Simulated 3D radiation plots of the proposed antenna. (B) Simulated and measured radiation plot of the proposed antenna. (C) 
Simulated co-polar and cross-polar radiation plots at 3.6 GHz.
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minor reduction attributable to fabrication tolerances and material 
losses. These results validate the antenna’s robust wideband perfor-
mance and practical feasibility for its intended applications.

B. Far-Field Characteristics
Fig. 9 presents the simulated and measured far-field radiation pat-
terns of the proposed antenna at 3.6 GHz and 5.9 GHz. The simulated 
3D radiation patterns at these frequencies are shown in Fig. 9(a), with 
the antenna achieving a peak gain of 3.6 dBi at 3.6 GHz and 5 dBi 
at 5.9 GHz. The measured polar radiation patterns are displayed in 
Fig. 9(b). Here, the H-plane pattern (black curve) exhibits omnidirec-
tional behavior, while the E-plane pattern (red curve) shows bidirec-
tional characteristics, attributed to the CPW feed structure. Fig. 9(c) 
represents the co-polar and cross polar components of the proposed 
antenna at 3.6 GHz for Phi = 00 and Phi = 900 which gives a separation 
of 20 dB– 30 dB for both the cases.

IV. INSTALLED ANTENNA PERFORMANCE

This section examines the performance of the installed antenna 
on a three-dimensional car model utilizing the Ansys Savant tool. 
The 3D and 2D radiation patterns that were simulated at 3.6 GHz 
are displayed in Figs. 10 and 11. The radiation fields of the antenna 
structure are altered by interactions with the metallic car body. 

The metallic automobile body’s impact on the antenna’s radiation 
fields changes based on parameters like the material composition, 
size, and shape of the vehicle. Studies indicate that the antenna’s 
proximity to certain parts of the automobile body, including the 
roof, hood, or doors, can cause localized changes in the radiation 
pattern. Assessing the antenna’s performance at different posi-
tions on the vehicle, such as the roof and side view mirror, provides 
a thorough examination of its effectiveness in varied situations 
and positions of the vehicle’s body. Placing the antenna on the 
roof allows for analysis of its radiation pattern and coverage in a 
high-elevation setup, mimicking a common installation scenario 
for several vehicle communication systems. Attaching the antenna 
to the side view mirror provides important information about how 
it functions in a smaller, limited space, typical in contemporary car 
design.

Observation of the results shows clear differences between the 
overall composite field and the incident field, especially when the 
antenna is located on the roof of the car model. The conductive 
properties of the car body have a substantial impact on the way 
radiation is distributed in the vertical plane, affecting the over-
all field distribution in various horizontal directions, such as 90° 
and 0°. In the plane of elevation, the overall composite field dis-
plays behavior that closely resembles that of the incident field, 

Fig. 10.  Installed antenna radiation plots at 3.6 GHz for vehicle rooftop. (A) Elevation domain (azimuth = 900). (B) Elevation domain (azimuth = 00). 
(C) Azimuth domain (elevation = 00). (d) 3D radiation pattern.



Electrica 2026; 26: 1-12
Virothu et al. CPW-Fed Slot Antenna for V2X Communications

9

Fig. 11.  Installed antenna radiation plots at 3.6 GHz for vehicle side view mirror. (A) Elevation domain (azimuth = 900). (B) Elevation domain 
(azimuth = 00). (c) Azimuth domain (elevation = 00). (d) 3D radiation pattern.

suggesting minimal distortion or alteration in this regard. The 
composite field’s near-omnidirectional nature implies that it has 
consistent radiation properties regardless of the elevation orienta-
tion. This allows for reliable signal coverage in all directions around 
the vehicle. The findings emphasize the intricate electromagnetic 
interactions between the antenna and the metallic structure of 
the vehicle, underscoring the importance of carefully considering 
the placement and orientation of the antenna in vehicular com-
munication systems.

Table III compares the proposed antenna with previous research 
works. With a center frequency of 4.63 GHz, the proposed design 
achieves 91.3% fractional bandwidth covering 4.23 GHz, while main-
taining compact dimensions of 32 × 32 × 0.1 mm3 and 4.6 dBi gain.

V. CONCLUSION

This research presents a significant advancement in flexible 
antenna technology for vehicular applications. The developed 

TABLE III.  COMPARISON OF THE PROPOSED ANTENNA WITH LITERATURE

Ref. no. Substrate fc (GHz) S11< = −10 dB B.W(GHz) / % B. W Peak Gain (dB) Antenna Dimensions (mm3)

[9] FR-4 6 2.07/33.31 3.12 21.8 × 20 × 0.74

[17] FR-4 0.915 0.4/44.4 3.5 60 × 40 × 0.8

[18] PVC 6.45 1.17/18.1 6.3 50 × 50 × 2

[19] PDMS 2.45 0.3/12.2 2.34 40.5 × 41 × 2

[20] Polymide 2.45 0.11/4.48 1.84 25 × 20 × 0.07

[21] Polyamide 2.4, 3.8, 5.6 0.14, 0.24, 0.37/5.8, 6.3, 6.6 2.26/3.14/3.73 24 × 19 × 1.53

[22] Polymide 1.6, 3.5, 5.2 0.7, 0.75, 1.12/41.1, 21.2, 21.2 1/4.4/2.4 53 × 42 × 0.1

This Work Polyimide 4.63 4.23/91.3 4.6 32 × 32 × 0.1
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CPW-fed slot-loaded design achieves exceptional bandwidth cov-
erage from 2.44-7.26 GHz while maintaining high efficiency and 
stable radiation characteristics. Experimental results confirm the 
design’s suitability for practical automotive integration, with mea-
sured performance closely matching simulation predictions. The 
antenna’s compactness and mechanical flexibility make it particu-
larly suitable for modern V2X communication systems requiring 
reliable performance in curved mounting scenarios. The antenna 
produces stable radiation patterns characteristics with high effi-
ciency at the respective operating frequencies. The design also 
offers the flexible nature as it is designed with polyamide sub-
strate. It is also tested in different physical environments with 
bending characteristics.
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