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Abstract

:

Designing antennas for vehicular communication systems presents several unique challenges due to the dynamic nature of vehicular environments, mobility, and the need for reliable connectivity. A wider bandwidth is a critical requirement of vehicular antennas. In this paper, a super-wideband FR4 epoxy-based low-cost meander line patch antenna is designed for fifth-generation (5G) vehicular mobile frequency applications. The proposed antenna is excited through a microstrip feedline on top of the substrate with a continuous ground plane. The meander line is implemented through a theoretical formula to cover upper-5G frequency range 1 (FR1) and frequency range 2 (FR2). The proposed antenna has 7.5 dBi peak gain when operated at 28 GHz. The simulated bandwidth ratio (BWR) is 9.09:1 for a −10 dB reflection coefficient covering a 53.4 GHz (6.6 GHz to 60 GHz) frequency range. The proposed antenna has a linear meander line planar structure, occupies a small area of 34 mm × 20 mm × 1.6 mm, and satisfies the bandwidth requirements of 5G millimeter-wave and sub-bands of the sixth generation for vehicular applications.
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1. Introduction


The bandwidth requirements for a vehicular antenna depend on the intended use and the communication systems or signals it needs to support. Different vehicular applications require different bandwidths. AM (Amplitude Modulation) and FM (Frequency Modulation) radio antennas typically require a bandwidth of a few hundred kilohertz (kHz) to several megahertz (MHz). The exact bandwidth may vary depending on the specific frequency range and broadcast standards in the local region. On the other hand, cellular antennas used for mobile phone communication can require relatively wide bandwidths to support multiple frequency bands and technologies (e.g., 2G, 3G, 4G/LTE, and 5G). The bandwidth can range from a few hundred megahertz to several gigahertz depending on the frequency bands and standards used in the local area. A multiband antenna is a possible solution to cover various communication systems [1]. Multiband antennas are essential in various wireless communication applications due to the diverse frequency bands allocated for different services and technologies. The need for a multiband antenna arises from the coexistence and integration of various communication systems, with each operating over specific frequency ranges. These bands accommodate different wireless standards, such as GSM, 3G, 4G/LTE, Wi-Fi, Bluetooth, and satellite communication. By incorporating multiple resonant structures within a single antenna design, a multiband antenna can efficiently operate across several frequency bands, allowing devices to communicate seamlessly across different networks. This capability is crucial for modern wireless devices like smartphones, routers, and Internet of Things (IoT) devices and enables them to support a wide range of communication protocols without the need for separate antennas for each frequency band. The versatility of multiband antennas is paramount for achieving connectivity across the diverse frequency spectra utilized by contemporary wireless communication systems. However, it makes the design complex. Multiband antennas may not be the most suitable option for vehicular communication due to several practical considerations. The limited space available on vehicles poses a challenge for integrating antennas with the larger physical dimensions often associated with multiband designs. The inherent complexity of multiband antennas, aimed at covering a broad range of frequencies, can lead to increased manufacturing costs and challenges for maintenance. Vehicular communication systems often benefit from antennas with omni-directional radiation patterns to ensure consistent connectivity in various orientations: a characteristic that some multiband antennas may lack due to their directional properties. The potential for electromagnetic interference from nearby components in vehicular environments can impact the performance of multiband antennas. Cost considerations further play a role, as multiband antennas tend to be more expensive than their single-band counterparts. In cases for which specific frequency requirements, space constraints, and cost-effectiveness are critical factors, a simpler single-band antenna may be a more practical and efficient choice for vehicular communication.



The fifth-generation (5G) implementation over 2G, 3G, and 4G networks brings potential benefits and challenges for vehicular communication [2]. Mobile communication needs 5G because it can support higher data rates, increased accessibility, and more connected devices, and can thus meet the needs of various applications, such as biomedical [3,4,5]. In biomedical applications, 5G technology plays a pivotal role by providing ultra-reliable low-latency communication (URLLC) and high data throughput. These features enable real-time transmission of large medical datasets, support remote surgeries, and facilitate the development of advanced telemedicine solutions, enhancing the efficiency and responsiveness of healthcare systems. The low-latency capabilities of 5G enable seamless integration of augmented reality (AR) and virtual reality (VR) technologies in medical training and diagnostics. The integration of 5G technology into vehicular communication systems holds paramount importance for revolutionizing the automotive landscape. With its ultra-low latency, 5G ensures near real-time communication, which is a critical factor for the success of autonomous driving applications that demand split-second decision making. The high data throughput capabilities of 5G support the seamless exchange of large datasets, facilitating applications like high-definition mapping and real-time sensor data sharing. Reliability of connectivity, even in densely populated or high-mobility environments, is a key feature of 5G and ensures continuous communication between vehicles, infrastructure, and other connected devices. The comprehensive nature of Vehicle-to-Everything (V2X) communication, encompassing Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I), Vehicle-to-Pedestrian (V2P), and Vehicle-to-Network (V2N) connectivity, opens up possibilities for advanced safety, efficiency, and convenience applications. Additionally, 5G’s support for edge computing enhances local data processing capabilities, reducing reliance on central servers and contributing to quicker decision making in applications like autonomous driving. Overall, the deployment of 5G in vehicular communication represents a transformative shift that promises a safer, more efficient, and more technologically advanced driving experience. It promises smarter cities, more efficient networks, and support for future services and applications [6]. The backwards compatibility of 5G with earlier devices and its progressive approach to infrastructure investment are advantages [7]. Still, the requirement for extra spectrum and network capacity is one of the primary obstacles. Strategies such as aperture coupling, feed-line techniques, stacked patch antennas [8], meta-materials [9], substrate-integrated waveguiding [10], fractal geometries [11], frequency-selective surfaces [12], Defected Ground Structure (DGS) [13], and meander line antennas [14] have been used for bandwidth enhancement in 5G antenna design for mobile communication. Broader bandwidths and better radiation characteristics make meander line antennas a top pick for 5G deployments [15]. In recent years, numerous reports have been published about meander line antennas, with each addressing a unique design consideration, such as size, efficiency, and isolation [16]. Broader bandwidths result from tweaks made to standard aerial design practices [17]. Fifth-generation mobile devices can retain performance and gain additional bandwidth by analyzing the ground plane, antenna arrangement on the board, and other connected components [18]. Fifth generation requires MIMO antennas [19,20,21] operating in millimeter-wave. Millimeter-wave antennas offer several significant advantages for 5G networks. One of the most prominent benefits is their ability to provide exceptionally high data transfer rates [22,23,24,25]. Due to their much higher frequency range (typically above 24 GHz), millimeter-wave signals can carry large amounts of data, enabling ultra-fast download and upload speeds that are crucial for bandwidth-intensive applications like virtual reality, 4K/8K video streaming, and real-time gaming. Additionally, the smaller wavelength of millimeter-waves allows for the deployment of a large number of antenna elements in a compact space, leading to enhanced network capacity and reduced congestion in densely populated areas. Millimeter-wave technology enables the concept of beamforming [26,27], wherein signals are focused directly at specific devices, enhancing the signal quality and reliability even in urban environments with potential obstacles. It is important to note that millimeter-wave signals have limitations in terms of propagation distance and penetration through obstacles and thus require more extensive infrastructure deployment to ensure seamless coverage. Despite these challenges, the advantages of millimeter-wave antennas make them a crucial component of the 5G landscape and drive the realization of high-speed, low-latency, and data-intensive applications.



Meander line antennas are sometimes considered for 5G networks due to their compact size, ease of integration, and ability to operate across a wide frequency range. The meander line antenna stands out as an excellent choice for vehicular communication owing to its compact design, versatile functionality, and performance attributes. Its unique serpentine or zigzag conductive trace enables it to fit seamlessly within the constrained spaces typical of vehicular environments. This compactness is crucial for integrating the antenna into vehicles without compromising available space. Meander line antennas can be designed to operate over a wide frequency range, ensuring adaptability for diverse communication requirements in vehicular systems. Their omni-directional radiation pattern, low profile, and resilience to environmental conditions make them well-suited for maintaining reliable communication in dynamic and challenging vehicular scenarios. The ease of integration further enhances their appeal as it allows for simple installation without significant modifications to the vehicle’s design. The meander line antenna emerges as a practical and efficient solution for meeting the communication needs of vehicles when taking into consideration applications such as telematics, navigation, and in-vehicle connectivity. These antennas can be suitable for certain applications and deployment scenarios in 5G networks, especially when space constraints or specific design requirements are factors. A meander line antenna’s bandwidth can be increased using a partial ground plane instead of a complete ground [28]. Changing the width of the meander lines along the length of the antenna is another way to improve the antenna’s performance over a wide frequency range [29]. Thus, the antenna’s performance is affected by the meander line’s length, spacing, and width and variations to the substrate’s bottom; these factors allow for better high-bandwidth, high-efficiency conformal designs. In [30], a meander line antenna is reported for millimeter-wave applications. To enhance its versatility, a meandered radiating structure is coupled with the microstrip patch radiator via a compact microstrip resonant cell (CMRC) low-pass filter (LPF), which facilitates operation at 3.5 GHz. By judiciously combining the radiator slot, LPF, truncated ground, and meandered line structure, the authors achieved a remarkably compact form factor. Similarly, in [31], miniaturization is realized using the meander line structure. The miniaturization techniques of meandered slot-line and reactive loading are implemented to operate the antenna in sub-1 GHz bands with a compact structure that results in an antenna size of 0.08 Λ  corresponding to its lowest operating band.



In this work, we present a novel microstrip-fed monopole meander line antenna for super wideband at a 28 GHz operating frequency of 5G millimeter-wave by adjusting the length and width of the meander line and mounting it on a complete ground plane according to a super-wideband-derived formula (Figure 1). The meander line antenna formula and the antenna design are covered in Section 2 and Section 3. The results and discussion are presented in Section 4, while the formal conclusion is contained in Section 5.




2. Meander Line Antenna Formula


To design a high-quality 5G antenna, it is important to consider the substrate material’s impact on the gain, efficiency, and reflection coefficient. The substrate material’s permittivity, thickness, and loss tangent all play critical roles in ensuring reliable radio frequency quality, cost-effective hardware, and maximum efficiency. Choosing the right substrate material is crucial to ensure optimal performance. Common dielectric substrates include FR-4: a widely used epoxy-based substrate known for its cost-effectiveness and ease of fabrication. However, it has limitations in terms of high dielectric loss and limited frequency capability. Rogers Corporation produces high-performance laminates, such as the RO4000 series, which offer lower dielectric loss and better stability across a broad frequency range. Ceramic substrates, like alumina (Al2O3) and aluminum nitride (AlN), exhibit excellent thermal conductivity and are suitable for high-power applications. However, they can be brittle and challenging to process. Polytetrafluoroethylene (PTFE) substrates, such as Rogers RT/Duroid, are known for their low dielectric constant and low loss tangent, making them suitable for high-frequency designs, but they can be more expensive. The selection of a dielectric substrate depends on the specific application requirements, including the frequency range, power handling capability, thermal properties, and cost considerations. Designers must carefully evaluate these factors to choose the most appropriate substrate for achieving optimal performance in electronic circuits. FR4 and RT/Duroid substrates are commonly used in 5G/6G antennas due to their desirable electrical properties. Among these, FR4 is a cost-effective and popular substrate material for printed circuit boards (PCBs) due to its mechanical durability and low cost [32,33]. However, it is important to note that different 5G antenna designs may require different substrate materials to achieve optimal performance. For instance, for higher frequencies, a low loss higher dielectric constant substrate yields better radiation performance and bandwidth.



It is crucial to calculate the meander line element dimensions using mathematical equations that take into account the operating frequency and other design criteria. The dielectric constant (  ϵ r  ) and substrate height (  h s  ) for planar patch antennas made of FR4 are typically 4.4 and 1.6 mm, respectively. However, determining the appropriate length (  L p  ) and width (  W p  ) of a meander line antenna for 5G FR1 2.4 GHz and 5G FR2 28 GHz frequencies can be challenging. Fortunately, there are standard formulas available that can assist with calculating these values; these are depicted in Figure 2 and Equations (1)–(16). By verifying these standard equations, engineers can have confidence in using them for their designs [34,35,36]. Once the formulas have been applied, the estimated values for meander line structures Ant1 through Ant4 can be determined and presented in a table, such as Table 1. Impedance matching: To match the impedance of the meander line antenna to the feedline, the following expression can be used to calculate the width of the feedline:


      W  f e e d   =   Z 0   ( h ∗  ϵ r  ∗ c )       



(1)




where   W  f e e d    is the width of the feedline, and   Z 0   is the characteristic impedance of the feedline. The characteristic impedance of an antenna feedline is crucial for minimizing signal reflections and maximizing power transfer efficiency. A proper match between the feedline and antenna impedance reduces the Voltage Standing Wave Ratio (VSWR), resulting in lower signal loss and improved transmission performance. Consistent impedance throughout the feedline ensures resonance at the antenna’s operating frequency: optimizing its efficiency and preventing potential damage to associated equipment due to impedance mismatches. Substrate thickness, h, is the thickness of the substrate material;   ϵ r   is the relative dielectric constant of the substrate material; and c is the speed of light. The substrate thickness in a patch antenna is crucial for determining the antenna’s resonant frequency, bandwidth, and radiation pattern. By adjusting the substrate thickness, we can fine-tune the antenna’s performance to meet specific frequency requirements. Optimal substrate thickness is also essential for suppressing surface waves, improving mechanical stability, and ensuring efficient energy transfer, and it influences the overall effectiveness of the antenna design.


      λ g  =  c  f ×   ε r         



(2)







Width of the patch:


      W p  =  c  2 × f   2   ε r  + 1          



(3)







Fringing field length:


     Δ L = 0.5 ×  W p      



(4)







Total length of meander:


      L m  = 6.5  h s  × w     



(5)




where w = width of meander lines.



Length of the substrate:


      L s  =  L m  + h     



(6)







Width of the substrate:


      W s  = 2.5 ×  L m      



(7)







Listed are the 5G FR1 and FR2 key mathematical expressions used in the design of meander line antennas [37,38,39].
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Figure 2. Meander line formula structure [38]. 






Figure 2. Meander line formula structure [38].
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Height of meander:


     h = 0.42  λ g      



(8)







Width of meander:


     w = 0.05  λ g      



(9)







Distance of meander:


     d = 0.16  λ g      



(10)







Listed are the 5G FR2 meander line key mathematical expressions that can be modified for broader bandwidth [40,41].



Height of meander:


     h = 0.92  λ g      



(11)







Distance of meander:


     d = 0.25  λ g      



(12)







Width of meander:


     w = 0.16  λ g      



(13)







Listed are the 5G FR2 meander line key mathematical expressions modified for super wideband [40,42,43].



Height of meander:


     h = 0.142  λ g  + Δ L     



(14)







Distance of meander:


     d = 0.25  λ g  + Δ L     



(15)







Width of meander:


     w = 0.16  λ g  + Δ L     



(16)








3. Antenna Design


A microstrip patch antenna’s basic structure and dimensions are proposed in Figure 1. The antenna comprises a meander line patch, dielectric substrate, and continuous ground plane. The dimensions of the substrate are 34 mm × 20 mm × 1.6 mm. The top substrate has a meander line constructed according to the vital mathematical expressions in Section 2: 5G FR2 from Equations (8)–(10). The dielectric material of the substrate has a relative permittivity of   ϵ =   4.4 and a thickness of 1.6 mm and is made of FR4 epoxy. A 50  Ω  microstrip line feeds this antenna. The meander slot has three vertical widths of 4.7 mm with a height of 5.2 mm and two horizontal widths of 5.22 mm with a height of 4.7 mm. It is placed symmetrically on either side of the microstrip line. The continuous ground plane is set below the radiating patch to improve the antenna’s bandwidth.



3.1. Design of 5G FR1 Meander Line Antenna


The 5G frequency range 1 (FR1) antennas operate in the frequency range from 410 MHz to 7.125 GHz. They are commonly used for 4G LTE, 5G sub-6 GHz, and other wireless communication standards commonly used for cellular networks and offer good coverage but limited data transfer speeds [2].



Figure 3 displays the construction of Antenna 1 (Ant 1): a meander line antenna that operates at 2.4 GHz and uses the 5G FR1 mathematical expressions from Equations (8)–(11). Ant 1 through Ant 4 were analyzed using the High-Frequency Structure Simulator (HFSS) EM suite version 2020R1. The geometry and structure of Ant 1 are depicted in Figure 3a, and the dimensions are 42 mm × 30 mm × 1.6 mm. Initially, a meander line monopole antenna with a continuous ground was designed, but the results were inadequate as it had dual broadband frequency at 2.2 GHz and 8.5 GHz center frequencies and resonated from 2.14 GHz to 2.30 GHz and 7.76 GHz to 8.57 GHz. The vertical length (  L g  ) of the Ant 1 bottom was analyzed for optimization purposes to achieve the required bandwidth at a central frequency of 2.4 GHz. The results indicated that Ant1 with a partial ground structure had a broad dual frequency compared to Ant1 with a full ground, as shown in Figure 3a. Ant1 covers the 2.24 GHz to 2.74 GHz and 4.89 GHz to 7.62 GHz frequency ranges with a −19.97 dB and −16.87 dB reflection coefficient at 2.4 GHz and 5.8 GHz, respectively. Figure 3b highlights the −19.97 dB reflection coefficient and peak gain of Ant1, which is 2.32 dBi for the 2.4 GHz operating frequency. The antenna gain at 5.8 GHz exhibits a modest 1.25 dBi—though it is important to note that this design serves as our baseline design and is primarily utilized for validating our mathematical analyses. Our primary focus lies in the creation of an antenna that operates for 5G-enabled vehicles functioning within the 28 GHz band. Our efforts in this regard have resulted in good antenna gain that surpasses 7 dBi in the 28 GHz band, which meets the essential requirements for 5G vehicular applications.




3.2. Design of 5G FR2 Meander Line Antenna


FR1 antennas are typically larger and have lower gain. Lower-frequency-band antennas, characterized by longer wavelengths, present inherent limitations that impact their design and performance. One primary constraint is the challenge of accommodating larger physical sizes due to the proportional relationship between antenna size and wavelength. This limitation is particularly significant in portable devices and those with space constraints. Lower-frequency antennas typically exhibit lower directivity and gain, which limits their effective range and coverage area. The constrained bandwidth available in lower frequency bands further limits data transfer rates, which affects the overall throughput of communication systems. These antennas are more susceptible to noise and interference from both natural and man-made sources, which potentially compromises signal quality. The ability of lower frequency signals to penetrate obstacles is also compromised, making them less suitable for applications in urban environments. Regulatory restrictions on certain lower frequency bands further contribute to the challenges in designing and deploying communication systems. While lower frequency bands offer extended propagation ranges, the associated limitations necessitate careful consideration in antenna design and deployment, especially in the context of modern communication requirements. FR1 antennas are optimized for coverage and capacity in the lower frequency range, while 5G frequency range 2 (FR2) antennas are optimized for high data rates and focused coverage in the higher frequency range. FR2 antennas operate in the frequency range from 24.25 GHz to 52.6 GHz. They are used for millimeter-wave (mmWave) 5G deployments, which offer very high data transfer speeds but have limited coverage due to their shorter range [6,15]. A monopole meander line via continuous ground with modifications of meander line width, length, and turns can obtain wideband and also improve the antenna directivity at 5G FR2 bands.



Figure 4 discusses the design flow of a proposed antenna with a continuous ground plane. Antennas Ant2 to Ant4 have been developed based on the key mathematical expressions for 5G FR2 from Equations (11)–(16). The design process initiates with Ant2 and concludes with Ant4. Figure 5 illustrates the S11 parameter and the design flow gain for Ant2 to Ant4. The 5G FR2 design flow for a super-wideband meander line antenna spanning from 24 GHz to 30 GHz in terms of S-parameters is presented in Figure 5a, with the gain specifically depicted at 28 GHz in Figure 5b. The initial design of Ant2 incorporates a 50  Ω  microstrip line feed measuring 22 mm × 12 mm × 1.6 mm. It primarily focuses on meander width variations with reduced substrate geometry. Ant2 resonates from 26.78 GHz to 28.62 GHz, exhibits a −13.25 dB reflection coefficient and a peak gain of 7.3 dBi, and showcases a single narrowband frequency at the center frequency of 28 GHz. Ant3 extends the structural design of Ant2 by emphasizing meander length and substrate geometry. With dimensions of 34 mm × 15 mm × 1.6 mm, Ant3 introduces a wideband frequency range from 24.47 GHz to 30 GHz. At 28 GHz, it displays a −23.45 dB reflection coefficient and a peak gain of 6.10 dBi, outperforming Ant2. The meander line configuration of Ant3 involves multiple segments with varying widths and increasing lengths that generate numerous resonances that enhance the antenna’s bandwidth. To broaden the frequency, Ant3 is fed through a quarter-wave transformer (QWT) feedline. Finally, Ant4 is a meander line antenna featuring width and length variations. It is powered by a 50  Ω  microstrip line feed and is constructed on a full ground plane to encompass both the lower and upper bands of the 28 GHz range. The width of the meander line affects the antenna’s capacitance and inductance, while the length only affects the line’s delay. This technique helps to increase the antenna’s bandwidth to super-wideband by introducing multiple resonances and reducing the mismatch between the antenna and its feedline. The Ant4 structure is super-wideband and covers 5G micrometer, radar, satellite, and millimeter (mm-wave) applications and high peak gain compared to Ant 2 and Ant 3, as displayed in Figure 5b.





4. Results and Discussion


The finalized design of Ant4, which has a super wideband of 53.4 GHz from 6.79 GHz to 60 GHz, and its simulated S-parameter and gain plots are displayed in Figure 6. Additionally, Ant4’s patch and ground surface current at 24 GHz, 26 GHz, and 28 GHz are shown in Figure 7, which shows that the 24 GHz surface current distribution exhibits more radiation at the center of the patch in Figure 7a, while the 26 GHz surface current distribution shows more radiation at the center and top corner edges of the patch in Figure 7b. Similarly, the 28 GHz surface current distribution displays more radiation at the patch’s center and top center edge in Figure 7c. Interestingly, all three surface current distributions exhibit more radiation at the center of the continuous ground plane, as shown in Figure 7. Implementing the Ant4 design of the continuous ground, adding 0.5  W p   meander line width, and adding 6.5  h s   to the substrate length and width report remarkable results, and the bandwidth is improved compared to the Ant2 and Ant3 designs. This component can benefit wideband applications in the 5G and 28 GHz mm-wave bands. The proposed meander line antenna’s performance is evaluated by comparing it with several antennas inspired by meander line designs, as detailed in Table 2. The results demonstrate that the proposed antenna exhibits gain, bandwidth, and compactness on par with those reported in the existing literature. The proposed antenna exhibits a comparable response and is suitable for its intended application.



Measured Results


The prototype of the 5G FR-II band antenna is developed and depicted in Figure 8. The antenna is developed on an FR4 substrate and 0.07 mm thin adhesive copper tape. As per availability, a 40 GHz connector is used to connect the 43.5 GHz vector network analyzer (VNA) for the measurement. Also the full range of the VNA is used for the scattering parameter measurement, leading to a higher noise level in the measured results. Measuring the scattering characteristics of patch antennas poses challenges related to accurate near-field assessments, precise frequency coverage, and polarization considerations. Achieving a true far-field condition for measurements can be difficult in limited-space environments, which impacts the reliability of the results. Precise calibration of the measurement system is essential to mitigate errors, and the influence of surrounding materials on antenna performance must be carefully addressed during testing. However, simulated results show that the antenna resonates beyond 60 GHz.



The measured scattering parameter and radiation patterns at 28 GHz are shown in Figure 9. The agreement between the measured and simulated scattering parameters are satisfactory. This validates the proposed design approach and the theoretical calculations of the meander-line-radiator-based wideband antenna. The antenna’s complex radiation pattern may require sophisticated measurement setups to capture its directional properties comprehensively. Ensuring precise antenna positioning and calibration becomes crucial to mitigate errors and achieve reliable radiation pattern data. Addressing these challenges demands a careful balance of advanced measurement techniques and meticulous experimental procedures. However, the good agreement seen between simulated electric and magnetic field radiation patterns also confirms successful radiation from the proposed structure. The dimensions calculated for the desired operating bands are identical between simulation and measurement and have satisfactory radiation characteristics. The radiation efficiency of the antenna as measured at 28 GHz was found to be 87.9%.





5. Conclusions


A comprehensive design approach for a meander line radiator tailored for super-ultra-wideband (SUWB) applications is presented. The demonstrated approach successfully designs a highly wideband radiator suitable for fifth-generation (5G) mobile frequency applications that covers both the lower (sub-6 GHz) and higher (28 GHz) frequency bands. The theoretical calculations employed for dimension determination and the simulation results yield satisfactory measured performance. The proposed design incorporates an aerial patch excited by a microstrip feedline positioned atop the substrate and complemented by a continuous ground plane. By utilizing a theoretical formula, the meander line structure efficiently covers both frequency range 1 (FR1) and frequency range 2 (FR2) of the upper 5G frequency spectrum. Operating at 28 GHz, the antenna achieves a peak gain of 7.5 dBi. The simulation demonstrates an impressive bandwidth ratio (BWR) of 9.09:1 for a −10 dB reflection coefficient and spanning a wide frequency range of 53.4 GHz (ranging from 6.6 GHz to 60 GHz). With its compact linear meander line planar structure occupying a small area of 34 mm × 20 mm × 1.6 mm, the proposed antenna fulfills the bandwidth requirements for diverse applications such as radar, satellite communication, 5G millimeter-wave transmission, and the sub-bands of the sixth generation.
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Figure 1. Dimensions of 5G FR2 (all in mm). 
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Figure 3. 5G FR1 meander line antenna design: (a) Ant1 dimensions (mm), (b) ground variations, and (c) S-parameter and gain. 
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Figure 4. Design flow of 5G FR2 super-wideband meander line antenna for Ant2 to Ant4 (dimensions all in mm). 
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Figure 5. Design flow of 5G FR2 super-wideband meander line antenna for Ant2 to Ant4 (a) S-parameter and (b) gain. 
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Figure 6. Gain and S-parameter of Ant4. 
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