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Abstract
The growing occurrence of traffic accidents in urban regions is a cause for concern. Ensuring the safety
and well-being of individuals involved in accidents is of utmost importance, and it is essential to provide
them with prompt rescue operations and essential medical assistance. This research aims to develop an
antenna system that operates at 2.4 GHz in the S-band (1.97 GHz-2.69 GHz) for monitoring vehicles
involved in accidents. The monitoring unit will be installed into the vehicles and will need a small
rectangular patch antenna to be placed on the rooftop of the vehicle for better signal reception and
transmission. A thorough simulation analysis using Computer Simulation Technology software has been
conducted to evaluate the performance of the antenna design. The simulation outcomes reveal that the
proposed antenna offers a bandwidth of 115.991 MHz (ranging from 2.258525 GHz to 2.374516 GHz),
ensuring reliable signal transmission and reception in challenging conditions. It also shows a return loss
of −53.52039 dB, indicating excellent impedance matching, a Voltage Standing Wave Ratio of 1.004456 for
near-perfect impedance matching, a gain of 2.55 dBi for effective signal transmission, a directivity of
4.815 dBi for focusing energy in a specific direction, and a radiation efficiency of −2.262 dB (59.43%) for
converting input power into radiated electromagnetic waves efficiently. These results suggest that the
antenna system will be effective and reliable for real-time signal transmission and reception in accident
monitoring scenarios. Implementing this system with an optimized antenna is expected to reduce
response time for rescuing accident victims, potentially saving lives and minimizing the impact of traffic
accidents in urban areas.
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Introduction
Wireless communication for personal use has experienced a significant rise in popularity worldwide.
Comparing the service quality provided in the past with the present, there has been a significant
improvement [1]. The global infrastructure for terrestrial mobile communication has also expanded,
resulting in satisfactory coverage for the majority of areas. However, there are still remote regions that
lack coverage. To address this issue, satellite-based wireless communication offers a viable solution. One
of the advantages of utilizing satellite technology in mobile communications is the ability to transmit and
receive traffic through broadcast or multicast methods [2,3]. The merits of using mobile satellite
communication were first realized and implemented by the Japan Aerospace Exploration Agency. They
developed the Engineering Test Satellite VIII, an advanced S-band satellite. This satellite was launched
into space to conduct orbital experiments and validate the various functionalities of mobile satellite
communication. This technology aims to provide faster, more accurate, and error-free data from satellites,
especially for traffic control in emergencies [4]. Additionally, the utilization of GPS, vehicular
communication regulation, and electronic toll collection have been rapidly increasing [5].

Antennas play a crucial role in establishing seamless communication with satellites, especially in high-
speed vehicle scenarios. The S-band frequency range (1.97 GHz-2.69 GHz) is widely utilized for
communication applications due to its optimal balance between range and data throughput capabilities
[6]. Among various antenna technologies used in vehicle communication systems, such as the monopole,
microstrip patch, on-glass, bonded foil, and fractal antennas, the microstrip patch antenna is favored for
its low profile, lightweight design, and ease of integration into vehicle components like the bumper or
roof. However, conventional patch antennas face limitations in operating bandwidth due to a high-quality
factor (Qn) [7]. To address this issue, techniques such as adjusting dielectric material thickness and
substrate dielectric constant have been proposed to enhance the antenna’s bandwidth and overall
performance, making it more suitable for the rigorous demands of vehicle monitoring systems (VMS) [8].

A single-feed square patch antenna measuring 41 × 41 × 1.6 mm³, featuring an inclined fractal defected
ground structure for circular polarization (CP) in S-band applications, was suggested [9]. This antenna
accomplished CP radiation at 2.61 GHz, exhibiting an impedance bandwidth of 5.53% and a peak gain of
4.12 dBi. This particular design is well-suited for wireless communication in the S-band, displaying
satisfactory concurrence between actual and simulated outcomes, thereby augmenting axial ratio
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bandwidth and return loss bandwidth. A central spiral split-rectangular-shaped metamaterial absorber,
encompassed by a polarization-insensitive ring resonator, attained 99.9% absorption at 3.1 GHz. The
absorber showcases elevated absorption rates, rendering it efficient for radar detection at low frequencies
and other S-band applications. This design underscores the utilization of split gaps and ring resonators to
amplify electric field intensity and absorption capacities [10]. A compact quad-channel diplexer
employing triangular and rectangular loop resonators for applications in L- and S-bands was unveiled [11].
The duplexer exhibited remarkable performance characteristics with insertion loss below 0.8 dB and
return loss exceeding 21 dB at four distinct operating frequencies. Consequently, it is deemed suitable for
multiband communication systems necessitating compact and effective filtering components. An
exploration was conducted on a microstrip notch antenna designed for radio frequency (RF) energy
harvesting in S-band applications [12]. This antenna is characterized by a notch with an inset feed,
tailored for employment in satellite, radar, and air traffic control systems. Its modest dimensions, cost-
efficiency, and omnidirectional emission pattern position it as a promising contender for energy
harvesting purposes. A frequency-reconfigurable multimode antenna capable of functioning across the
ISM, 5G-sub-6 GHz, and S-band frequencies was put forth [13]. The antenna leverages triangular-shaped
monopole radiators with PIN diodes to achieve frequency reconfigurability, thereby attaining wide
bandwidth and exceptional performance across multiple frequency bands. This design offers flexibility
and adaptability for a variety of wireless communication scenarios.

A revised patch antenna for nano-satellite applications operating in the S-band was developed [14],
showcasing enhanced performance metrics such as a return loss of less than −20 dB, a Voltage Standing
Wave Ratio (VSWR) below 1.7, and a peak gain of approximately 7 dBi, thereby improving the reliability of
communication links. The design of circularly polarized patch antennas for small satellites in the S-band
[15] provides significant advantages such as high gain, unidirectional features, and compatibility with
CubeSat setups, rendering them suitable for a variety of small satellite missions, including VMS. By
utilizing a genetic algorithm, a patch antenna has been optimized for bandwidth and gain enhancement
[16], crucial for effective communication in VMS. Furthermore, a compact multiband microstrip patch
antenna intended for GSM/WLAN/WiMAX/DSRC/X-band satellite applications for vehicle communication
with four resonant frequency bands was proposed [17], demonstrating nearly omnidirectional radiation
properties and satisfactory gain levels. The efficacy of microstrip patch antennas in satellite imaging
systems and GPS applications was underscored [18] due to their effectiveness in communication systems
like vehicle monitoring. A circularly polarized patch antenna with double Slip Ring Resonator for vehicle-
to-vehicle [19], illustrating the potential for diverse polarization and radiation characteristics across
various bands, including C-band and DSRC-band, essential for vehicle-to-satellite and vehicle-to-
everything communications. An innovative linearly polarized compact patch antenna designed for
potential application in vehicle-to-vehicle communication was introduced [20], incorporating resonators
to suppress harmonics and etching slots to achieve symmetrical current distribution. This antenna
achieves a fractional impedance bandwidth of 4.0%, peak realized gain of 6.0 dBi, cross-polarization level
of 40.7 dB, and front-to-back-lobe ratio of 20 dB with an efficiency of 95%. Additionally, a single-fed,
single-layer, dual-band antenna with a significant frequency ratio of 4.74:1 for vehicle-to-vehicle
communication was presented [21], offering a high peak gain of 7.7 dBi in the DSRC-band and 6.38 dBi in
the 5G mm-wave band. A circular ring-shaped patch antenna designed for automotive communication
and DSRC applications was proposed [22]. Moreover, a CPW-fed patch antenna configuration tailored for
weather monitoring, air traffic control, and defense tracking applications was demonstrated [23], along
with a millimeter-wave patch antenna for 5G communication on vehicles [24], a slotted patch antenna
featuring an enhanced gain pattern for automotive applications [25], and a wideband circularly polarized
patch antenna array for vehicle communication [26]. An E-slot microstrip patch antenna designed for
vehicle-to-vehicle communication [27] is distinguished by its low profile, high gain, and wide bandwidth
capabilities. A vehicle-mounted antenna with a shallow omnidirectional radiation profile in the high-
frequency band was described [28]. A microstrip patch antenna operating at 2.4 GHz for S-band wireless
communications was introduced [29]. A triple-band rectangular slot microstrip patch antenna was
developed for Wi-Fi, Wi-MAX, and Satellite Applications [30]. A comprehensive demonstration of an S-
band microstrip patch antenna design and simulation for wireless communication systems was provided
[31].

In this study, a specialized antenna unit is developed to establish a seamless communication link with a
geostationary satellite, even when the vehicle is in motion at high speeds. To meet the demand for
compact antenna capable of tracking satellite beams, a new design known as the partial grounding inset
feedline-based rectangular patch antenna is proposed. This design aims to optimize impedance matching,
improve signal reception and transmission on vehicle rooftops, and address bandwidth constraints. By
leveraging innovative antenna configurations, the proposed antenna significantly improves
communication performance in challenging environments, ensuring dependable connectivity with
satellites during rapid vehicle movement. These advancements in vehicle-to-satellite (V2S) and vehicle-
to-everything (V2X) communications offer substantial advantages in terms of connectivity and reliability
for a wide range of applications.

Materials And Methods
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Structure of the System

The system structure comprises of four components: satellite, transmission channel, fixed ground station,
and mobile ground station. The primary transmission issue arises from obstructions, which result in a loss
of satellite signal reception. Additional problems include the shadowing effect caused by trees and the
fading effect caused by surrounding infrastructure and trees. These effects can be mitigated by
implementing directional antennas, as they diminish signal reflection. Both the fixed ground station and
mobile ground station consist of various components, including antennas, up/down converters, a
duplexer, a power amplifier, a low-noise amplifier, a demodulator, and a modulator. However, the
satellite’s system is similar to the fixed ground station and mobile ground station, except it does not
include a modulator or demodulator. The satellite receives a signal, alters its frequency, amplifies weak
signals, and then transmits the signal. To assess the system architecture’s performance, several metrics
are utilized. These metrics include G/T (Figure of Merit), EIRP (Effective Isotropically Radiated Power),
and C/N0 (Carrier Power to Noise Power Ratio). G/T and EIRP evaluate the transmission and reception
capabilities of the satellite, fixed ground station, and mobile ground station, while C/N0 measures the
performance of the transmission channel [32-34]. Figure 1 depicts the system architecture proposed for
this work.

 

FIGURE 1: System configuration

In addition to the system architecture depicted in the illustration above, various alternative system
architectures are presented below. These architectures differ according to the specific application being
considered. The utilization of satellite communication applications is primarily restricted to military and
government agencies, and selected private organizations for commercial purposes due to licensing
considerations [35]. Satellite communication systems offer desirable features for military applications,
such as low probability of detection and protection against jamming signals [36]. Commercial satellite-
based personal communications systems have been explored for military use, highlighting vulnerabilities
like jamming, interception, and communications security, as well as limitations in capacity and coverage
[37]. The commercial assets available, including constellations of low Earth orbit and geostationary Earth
orbit satellites, can meet military security requirements through approved encryption equipment, making
them valuable for missions like Desert Storm and Bosnia peacekeeping operations [38]. Despite the cost-
effectiveness of satellite communication for long-distance applications, security concerns and limitations
such as high bit error rates and link delays pose challenges for broader commercial use [39].

The different system structure depicted in Figure 2, as discussed in Mishra et al. [40], aims to improve
communication between fast-moving vehicles, a crucial requirement for military convoys, emergency
response teams, and high-speed transportation systems. To address the challenges of maintaining
connectivity between swiftly moving vehicles, technologies such as mobile ad-hoc networks and vehicle-
to-vehicle (V2V) communication protocols are essential [41]. Implementing robust signal processing
algorithms and adaptive networking protocols is vital to ensure reliable and low-latency communication
between these vehicles [42,43]. Additionally, the advancement of Ethernet-based architectures with
dependable performance and simple setups can also assist in meeting the communication needs of in-
vehicle networks, particularly as vehicles are equipped with more sophisticated sensors and processors.
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FIGURE 2: Different architecture for the system

The additional system architecture proposed in Figure 3 focuses on ensuring uninterrupted
communication between army tanks and satellites, especially in rugged terrains where traditional
infrastructure may be lacking [44]. This architecture likely involves ruggedized communication equipment
capable of withstanding harsh conditions and providing secure connectivity [45]. Techniques such as
satellite communication, mesh networking, and resilient routing protocols may be utilized to maintain
continuous links between tanks and satellites, even in challenging terrains. These tailored communication
solutions underscore the importance of advanced technologies and specialized protocols to address the
unique challenges of high-speed vehicle communication and rugged terrains [46]. Moreover, the
regulatory complexities and licensing considerations in satellite communication highlight the challenges
involved in deploying such systems for restricted applications [47].

 

 

FIGURE 3: Additional alternative structure for the system

Vehicle Antenna Systems

The vehicular antennas must possess properties that meet the electrical, mechanical, and electromagnetic
requirements. The desired characteristics can be described as follows [48-52]:

Mechanical requirements: The antenna design should prioritize lightweight construction and small size,
aiming to save space and address structural concerns. However, designing a compact antenna comes with
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a trade-off: it results in less gain and a narrower beam width. Because of this reduced gain, the power
supply to the antenna needs to be increased. Yet, vehicle batteries have constraints on supplying high
power. Additionally, the antenna design should have a wide bandwidth. However, designing an antenna
with a large bandwidth can cause interference with other systems and introduce an increased fading
effect. When the antenna is mounted on a vehicle, it is recognized as a mechanical structure that
experiences vibration effects when the vehicle is in motion at high speeds. It is also subjected to
aerodynamic forces, and the sudden application of brakes can cause additional vibration effects and
harmonics. These effects can be assessed by utilizing simulation tools and performing various analyses
such as modal analysis and harmonic analysis.

Electrical requirements: The signal both before transmission and after reception is purely an electrical
signal. According to the Friss transmission formula’s link budget, the key parameter for ensuring the
signal is received without being lost is input power. The only feasible way to supply power to the antenna
mounted on the vehicle is through the vehicle’s battery. However, it is important to note that the vehicle’s
battery is charged using the vehicle’s fuel. Therefore, the installation of the antenna system increases the
fuel consumption of the vehicle, which is undesirable.

Electromagnetic requirements: The International Telecommunication Union (ITU) governs the
regulations for satellite services, specifically the authorized utilization of frequencies in different regions
across the globe. In order to operate a planned system for mobile satellite communication, a legitimate
license from ITU is necessary to access the allocated frequency band. For effective mobile satellite
communication, the antenna installed on a vehicle should possess circular polarization to eliminate the
issues of polarization tracking and other forms of signal deterioration. According to the link budget
provided by the Friss transmission formula, the crucial factor for ensuring successful signal reception
without any loss is the gain of both the transmitting and receiving antennas. Considering the substantial
distance between the satellite and either a stationary ground station or a mobile station, the gain of the
transmitting and receiving antennas ought to be set at a high level.

Monitoring Satellites

The medium and high gain antennas can track satellites by focusing their signal beams in a specific
direction. This is different from omnidirectional antennas that transmit signals in all directions. The beam
width of the antenna is crucial in determining the coverage area and tracking capabilities. A narrower
beam width allows for more precise pointing toward satellites. The speed of the vehicle or platform on
which the antenna is mounted can also impact tracking abilities, as rapid movements may require faster
adjustments to maintain satellite tracking [53]. To successfully track satellites, the antenna needs to have
a high level of accuracy, typically less than 1 dB, to ensure that the signal is effectively transmitted and
received. Maintaining precise accuracy is essential for reliable satellite communication, especially in
critical applications such as satellite ground stations and tracking systems. Satellite tracking involves
beam steering and tracking mechanisms to maintain alignment with the satellite’s position in space.
Motors and drives are used to adjust the position of the antenna and point it toward the satellite direction,
ensuring continuous communication link and data transmission [54]. In addition to traditional mechanical
tracking systems, alternative methods such as electronic beam scanning can be employed for satellite
tracking. Electronic beam scanning technology allows for dynamic adjustment of the antenna’s beam
direction without the need for physical movement, enhancing tracking capabilities and responsiveness
[55-58]. The integration of advanced technologies and techniques, such as precise tracking mechanisms,
electronic beam scanning, and high-gain antennas, enables precise and reliable monitoring of satellites in
medium and high Earth orbits. These technologies optimize the tracking process, improve data collection,
and enhance communication capabilities with satellites, ensuring the efficient operation of satellite
tracking systems [59].

Antenna Structure

The work presents an innovative design for a compact partial grounding inset-fed-based rectangular patch
antenna operating at 2.4 GHz. The dimensions of the dielectric substrate, ground plane, and radiating
patch are crucial parameters that need to be carefully chosen to achieve the desired antenna performance
[60].

Design procedure: The following equations are used to design the size of the proposed antenna:

Step 1: Determination of the Width  of the patch:

The width of the patch is calculated using the equation:
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Where,  = light speed in vacuum

 = resonant frequency

= dielectric constant of the substrate

Step 2: Determination of effective dielectric constant :

The effective dielectric constant is calculated using the equation:

Where, = thickness of the substrate

Step 3: Determination of the effective length :

The effective length is determined using the equation:

Step 4: Determination of the length extension :

The length extension is calculated using the equation:

Step 5: Determination of the actual length of patch :

The actual length of the patch is obtained by subtracting twice the length extension from the effective
length:

Step 6: Determination of ground plane length  and ground plane width :

Step 7: Inset feedline length and width of a rectangular patch antenna:

To determine the inset feedline length and width of a rectangular patch antenna, the following equations
can be used:

· Inset Feedline Length :

The inset feedline length is determined using the equation:

· Inset Feedline Width :

The inset feedline width is calculated using the equation:

 Where:
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 is the characteristic impedance of the microstrip feeder line at the inset length .

 is the conductance term, given by

 when .

 is the susceptance term, given by

 when W.

 is the free-space wavelength corresponding to the operating frequency.

 is the inset feedline length.

 is the actual length of the rectangular patch.

 is the width of the rectangular patch.

 is the angle of the microstrip transmission line.

Antenna design consideration: The three essential parameters highlighted for the design of a rectangular
microstrip patch antenna are integral to achieving optimal performance. Here’s a breakdown of each
parameter and its significance:

Dielectric constant of the substrate : The performance of an antenna is greatly influenced by the
choice of a dielectric material that possesses the appropriate dielectric constant. This factor has a
significant impact on various aspects such as gain, bandwidth, radiation loss, and changes in operating
frequency [61]. Additionally, the dielectric constant also affects the fringing field, which is the primary
cause of radiation in microstrip patch antennas. A smaller value of εr results in wider fringes, reduced
conductor loss, improved radiation, and increased bandwidth and efficiency. Conversely, a higher value of
εr leads to a decrease in the patch size of the antenna. In the suggested antenna design, the substrate
material chosen is FR4 lossy, which possesses a dielectric constant of 4.3. For microstrip patch antennas,
the dielectric constant and the dielectric loss tangent typically range from 2.2 to 12 and 0.001 to 0.06,
respectively.

Frequency of Operation : Selecting the resonant frequency is crucial for antennas due to its
significant impact on the antenna’s performance and efficiency. Resonant frequency selection plays a vital
role in various antenna systems, such as glide path stations [62], wireless power transfer systems [63],
microstrip antennas [64], and dipole antennas [65]. The resonance frequency directly affects the antenna’s
ability to efficiently radiate or receive electromagnetic signals, impacting factors like power transfer
efficiency, electromagnetic interference levels, bandwidth, and overall antenna functionality. By carefully
choosing the resonant frequency, antenna designers can optimize performance parameters, enhance
signal transmission/reception capabilities, and ensure the antenna operates effectively within its intended
frequency range. Additionally, adjusting the resonance frequency can enable antennas to operate over a
band of frequencies rather than a single frequency, expanding their versatility and applicability in various
communication systems [66]. The chosen resonant frequency for the design is 2.4 GHz in the S-band range
of 1.96 GHz-2.69 GHz. Opting for a resonant frequency of 2.4 GHz within the S-band range offers
numerous advantages. It improves signal preservation, enhances system efficiency, and boosts antenna
performance, making it a strategic choice for reliable, efficient, and effective VMS.

Height of Dielectric Substrate : The performance of a microstrip patch antenna is greatly influenced
by the height of the dielectric substrate. This height has a significant impact on various aspects such as
bandwidth, surface waves, radiation efficiency, spurious feed radiation, and overall size [67]. In the case of
the designed antenna, which has a substrate height of 1.4 mm, increasing the height has proven to
enhance the bandwidth and provide better support for wideband operation. However, this increase also
brings about challenges such as increased surface wave power, spurious feed radiation, and reduced
radiation efficiency. It is crucial to strike a balance between these factors. By carefully selecting the
substrate height, a compact, efficient, and high-performing antenna can be achieved, which is suitable for
the intended wireless communication application. To optimize these parameters and address any
potential drawbacks associated with increased substrate height, effective design strategies and meticulous
material selection are necessary.

 Designing and simulation procedure with Computer Simulation Technology software (Figure 4) [68].
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FIGURE 4: Designing a patch antenna workflow with Computer
Simulation Technology software

Proposed antenna design: The antenna design shown in Figure 5 consists of a rectangular shape, a FR4
dielectric substrate, a partial ground plane, and an inset-fed transmission line. The antenna is constructed
on FR4 substrate with a dielectric constant of 4.3 and a thickness of 1.4 mm, with overall dimensions of 45
mm × 50 mm × 1.4 mm (LS × WS × h). It is fed through a 50 Ω inset-fed line. The specific design
parameters of the antenna are listed in Table 1. By using a partial ground plane, the antenna’s narrowband
characteristics are transformed into wideband characteristics. This approach reduces the stored energy in
the substrate, as well as the return loss, VSWR, and back lobe radiation, while simultaneously increasing
the gain and bandwidth of the antenna. Additionally, the use of an inset feed approach helps to broaden
the antenna’s bandwidth and decrease return loss, ultimately contributing to an overall improvement in
the antenna’s efficiency and performance for wireless communication applications.

FIGURE 5: Geometry of the designed antenna unit with partial ground
plane (a) Front view and (b) Back view
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Parameters Value Parameters Value

Substrate dielectric constant, ɛr 4.3 Patch length, L (mm) 29.83

Substrate thickness, h (mm) 1.4 Patch width, W (mm) 38.37

Substrate length, Ls (mm) 45 Copper thickness, t (mm) 0.035

Substrate width, Ws (mm) 50 Width of the feed, W0 (mm) 3.137

Partial ground width, Wg (mm) 34 Inset length, y0 (mm) 5.5

Partial ground length, Lg (mm) 45 Inset gap, g (mm) 1

TABLE 1: Geometrical parameters of the proposed rectangular patch antenna

Results
This section describes the performance metrics of the suggested antennas, including return loss,
bandwidth, gain, directivity, radiation pattern, and efficiency. The simulation is performed on an inset
length or location that is fixed because the design is meant to function at a resonant frequency of 2.4 GHz.
CST (Computer simulation technology) Studio Suite Learning Edition Software has been utilized to run
the simulation.

The investigation aimed to determine the effect of the width of the partial ground plane on the
performance of the proposed antenna. The width of the partial ground plane was varied between 28 mm
and 34 mm in order to identify the suitable width for the antenna. Table 2 provides a summary of the
simulation results, showing the various outcomes that were observed as the width of the partial ground
plane was changed. The antenna properties were found to exhibit variation as the width was adjusted. The
results in Table 2 indicate that the minimum return loss, smaller VSWR, and maximum gain were achieved
when the width of the partial ground plane was set to 34 mm. This implies that the antenna performed
optimally with this width. Based on these results, the decision was made to use a width of 34 mm for the
proposed antenna. Subsequent analysis and testing were then carried out using this width.

Partial ground plane width,
Wg (mm)

Return Loss
(dB)

VSWR
Operating Bandwidth
(GHz)

Bandwidth
(GHz)

Gain
(dB)

Directivity
(dB)

Efficiency
(%)

28 −29.74 1.067716 2.251346–2.388434 0.137088 2.381 4.407 62.72

30 −34.84 1.036825 2.257599–2.388015 0.130416 2.451 4.535 61.89

32 −41.95 1.046708 2.257237–2.380615 0.123378 2.498 4.670 60.65

34 −53.52 1.004456 2.258525–2.374516 0.115991 2.55 4.815 59.43

TABLE 2: Effect of partial ground plane width changes on the antenna performance

Return Loss (S11)

Return loss is a crucial parameter in antenna performance, indicating the amount of power reflected back
from the antenna compared to the transmitted power. It is typically measured in decibels (dB) and is
related to the reflection coefficient ( ). For most practical applications, especially in communication
systems, having an antenna with a low return loss (typically less than −10 dB) is desirable. This low return
loss indicates good impedance matching and efficient power transfer. On the other hand, high return loss
values are generally undesirable because they signify poor impedance matching and inefficient power
transfer. This can lead to reduced performance of the antenna or device. Figure 6 depicts the return loss
(S11) for a suggested antenna. The recommended antenna shows a low return loss of −53.52039 dB at the

resonant frequency of 2.3144 GHz, showcasing superior impedance matching. This design achieves
significantly better return loss results compared to the findings in studies [29-31]. Typically, a return loss
below −10 dB is considered good, but −53.52039 dB represents exceptional performance.

This remarkable return loss corresponds to a reflection coefficient of 0.00210853 or approximately
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0.210853% (i.e. only 0.210853% of the incident energy is reflected back from the antenna, while
approximately 99.789147% (100%-0.210853%) of the incident energy is either transmitted or absorbed by
the antenna), signifying minimal energy reflection and enhanced signal radiation crucial for reliable
communication systems like VMS. The improved impedance matching in the recommended antenna
design not only reduces power wastage but also enhances overall performance, making it highly effective
for real-time data transmission and reception, surpassing previous designs in terms of effectiveness and
reliability [29-31].

FIGURE 6: Return loss of the proposed antenna unit

Impedance Bandwidth

Impedance bandwidth is the range of frequencies over which the antenna maintains acceptable
performance, for example, with a return loss below a certain threshold, such as −10 dB. The bandwidth can
be calculated by using the return loss graph. As can be seen from Figure 6, the suggested antenna has an
impedance bandwidth of 0.115991 GHz (115.991 MHz) from 2.258525 GHz to 2.374516 GHz, which is
better than the reported bandwidths in studies [29-31]. This wider impedance bandwidth enables the
antenna to operate effectively over a broader range of frequencies, enhancing its versatility and
compatibility with various communication systems. A larger bandwidth is advantageous because it allows
the antenna to accommodate a larger spectrum of signals, making it suitable for different applications and
environments. This increased bandwidth ensures that the antenna can handle variations in frequency due
to changing operational conditions, thereby maintaining reliable communication links in VMS.

Voltage Standing Wave Ratio

Voltage Standing Wave Ratio (VSWR) is a measure of how well an antenna is matched to the impedance of
the transmission line it is connected to. It is the ratio of the maximum voltage (standing wave) to the
minimum voltage along the transmission line. A VSWR value of 1 indicates perfect impedance matching
between the antenna and the transmission line, which means that all of the power is efficiently
transferred from the source to the load without any reflections. Higher VSWR values indicate poor
impedance matching, which can result in signal loss, reflections, and decreased antenna performance.
Figure 7 illustrates the VSWR for a proposed antenna. The proposed antenna has a VSWR value of
1.004456 at a frequency of 2.314513 GHz. This VSWR value close to 1 indicates that the antenna is well
matched to the transmission line at this frequency, signifying effective impedance matching, ensuring
efficient power transfer, and minimal signal loss. Maintaining a VSWR value near 1 is essential for optimal
antenna performance, as higher VSWR values indicate poor matching, leading to signal degradation and
reflections. Effective impedance matching enhances system efficiency and signal integrity, highlighting
the importance of minimizing VSWR for maximizing antenna performance and overall system
effectiveness.
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FIGURE 7: VSWR of the proposed antenna unit

Gain

The antenna’s gain is a crucial parameter that characterizes its capacity to focus or concentrate RF energy
in a particular direction during transmission or to receive energy from a specific direction during
reception. It quantifies how efficiently the antenna converts input power into radio waves in a specified
direction compared to an isotropic radiator, which evenly radiates power in all directions. Gain is
commonly quantified in decibels (dB) and is frequently expressed relative to an isotropic antenna (dBi) or
a dipole antenna (dBd). High-gain antennas are optimal for targeted, long-distance communication,
making them suitable for point-to-point connections and scenarios where directionality is vital. These
antennas focus the RF energy into a narrow beam, boosting signal strength and expanding
communication range in a specific direction. Examples include satellite dishes, parabolic antennas, and
Yagi-Uda antennas. On the other hand, low-gain antennas offer broad, omnidirectional coverage, making
them versatile and simpler to deploy for general communication requirements. These antennas evenly
distribute RF energy in all directions, which is advantageous for scenarios where signals must be
transmitted or received simultaneously in multiple directions. Examples include dipole antennas and
monopole antennas. The illustrations in Figure 8 and Figure 9 show that the antenna being proposed
exhibits a gain of 2.55 dBi at a frequency of 2.4 GHz. This means that the antenna is able to concentrate
the transmitted power in a specific direction, as opposed to an isotropic radiator. The antenna proves to
be highly effective at the 2.4 GHz frequency, making it ideal for use in applications that operate within
this frequency range. This makes the antenna a great choice for vehicle monitoring and tracking systems,
where dependable communication is critical.
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FIGURE 8: Far-field 3D gain of the proposed antenna unit

FIGURE 9: Far-field 2D gain of the proposed antenna unit

Directivity

Directivity refers to the ability of an antenna to efficiently focus energy in a specific direction during the
transmission or reception of signals. It is measured by comparing the strength of radiation in the
antenna’s primary direction to that of an isotropic antenna, which emits radiation equally in all directions.
Antennas with high directivity concentrate energy into a narrow beam, making them ideal for long-
distance signal transmission or reception in a specific direction. Conversely, antennas with low directivity
distribute energy more evenly, providing broader coverage suitable for multiple directional signals. The
directivity of the proposed antenna is illustrated in Figures 10 and 11. This antenna has a directivity of
4.81 dBi at a frequency of 2.4 GHz, indicating a moderate level of directivity. This means that the antenna
can efficiently concentrate energy more effectively than an isotropic antenna while also offering wide
coverage. This makes the antenna a versatile option for applications like vehicle tracking and monitoring,
as it strikes a good balance between directivity and coverage.
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FIGURE 10: Far-field 3D directivity of the proposed antenna unit

FIGURE 11: Far-field 2D directivity of the proposed antenna unit

Efficiency

Efficiency is an important factor in antenna design as it directly affects the performance of the antenna. A
higher efficiency means that more of the input power is being effectively radiated, resulting in better
signal transmission and reception. In the case mentioned, the antenna achieved an efficiency of −2.262 dB
(59.43%). Efficiency is typically measured in decibels (dB) and represents the ratio of radiated power to
input power. A negative efficiency value indicates that some power is being lost, which could be due to
conductor and dielectric losses in the materials. It is desirable for the antenna efficiency to be as high as
possible, ideally close to 100%. This ensures that the majority of the input power is being effectively
converted into radiated power, maximizing the antenna’s performance. However, achieving very high
efficiency can be challenging as it requires minimizing losses in the antenna design and construction.
Efficiency can be influenced by various factors such as the design of the antenna, the choice of materials,
and the operating frequency. Antenna designers strive to optimize these factors to maximize efficiency
and overall antenna performance.

Summary of the Simulated Results

Table 3 presents the results of simulations conducted on the developed antenna. The following
performance parameters were evaluated: resonant frequency, return loss (S11), VSWR, bandwidth, gain,
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directivity, and efficiency. These parameters provide important insights into the performance and
effectiveness of the antenna.

Performance Parameters Proposed Antenna

Resonant frequency (GHz) 2.40

Return loss (dB) –53.52039

VSWR 1.004456

Bandwidth (MHz) 115.991

Gain (dBi) 2.55

Directivity (dBi) 4.81

Efficiency –2.262 dB (59.43%).

TABLE 3: Summary of the simulated results of the proposed antenna

Discussion
 

The proposed antenna for VMS, designed using CST Studio Suite Learning Edition Software, demonstrates
exceptional performance metrics essential for real-time accident monitoring in urban environments. With
a bandwidth of 115.991 MHz, return loss of −53.52039 dB, VSWR of 1.004456, a gain of 2.55 dBi, and
directivity of 4.81 dBi, the antenna ensures stable communication links and reliable data transmission.
The strategic rooftop placement of these antennas aims to enhance signal pathways by minimizing
obstructions and maximizing the line of sight, which is a critical feature in dense urban areas where signal
path loss can significantly impact communication reliability. Despite a radiation efficiency of 59.43%,
which is slightly below optimal at −2.262 dB, the overall design remains robust for supporting emergency
response systems by streamlining data transmission and potentially reducing response times.

Various researchers [29-31] have conducted studies to improve antenna performance by exploring diverse
strategies including size augmentation, which traditionally leads to larger antenna footprints. Table 4
encapsulates a comparative analysis showcasing that the proposed antenna not only surpasses previous
designs in return loss, VSWR, and bandwidth but also adheres to S-band application requirements more
compactly. Despite some limitations, the developed antennas fulfill all specified criteria and demonstrate
a competitive edge in terms of compactness and performance metrics. Moreover, the suggested antenna is
versatile and can be applied across a wide range of wireless communication standards, including
Bluetooth (2.4 GHz-2.485 GHz), WiMAX (2.3 GHz-2.4 GHz), Microwave ovens (2.4 GHz-2.48 GHz), RFID
(2.4 GHz-2.5 GHz), S-Band (2.3 GHz-2.4 GHz), Wireless Communication Services (2.345 GHz-2.360 GHz),
and 4G LTE (2.3 GHz-2.315 GHz). Future research should focus on optimizing the antenna design to
achieve higher efficiency and gain. This could involve exploring innovative materials and advanced design
methodologies. Additionally, assessing the long-term durability and reliability of the antenna in diverse
environmental conditions is crucial for ensuring sustained performance. Addressing these aspects will
bridge existing gaps and enhance the robustness of antenna systems for urban vehicle monitoring and
other critical applications.
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Ref.
Nos

Antenna Size

(mm3)
Return Loss
(dB)

VSWR
Operating Bandwidth
(GHz)

Bandwidth
(MHz)

Gain (dB)
Efficiency
(%)

[29]
75.85 × 57.23 ×
1.6

–51.89  1.005  2.361–2.435 74 ---- ----

[30] 53 × 53 × 1.6
–27.2, –28.9, –
28.9

---- ---- ----
1.24, 3.57,
3.28

----

[31] 100 × 100 × 1.6 –13.772 1.5152 3.513–3.4903 23.6 7.55 dBi 89.56

This
work

45 × 50 × 1.4 –53.52039 1.004456 2.258525–2.374516 115.991 2.55 dBi 59.43

TABLE 4: Comparisons of the previous and present works

Conclusions
 

In this article, a compact antenna system for monitoring vehicles using CST Studio Suite Learning Edition
Software has been successfully designed and simulated. The simulation results show that the proposed
antenna meets the criteria for vehicular antennas and is suitable for monitoring vehicles. The optimized
performance metrics of the antenna, including bandwidth, return loss, VSWR, gain, directivity, and
radiation efficiency, ensure reliable real-time signal transmission and reception, ultimately improving
safety and response times in urban areas. Although the antenna faced challenges related to radiation
efficiency, further optimization could enhance its performance by exploring different techniques,
configurations, and materials. Future research on MIMO antennas for VMS, which use MIMO technology
to improve communication abilities, reduce antenna size, and boost gain, holds promise for enhancing
monitoring and communication in various environmental conditions.
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