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Abstract

:

In this study, we designed a high-performance, compact E-shaped microstrip antenna optimized for intelligent transportation systems, operating at 5.8 GHz. Utilizing simulation tools such as CST Studio Suite 2022 Learning Edition, Ansys HFSS 2022 R1, and MATLAB 2022b PCB Antenna Designer, we ensured consistent physical parameters. Fabricated with a 1.6 mm thick FR-4 substrate and a 50 Ω microstrip line-feeding technique, the antenna measures 35 × 50 × 1.6 mm³, smaller than already existing designs. At 5.75 GHz, it exhibits a return loss of −23.68 dB and a VSWR of 1.140 dB, ensuring stable performance within the desired frequency band. Our findings recommend its integration into vehicle-to-infrastructure wireless communication systems. Comparison across simulation environments and laboratory measurements highlights the close alignment of results with those from Ansys HFSS 2022 R1, affirming its reliability.
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1. Introduction


The burgeoning diversity of modern wireless communication systems and their pervasive integration into biomedical applications have significantly heightened the demand for antennas suitable for seamless integration into portable devices. As users increasingly seek ubiquitous access to data, the miniaturization of antennas in portable devices has become imperative, driving a surge in interest in microstrip technology. Consequently, there is a pressing need for antennas capable of transmitting and receiving signals in a smaller and lighter form factor [1]. The performance of microstrip antennas exhibits considerable variability based on factors such as the dielectric substrate [2], size, and geometry [3,4]. The resonance frequency, polarization, radiation pattern, and impedance matching of a microstrip antenna can all fluctuate depending on the selected patch geometry [5]. While the literature overflows with various geometries accompanied by their respective design equations, including rectangular, circular, elliptical, square, triangular, polygonal, and nature-inspired shapes [6,7,8,9,10,11], some antenna configurations lack a comprehensive technical design methodology. Design equations for these configurations are either absent in the literature [12,13,14,15,16] or constrained due to variations in dielectric permittivity [17]. Given the critical importance of accurately determining resonance frequency to mitigate co-channel and adjacent channel interference as well as the associated complications [18], this paper proposes and presents novel mathematical models to address these challenges. An antenna serves as a pivotal wireless system element, facilitating communication by enabling the transfer of data between transmitter and receiver through the propagation of electromagnetic energy.



The evolution of wireless communication from its inception with first-generation (1G) systems to the latest 5G networks in 2022 marks a profound technological journey [1,2]. IEEE-defined wireless network standards encompass a diverse array of protocols, with WLAN protocols grounded in the IEEE 802.11 standard [19], colloquially referred to as “Wi-Fi”. This standard encompasses a spectrum of protocols, including 802.11a, 802.11b, 802.11g, and 802.11n [3]. Intelligent transportation systems (ITS) are delineated within the IEEE 802.11p standard [19], operating within the 5.850–5.925 GHz frequency band with a bandwidth of 100 MHz. The utilization of this band range, in ITS [4], is geared towards averting accidents, mitigating traffic congestion, and ameliorating other adverse impacts. By harnessing this band range, vehicles can operate with enhanced safety, synchronization, and efficiency [5,6].



As the proliferation of minimalist technological devices continues unabated, the demand for smaller, high-bandwidth, multiband antennas capable of facilitating simultaneous communication among the myriad of devices in wireless networks is escalating [7]. Microstrip antennas, characterized by their diminutive stature, lightweight nature, ease of integration, and cost-effectiveness, emerge as a quintessential choice for antenna design applications. Comprising a flat metallic region known as a patch, a dielectric substrate, a ground plane, and a feeding source, microstrip antennas exemplify versatility and versatility [8,9]. They reign supreme as the preferred antenna type across a spectrum of cutting-edge technologies, including RFID, cell phones, WLAN, Wi-Fi, WiMax, and GPS systems. Leveraging parameters such as dimensional properties, dielectric materials, and feeding methodologies, engineers can tailor microstrip antennas to meet diverse application requirements with unparalleled precision.



However, microstrip antennas are not without their limitations, notably, their restricted bandwidth [10]. Mitigating this constraint necessitates strategic interventions, such as altering the substrate thickness to broaden the bandwidth [11]. Furthermore, techniques like perforating the patch, inducing parasitic elements through scraping, employing E/H-shaped patches, and adopting various feeding shapes have been instrumental in augmenting the bandwidth [12]. Similarly, incorporating parasitic elements and implementing scraping on the ground plane have proven efficacious in attaining the desired gain and bandwidth parameters [13,14].



Among the myriad of feeding methods employed in microstrip antennas, four stand out as particularly prevalent: microstrip feed, coaxial feed, aperture-coupled feed, and proximity-coupled feed [15]. Microstrip feed, distinguished by its simplicity of manufacture, ease of positioning determination, and straightforward modeling, enjoys widespread favor among antenna designers [16].



In the landscape of microstrip antenna research, notable contributions have been made by various scholars employing diverse simulation environments and substrates. In 2020, Silalahi et al. engineered a microstrip antenna with a commendable bandwidth of 1.02 GHz, centered at 5.8 GHz on an FR-4 plate, tailored for Wi-Fi applications, utilizing the CST Studio Suite 2011 simulation environment [17]. Similarly, in 2019, C. Divya et al. harnessed the CST Studio Suite simulation environment to fashion an antenna on an FR-4 substrate, achieving a bandwidth of approximately 100 MHz suited for industrial, scientific, and medical (ISM) applications [18]. Meanwhile, in 2021, Akash Modi et al. delved into the realm of microstrip antenna design, leveraging the Ansys HFSS simulation environment to scrutinize an antenna crafted on a Rogers RT/Duroid5880 substrate, yielding a noteworthy bandwidth of 2.17 GHz within the 5.8 GHz band [20]. Moreover, Bathula Lakshmi Narayana et al. (2015) pioneered the development of a multiband antenna on the Rogers/RT Duroid 5870 substrate, showcasing a bandwidth of approximately 10 MHz centered at 5.8 GHz [21].



Other notable endeavors include the work of Younes El Hachimi et al. in 2018, focusing on an antenna tailored for RFID reader applications [22], and Sayed Amirul Hassan et al.’s 2017 exploration of an antenna designed for Internet of Things (IoT) applications [23]. Notably, the latter half of 2021 witnessed the advent of the MATLAB PCB Antenna Designer Toolbox R2021b version, facilitating the design of microstrip antennas within the MATLAB simulation environment. This development opened new avenues for antenna design and analysis, as exemplified by the work of Khatri Kumar et al. in 2022, showcasing the efficacy of the MATLAB PCB Antenna Designer Toolbox R2021b version [24].



Despite these advancements, a notable gap exists in the literature concerning comparative studies across different simulation platforms such as CST Studio Suite, Ansys HFSS, and the MATLAB PCB Antenna Designer software [25,26,27].



In this study, we employ a microstrip feed in our proposed antenna design, employing a rectangular patch measuring 5 × 8 to the ground plane to achieve a center frequency of 5.8 GHz. We meticulously compare the return losses (    S   11    ), voltage standing wave ratio (VSWR), and gain analyses across the three software platforms, shedding light on their respective strengths and limitations in antenna design and analysis.



In summary, our study contributes to the field by designing a compact microstrip antenna for intelligent transportation systems, comparing simulation results from CST Studio Suite 2022 Learning Edition, Ansys HFSS 2022 R1, and MATLAB R2022b PCB Antenna Designer, identifying the closest simulation environment to the produced antenna’s performance, analyzing impedance-matching capabilities, and suggesting avenues for future research.




2. Antenna Design


The calculation steps for determining the physical parameters of the microstrip antenna, meticulously tailored in the CST Studio Suite 2022 Learning Edition, Ansys HFSS 2022 R1, and MATLAB R2022b PCB Antenna Designer simulation environments, are succinctly outlined in Figure 1. Figure 1 serves as a comprehensive guide, delineating each crucial step involved in the derivation of the antenna’s geometric structure, as elucidated in Table 1. This meticulous approach ensures precision and consistency across all simulation platforms, facilitating a rigorous analysis and comparison of the antenna’s performance metrics.



The detailed geometric configuration of the antenna is depicted in Figure 2 and Figure 3, meticulously adhering to the dimensions specified in Table 2, with all the measurements provided in millimeters. Furthermore, Figure 4 showcases the physical prototype of the antenna, fabricated using the LPKF Protomat s62 device. The antenna presented in this report boasts dimensions of 35 × 50 × 1.6 mm and utilizes the FR-4 material as the substrate, renowned for its dielectric constant (ℰr = 4.3). A conductor with a thickness of 0.035 mm, crafted from copper, is employed in the antenna’s construction. Additionally, a 50 Ω microstrip feed line is incorporated as the antenna’s feed, ensuring optimal performance. The introduction of two slots in the patch component of the antenna serves to fine-tune its operation at the center frequency of 5.8 GHz.



In the design and analysis of the antenna, we harnessed the capabilities of CST Studio Suite 2022 Learning Edition, Ansys HFSS 2022 R1, and MATLAB R2022b PCB Antenna Designer, leveraging their respective functionalities to meticulously scrutinize and optimize the antenna’s performance. The results obtained from these simulations were meticulously compared with the physical prototype of the antenna, facilitating a comprehensive assessment of their accuracy and efficacy.



Following the intricate design stages delineated in Figure 3, the initial     S   11     value of −9.32 dB experienced a remarkable enhancement, plummeting to an impressive −23.68 dB in the final iteration. This substantial improvement underscores the efficacy of the design refinements implemented throughout the iterative optimization process. Such a noteworthy reduction in     S   11     not only signifies enhanced impedance matching but also reflects the meticulous attention to detail and relentless pursuit of optimal antenna performance throughout the design iterations.




3. Research Findings and Discussion


Indeed, CST Studio Suite, Ansys HFSS, and MATLAB PCB Antenna Designer stand as high-performance electromagnetic solvers revered for their prowess in designing, analyzing, and optimizing RF components and systems. Utilizing sophisticated computational algorithms, these state-of-the-art programs efficiently calculate essential antenna parameters such as the reflection coefficient, gain, bandwidth, and the voltage standing wave ratio (VSWR). By harnessing sophisticated techniques such as finite differences and the finite element method, these platforms empower engineers and researchers to meticulously model electromagnetic phenomena, unravel intricate antenna behaviors, and fine-tune designs for an optimal performance. Their versatility and robust capabilities make them indispensable tools in the arsenal of antenna designers, facilitating the realization of innovative and high-performance RF solutions across a myriad of applications.



3.1. Return Loss (    S   11    )


Return loss is a critical parameter in antenna applications, serving as a measure of how much power applied to the input port is reflected. It plays a pivotal role in assessing input port impedance mismatch and determining the operating frequency range of the antenna [28]. In our study, the antennas designed in different simulation environments exhibit distinct bandwidths and center frequencies. Specifically, the antenna crafted in CST Studio Suite 2022 Learning Edition boasts a bandwidth of 650 MHz, centered at 5.8 GHz, while its counterpart in Ansys HFSS 2022 R1 showcases a bandwidth of 600 MHz, with a center frequency of 5.8 GHz. Meanwhile, the antenna fashioned in MATLAB 2022b PCB Antenna Designer features a bandwidth of 500 MHz, centered at 5.8 GHz. In contrast, the produced antenna, subjected to measurements using the Vector Network Analyzer (VNA) of the Rohde & Schwarz Znh26 brand, depicted in Figure 5, demonstrates a bandwidth of 550 MHz and a center frequency of 5.8 GHz.



The comparison of the antennas designed in the three simulation environments with the produced antenna, as illustrated in Figure 6, reveals that the results obtained from Ansys HFSS closely align with those of the produced antenna. This indicates that Ansys HFSS 2022 R1 yields the most accurate simulation results, closely matching the real-world performance of the antenna.




3.2. Radiation Pattern and Gain


The radiation pattern of a microstrip patch antenna characterizes how the antenna radiates electromagnetic waves into space. It depicts the amount of power radiated by the antenna at different angles and determines important characteristics of the antenna such as directivity, gain, and efficiency. Gain measures the antenna’s ability to concentrate energy in a particular direction, thus indicating its effectiveness in communication systems. The gain of an antenna is typically expressed in decibels (dB). The results garnered from the CST Studio Suite 2022 Learning Edition, Ansys HFSS 2022 R1, and MATLAB 2022b PCB Antenna Designer programs for radiation pattern and gain are delineated in Figure 7, Figure 8 and Figure 9, respectively, providing insights into the anticipated performance of the designed antennas. Contrastingly, Figure 10 illustrates the measured gain of the antenna, captured during testing within the anechoic chamber, as depicted in Figure 11. The proposed antenna was placed on a rotating turntable. A horn antenna was used as the receiving antenna due to its high gain. The VNA was calibrated. The S-parameters of the antenna were measured at different frequencies using the VNA. The gain of the antenna was calculated using the measured S-parameters. The measurement was repeated by rotating the proposed antenna at different angles. The gain of the manufactured antenna was 1.98 dBi.



The 3D gain plot depicts the magnitude of the electric field in the far-field region of the antenna. The radiation pattern, on the other hand, illustrates the direction and magnitude of the Poynting vector in the far-field region. The Poynting vector represents the energy flow of electromagnetic waves. Consequently, the gain plot and radiation pattern are also interconnected and exhibit similar patterns. Three simulation environments yielded distinct results for both the radiation pattern and the gain. Upon the examination of the antenna’s radiation pattern plots, discrepancies were observed in the three environments. For instance, the half-power beamwidth (HPBW) of the radiation patterns obtained in CST Studio Suite 2022 Learning Edition and Ansys HFSS 2022 R1was approximately 48 degrees, whereas the HPBW of the radiation pattern obtained in MATLAB 2022b PCB Antenna Designer was greater than 48 degrees. Similarly, an analysis of the 3D gain plots of the antenna revealed variations across the three environments. For example, the maximum gain values obtained in CST Studio Suite 2022 Learning Edition and MATLAB 2022b PCB Antenna Designer were comparable, whereas the maximum gain value obtained in Ansys HFSS 2022 R1was slightly higher than the others. These inconsistencies can be attributed to minor discrepancies in the employed simulation algorithms and modeling parameters.



The measured radiation efficiency of the proposed antenna was 86.2% in Ansys HFSS 2022 R1, 76.5% in CST Studio Suite 2022 Learning Edition, and 74.7% in the MATLAB 2022b PCB antenna designer. Upon a comparative analysis of the outcomes across the three software environments, MATLAB 2022b PCB Antenna Designer gave the closest result to the proposed antenna. This observation underscores the superior accuracy and fidelity of MATLAB 2022b PCB Antenna Designer in predicting antenna performance, thereby affirming its status as a preferred choice for antenna design and analysis endeavors.




3.3. Voltage Standing Wave Ratio (VSWR)


VSWR, or the voltage standing wave ratio, serves as a crucial indicator of the degree of impedance matching between an antenna’s input impedance and the impedance of the transmission line. It is expressed as the ratio of the maximum to the minimum voltage on a transmission line, with values closer to 1 indicating better impedance matching [29].



In our study, the measurements of the produced antenna using the Vector Network Analyzer (VNA) of the Rohde & Schwarz Znh26 brand, depicted in Figure 12, yielded a VSWR value of 1.140. The VSWR results obtained from CST Studio Suite 2022 Learning Edition and Ansys HFSS 2022 R1 were 1.130 and 0.968, respectively. Unfortunately, VSWR measurements cannot be directly made in MATLAB 2022b PCB Antenna Designer. However, it is noteworthy that CST Studio Suite 2022 Learning Edition yielded the closest VSWR measurement to the produced antenna, highlighting its accuracy in predicting impedance matching.



Figure 13 illustrates the comparison of the VSWR values of the antenna across its operating frequency range, showcasing the performance of the antenna in terms of impedance matching as predicted by the simulation environments.




3.4. Comparison with Previous Works


Table 3 presents a comprehensive comparison of the dimensions, bandwidth, and gain values of the proposed antenna alongside antennas designed to operate within the 5.8 GHz band, as documented in references [30,31,32,33,34,35,36,37,38]. Notably, the gain value of the proposed antenna, as simulated in the simulation environment, surpasses that of the other antennas. Furthermore, the proposed antenna exhibits a notably high bandwidth compared to its counterparts. These findings underscore the exceptional performance and superior characteristics of the proposed antenna, positioning it as a compelling choice for applications requiring operation within the 5.8 GHz frequency band.





4. Conclusions


In this study, a compact and cost-effective microstrip antenna was meticulously designed for utilization in intelligent transportation systems, operating within the sub-6GHz band with a central frequency of 5.8 GHz. The proposed antenna model underwent a rigorous analysis in the CST Studio Suite 2022 Learning Edition, Ansys HFSS 2022 R1, and MATLAB 2022b PCB Antenna Designer simulation environments. This study presented a comprehensive comparison of three widely used simulation environments for the analysis of microstrip antennas. The aim was to determine which simulation environment produces the results closest to reality. In this respect, it is an important resource for antenna engineers and a foundation for future research. Key performance metrics such as return loss (    S   11    ), gain, and the voltage standing wave ratio (VSWR) were scrutinized and compared across the three platforms. Notably, it was observed that the results obtained from the Ansys HFSS 2022 R1 simulation environment closely mirrored the performance of the produced antenna in terms of gain, whereas CST Studio Suite 2022 Learning Edition yielded results most closely resembling the VSWR measurements of the produced antenna. Although MATLAB 2022b PCB Antenna Designer software exhibited some inconsistencies in its analysis results, its integration capability with other toolboxes presents a notable advantage.



Furthermore, to fine-tune the antenna’s performance, scraping was strategically employed in regions devoid of surface currents on the ground plane. This optimization technique facilitated the attainment of the desired center frequency and facilitated an increase in bandwidth [39]. The proposed antenna, featuring an FR-4 substrate with a thickness of 1.6 mm, boasts a bandwidth of 550 MHz and a remarkable −23.68 dB return loss at the center frequency of 5.75 GHz. Additionally, the measured VSWR value of 1.140 underscores the impedance-matching prowess of the antenna, further solidifying its stable and reliable performance compared to alternative designs. The antenna designed and fabricated in this study is ideal for ITS applications due to its small size, light weight, and low cost. The proposed antenna can be used in V2V and V2I communication, automatic toll collection, and automatic access control applications.



The limitations of our study include the inconsistencies observed in the analysis results from the MATLAB 2022b PCB Antenna Designer software and potential variations in performance under different environmental conditions. Future works may focus on further optimizing the antenna’s design to enhance its performance metrics and exploring novel materials and manufacturing techniques to reduce costs and improve efficiency.
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Figure 1. The design steps of the e-shaped antenna in a simulation environment. 
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Figure 2. Designing process of the proposed antenna. 
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Figure 3. E-shaped antenna designed in the simulation environments: (a) top view, (b) bottom view. 
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Figure 4. E-shaped antenna produced with LPKF Protomat s62: (a) top view, (b) bottom view. 
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Figure 5. Return loss measurement of an e-shaped antenna using VNA. 
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Figure 6. Return loss of e-shaped antenna in simulation environments and laboratory measurement. 
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Figure 7. (a) Radiation pattern and (b) 3D gain of the e-shaped antenna in the CST Studio Suite 2022 Learning Edition environment. 
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Figure 8. (a) Radiation pattern and (b) 3D gain of the e-shaped antenna in the Ansys HFSS 2022 R1 environment. 
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Figure 9. (a) Radiation pattern and (b) 3D gain of the e-shaped antenna in the MATLAB 2022b PCB Antenna Designer environment. 
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Figure 10. 3D gain of the e-shaped antenna in a laboratory measurement. 
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Figure 11. Measurement setup to determine the 3D gain of an e-shaped antenna. 
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Figure 12. VSWR measurement of e-shaped antenna using VNA. 
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Figure 13. VSWR of the e-shaped antenna in simulation environments and laboratory measurements. 
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Table 1. The mathematical model of the e-shaped antenna.






Table 1. The mathematical model of the e-shaped antenna.









	     f   r     G H z     
	   : O p e r a t i n g   F r e q u e n c y   



	     ε   r     
	   : D i e l e c t r i c   C o n s t a n t   



	Step 1
	: To calculate patch width



	
	   W =     v   0       2 f   r        2     ε   r   + 1      



	Step 2
	: Effective Dielectric Constant



	
	     ε   r e f f   =     ε   r   + 1   2   +       ε   r   − 1   − 1     2    1 + 12   h   W      

     W   h   > 1   



	Step 3
	: Extended length of the patch



	
	   Δ L = 0.412   h     ( ε   r e f f   + 0.3 ) (   W   h   + 0.264 )     ( ε   r e f f   − 0.258 ) (   W   h   + 0.8 )     



	Step 4
	: To calculate the length of the patch



	
	   L =     v   0     2   f   r      ε   r e f f      − 2 Δ   










 





Table 2. The geometric structure of the e-shaped antenna.
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W1 = 35

	
W6 = 6

	
L2 = 25

	
L8 = 18.6




	
W2 = 17.5

	
W7 = 28

	
L3 = 16.8

	
L9 = 8




	
W3 = 3

	
W8 = 21

	
L4 = 6.3

	




	
W4 = 4

	
W9 = 5

	
L6 = 3

	




	
W5 = 9

	
L1 = 50

	
L7 = 1.5











 





Table 3. Comparison of the proposed e-shaped antenna with other antennas in the literature.
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	Antenna
	Dimension
	Frequency Band (GHz) and Bandwidth (MHz)
	Gain (dB)





	[30]
	36 × 32 × 1.6

FR-4
	5.75

(740)
	1.45



	[31]
	54.44 × 70.7 × 1.6

FR-4
	5.8

(410)
	2.21



	[17]
	50 × 50 × 1.6

FR-4
	5.8

(770)
	3.57



	[32]
	21.5 × 15 × 1.6

FR-4
	5.71

(570)
	2.45



	[33]
	17 × 18 × 0.8

FR-4
	5.8

(150)
	1.84



	[34]
	30 × 45 × 3.2

FR-4
	5.8

(160)
	1.59



	[35]
	19 × 19 × 0.76

Neltec
	5.8

(≤200)
	3.1



	[36]
	60 × 50 × 1.6

FR-4
	5.81

(196)
	3



	[37]
	91.5 × 30 × 0.1

Rogers 3850
	5.9

(440)
	1.6



	[38]
	31.76 × 34.39 × 2.03

FR-4
	5.9

(More than one design)
	(More than one design)



	Proposed Antenna
	35 × 50 × 1.6

FR-4
	5.8

(550)
	3.93
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