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Abstract

:

In this paper, the design, simulation, fabrication, and characterization study of a low-cost and directional hybrid four-element (2 × 2 configuration) Minkowski–Sierpinski fractal antenna array (MSFAA) for the high-efficiency IEEE 802.11ax WLANs (Wi-Fi 6E) and the sub-6 GHz 5G wireless system is presented. Each element of the array is separated by 0.7 λ0. The complete four-element fractal antenna array system includes designing the single-element Minkowski–Sierpinski fractal antenna using two different substrates for performance comparison and an equal-split Wilkinson power divider (WPD) to achieve power division and to form a feed network. The single-element antenna, four-element fractal antenna array, and WPDs are fabricated using a flame-resistant (FR4) glass epoxy substrate with a dielectric constant (εr) of 4.3 and thickness (h) of 1.66 mm. For performance comparison, a high-end Rogers thermoset microwave material (TMM4) substrate is also used, having εr = 4.5 and h = 1.524mm, respectively. The designed four-element fractal antenna array operates at the dual-band frequencies of 4.17 and 5.97 GHz, respectively. The various performance parameters of the antenna array, such as return loss, bandwidth, gain, and 2D and 3D radiation patterns, are analyzed using CST Microwave Studio. The fabricated four-element antenna array provides the bandwidth and gain characteristic of 85 MHz/4.19 dB and 182 MHz/9.61 dB at 4.17 and 5.97 GHz frequency bands, respectively. The proposed antenna array design gives an improvement in the bandwidth, gain, and radiation pattern in the boresight at both frequencies. In the IEEE 802.11 ax WLANs (Wi-Fi 6E) deployments and the upcoming 5G wireless and satellite communication systems, it is critical to have directional antenna arrays to focus the radiated power in any specific direction. Therefore, it is believed that the proposed dual-band four-element fractal antenna array with directional radiation patterns can be an ideal candidate for the high-efficiency IEEE 802.11ax WLANs (Wi-Fi 6E) and the upcoming 5G wireless and satellite communication systems.
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1. Introduction


Over the last two decades, there has been an exponential growth in wireless communication systems with enhanced data-rate requirements of the end-users due to the availability of new and smart wireless devices [1,2]. Moreover, the upsurge of bandwidth-hungry applications such as live video streaming, peer-to-peer (P2P), and virtual/augmented reality (VR/AR) online gaming, and the ever-increasing urge of the end-users to stay online all the time has fueled this manifold growth [2,3]. The number of wireless users is radically increasing, and currently, ~23 billion wireless devices are connected to the internet. It is predicted that these devices will increase to 75 billion by 2025 [4]. Initially, in order to meet the ever-increasing high throughput per user demand both for home users and in high-density places such as offices, stadiums, train stations, and airports, etc., the IEEE introduced an enhanced version of IEEE 802.11ac [5] standard, which is commonly referred to as IEEE 802.11ax or Wi-Fi6 [6]. The 802.11ax has the ability to deliver 9.6 GB/s data rates, which is 37% higher than its predecessor, 802.11ac [6]. Another important feature of this technology is that it exploits both the 2.4 and 5 GHz frequency bands simultaneously. In the future, 802.11ax technology will also be available in the 6 GHz band as part of Wi-Fi 6E [6]. Then, technological growth of the fifth-generation (5G) wireless systems [2,3] will be needed to meet this high demand for the network. The emerging 5G system will provide the end-users with benefits such as improved data rates, less power dissipation, and reduced over-the-air latency, with an improved overall system capacity of several billion users [1,2,3]. Another important feature of the 5G technology is the exploitation of both microwave (around 3–6 GHz) and millimeter-wave (mmW) frequency bands [1,2,3,7]. This provides enhanced spectral utilization and leads to the requirement of antenna arrays with beam-steering capabilities to focus radiated power in any specific direction. The 5G technology is expected to provide enhanced quality of service (QoS) with constant connectivity to end-users who demand anytime, anywhere, and with-anything connectivity [2,3,4,5,6,7].



The primary driver in the development of high throughput wireless local area networks (WLANs) such as 802.11ax (Wi-Fi 6E), as well as 5G wireless systems, is the requirement of compact structure antennas that provide wide bandwidth for mobile and other wireless devices. In modern WLANs, planar microstrip patch antennas (MPAs) are preferred because of their compactness, flexible structure, low profile and cost, simplicity of design, and ability to conform with printed circuit boards (PCBs) [8,9]. A conventional MPA resonates at a single frequency band and offers low gain and narrow bandwidth, although by the insertion of different stubs and slots to change the current path, the MPA can be made to cover multiple frequency bands [9,10]. Using the MPA design techniques, many researchers [5,10,11,12,13,14] have proposed different antenna array designs for 5G wireless systems operating at both microwave and mmW frequency bands.



Recently, there has been much interest in fractal antenna design techniques for the upcoming 5G system [14,15,16,17]. Fractal antenna structures are preferred because they not only help with the physical antenna size reduction, but also aid in the designing of miniaturized multiband antennas at a low cost. Mandelbrot et al. [18] proposed the first fractal geometry. Since then, many different fractal antenna structures have been proposed in the literature, which include the Sierpinski gasket, Minkowski and Sierpinski carpet, Cantor set, and Koch curves geometries, etc. [14,15,16,17,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. The issue with a conventional dual-band fractal array antenna is that it offers limited bandwidth and low gain due to the constraint of mutual coupling. In [23], it is shown that the circular fractal antenna array with a partial ground plane generates multiple frequency bands with a maximum bandwidth of ~500 MHz and a gain of 5.94 dB, respectively. In [24], a miniaturized and compact two-fractal antennas with Koch-fed obtrusion/slot with the asymmetric ground plane (AGP) is presented, which shows an improved bandwidth of 100 MHz and a gain of 5 dB. In [25], an eight-element linear array of fractal antennas based on the Koch snowflake design technique is presented; the array develops a 15.18 dB gain with 105 MHz bandwidth and a radiation efficiency of 72.12%. In [26], the researchers presented a Sierpinski fractal antenna array with a coplanar waveguide (CPW) feed, which leads to multiband behavior. This antenna array design gives a bandwidth of 90 MHz and a gain of 11 dB. A complementary Sierpinski gasket fractal antenna array for portable multiple-input multiple-output (MIMO) wireless devices is presented in [28], which gives a single frequency band that shows a gain of 10 dB with a bandwidth of 400 MHz. Article [29] presents a four-branch array antenna system comprising sixteen rectangular and circular patch elements. The presented antenna operates at dual-band, which is at 2.54 and 5.64 GHz. The dual-band antenna array is appropriate for Wi-Fi, WiMAX, Bluetooth, Zigbee, and ISM applications. It keeps return loss at −10 dB while having better gain and directivity across both operating bands. In article [30], a dual-band array antenna system with high gain and a compact design is presented. It can be used in 5G communication systems. There are two monopole elements in the antenna array. The isolation between these two monopole elements was substantially increased, and the dimension of the antenna array was lowered by protruding the ground branches in the metal plane. A tri-band fractal hexagonal antenna array for 5G mobile networks is presented in [31]. Return loss improved with this design, and it also produces better radiation characteristics. As per the literature review presented here, most of the discussed designs demonstrate either improvement in gain or bandwidth, and most of the presented radiation patterns in the literature are omnidirectional in nature. For the design presented in this paper, we have concentrated on dual-band frequency behavior with the improvement in bandwidth, gain, efficiency, and radiation pattern in the boresight at the same time, respectively.



Therefore, this paper initially presents a single-element dual-band operation Minkowski–Sierpinski fractal antenna design using two different substrates, i.e., a high-end Rogers TMM4 substrate and a low-end FR4 substrate. The performance of both antenna designs is compared. Then, a hybrid four-element (2 × 2 configuration) dual-band Minkowski–Sierpinski fractal antenna array (MSFAA) design is proposed for 802.11ax (Wi-Fi 6E), sub-6 GHz 5G, and next-generation wireless applications. The proposed single-element antenna and the 2 × 2 configuration antenna array are operating at 4.17 and 5.97 GHz frequency bands, respectively. The proposed fractal antenna array has many attractive features, such as a high gain and directional radiation pattern at the boresight. Both features make the proposed antenna array a promising candidate for the 802.11ax (Wi-Fi 6E), sub-6 GHz 5G, Internet of Things (IoT), and next-generation wireless applications. All four elements of the 2 × 2 configuration fractal antenna array are individually mounted on an aluminum sheet, which acts as a holding mount and extended ground plane for the individual array elements. Then, a delta-stub-based 1 × 2 Wilkinson power divider (WPD) feed network is also designed, which is used with the help of coaxial cables to feed the individual array elements. The rest of the paper is organized as follows: Section 2 briefly discusses the WPD design configuration as well as its simulation and measured results. The single-element fractal antenna design and its results, as well as the four-element fractal antenna array design and characterization results, including return loss (S11), 2D and 3D radiation patterns, gain, and surface current distribution, are discussed and summarized in Section 3. Section 4 provides a comparison of the results and overall discussion of the paper and its findings, and finally, Section 5 draws conclusions.




2. Delta-Stub-Based Wilkinson Power Divider (WPD) Design Configuration and Characterization Results


The WPD [8] is characterized as a three-port lossless network, which provides isolation between the output ports when they are matched; only the reflected power is typically dissipated. The power to the input port-1 can be split into two ports with the same amplitude. In order to realize a two-way equal-split in signal power, quarter-wave (λ/4 impedance) transformers with a characteristic impedance of Zo are used. The equivalent circuit of the conventional WPD is shown in Figure 1a. The simulated design of the proposed WPD using CST Microwave Studio is shown in Figure 1b, whereas the fabricated prototype is shown in Figure 1c. FR4 glass epoxy substrate (εr = 4.3 and h = 1.66 mm) is selected for this purpose.



The three ports of the WPD are labeled as port-1, port-2, and port-3, respectively, as shown in Figure 1a–c. The straight quarter-lambda split Section 1 × 2 WPD is the conventional design, which is initially presented in Figure 1a. In the WPD, the power at the output ports, port-2 and port-3, is half the power of the input from port-1. Therefore, the insertion loss at each of the output ports is −3 dB. The width of the 50 Ω transmission line is taken as 3 mm, whereas the length and width of the quarter-wave transformers with an impedance of 70.71 Ω are taken as 7 mm × 1.5 mm. The fabricated prototype of the WPD has overall dimensions of 20 × 36 mm, as shown in Figure 1c. Two delta-stubs with a length × width of 2.38 × 0.74 mm are introduced on both sides of the quarter-wave transformers for improved impedance matching and wide bandwidth characteristics of the WPD.



Figure 2a,b shows the simulated and measured S-parameter response of the delta-stub-based 1 × 2 WPD at the bandwidth of 3.5–6.5 GHz. It can be observed from the results in Figure 2b that there is almost equal power division between the two output ports, port-2 and port-3, respectively.



The return loss S11 (dB) and S22 (dB) at port-1 and port-2, as shown in Figure 2a, also refers to the fact that the designed delta-stub-based 1 × 2 WPD has a wide bandwidth of 3 GHz. Figure 2b shows the simulated and measured insertion loss S21 (dB) between port-1 and port-2, and isolation loss S32 (dB) between port-2 and port-3, respectively. It can be observed from the WPD measured response that there is an isolation of 14 dB between the two output ports and an insertion loss of −4 ± 1 dB between port-1 and port-2.




3. Single-Element Minkowski–Sierpinski Fractal Antenna and Four-Element Antenna Array Design and Characterization Results


3.1. Single-Element Fractal Antenna Design


In this section, a single-element Minkowski–Sierpinski fractal antenna design is discussed. In order to realize the single-element fractal antenna, the square-shaped MPA, as shown in Figure 3a, is initially designed by using the transmission-line model [8]. CST Microwave Studio is used to simulate and study the behavior of the antenna. Two different substrates materials are employed for this purpose, i.e., a high-end Rogers TMM4 substrate (h = 1.524 mm, εr = 4.5, tan δ = 0.002) and low-end FR4 epoxy glass substrate (h = 1.6 mm, εr = 4.3, tan δ = 0.02). The step-by-step procedure of fractal antenna design is shown in Figure 3a–c, and a detailed explanation is also provided in [22]. In step one of the design, a square MPA of length and width equal to 38.5 mm is realized. In step two of the design, the Minkowski carpet structure is applied to the square MPA as shown in Figure 3b based on the calculations from Equations (1)–(4) by choosing the values of a1 and a2 to be 0.64, and 0.064, respectively.


   N n  =  8 n   



(1)






   L n  =   (  1 3  )  n   



(2)






w1(n + 1) = a1 × Ln



(3)






w2 (n + 1) = a2 × Ln



(4)







In step three, the Sierpinski carpet structure is applied up to the third iteration to the remaining portion of step two, as shown in Figure 3c.



where L represents the length of the resonating patch, w1 and w2 are the dimensions of the rectangular slots removed from the sides of the square patch in the first iteration of this structure, and a1 and a2 refer to the indentation ratios, respectively. Table 1 shows the detailed dimensions of the single-element Minkowski–Sierpinski fractal antenna.



The simulated S11 (dB) results of the proposed single-element Minkowski–Sierpinski fractal antenna design using two different substrates are summarized in Figure 4. It can be seen from the S11 (dB) result that the proposed antenna is resonating at dual frequency bands, i.e., around 4.1 and 5.97 GHz, respectively. After the S-parameter characterization of the single-element fractal antenna, the 2D radiation pattern results are also studied for a better understanding of antenna performance. Figure 5a–d shows the simulated E-plane and H-plane 2D radiation patterns of the FR4 and TMM4 substrate single-element fractal antennas. It can be seen from the radiation pattern results that the FR4-based single-element antenna exhibits a higher gain at 5.97 GHz, whereas the antenna designed using the TMM4 substrate only shows improvement at low frequency. It is important to observe from the results that the proposed antenna simulated using the FR4 substrate shows a gain of 0.8/7 dB at 4.17/5.97 GHz, respectively. Similarly, using the TMM4 substrate, the antenna exhibits a gain of 2.2/5.5 dB at 4.17/5.97 GHz, respectively. The proposed antenna’s primary application is to work at Wi-Fi6 [5,6] and sub-6 GHz 5G systems, which means we need enhanced gain at a higher frequency. Due to this reason, the FR4-based single-element Minkowski–Sierpinski fractal antenna design is selected for fabrication and further characterization using a 2 × 2 antenna array design. Figure 6a shows the final structure of the single-element Minkowski–Sierpinski fractal antenna designed using the FR4 substrate.



Figure 6b shows the single-element antenna measurements setup using a Keysight Technologies FieldFox N9916B vector network analyzer (VNA). It can be seen from Figure 6b that the antenna under test (AUT) was resonating at two different frequencies of 4.17 and 5.97 GHz, respectively.




3.2. Four-Element (2 × 2 Configuration) Minkowski–Sierpinski Fractal Antenna Array (MSFAA) Design and Characterization


The key demand for the IEEE 802.11ax WLANs (Wi-Fi 6E), currently deployed 5G wireless systems, and next-generation wireless technologies is to have high-gain, directional, and narrow beam-width antenna arrays. Therefore, a four-element (2 × 2 configuration) MSFAA has been designed, fabricated, and realized using four single-element antennas, as shown in Figure 7a,b. Therefore, initially, the four-element MSFAA is simulated using CST Microwave Studio, and the results are summarized in Figure 8.



Then, the antenna array is realized, and the prototype is illustrated in Figure 7a,b, which shows the hybrid implementation of the MSFAA. Figure 7a shows the front, and Figure 7b shows the back view of the four-element MSFAA prototype with detailed dimensions and connection configurations, respectively. An aluminum sheet of 240 × 240 mm is used to hold the antennas with the help of screws, as shown in Figure 7b. The aluminum sheet with a thickness of 2 mm also acts as an extended ground plane for the four-element MSFAA, as shown in Figure 7a,b. The 1 × 2 WPDs presented previously are used as a part of the antenna array feeding network to feed equal power to the four elements of the MSFAA. It can be seen in Figure 7a,b that we used small RF co-axial cables to make the connection between the main MSFAA feed point and the three 1 × 2 WPDs. In order to reduce the grating and radiation side lobes, the spacing between the center of one antenna and another is a key factor while designing the antenna array. Therefore, the spacing between the antenna elements (center-to-center spacing) is kept at 0.7 λ0, i.e., 75 mm for the MSFAA. It can be seen from Figure 7b that co-axial cables, SMA connectors, and adapters are used to connect the three 1 × 2 WPDs to the individual antenna element feeds.



After the successful fabrication of the four-element MSFAA prototype, the S-parameter measurements are initially performed. Figure 8 compares the simulated and measured return loss S11 (dB) of the four-element MSFAA. It can be seen from the results in Figure 8 that the four-element MSFAA is operating at the two desired frequency bands for IEEE 802.11ax WLANs (Wi-Fi 6E), and 5G wireless systems operation with very good bandwidth and an S11 (dB) response of more than −17 and −25dB is achieved at 4.17 and 5.97 GHz, respectively.



It can also be observed from Figure 8 that the 2 × 2 configuration MSFAA has the simulated bandwidth of 96 and 165 MHz, around 4.17 and 5.97 GHz, respectively. Similarly, the measured S11 (dB) response of the fractal antenna array exhibits a bandwidth of 85 and 182 MHz, around 4.17 and 5.97 GHz, respectively. After the return loss measurements, the 2D and 3D radiation patterns and surface current distribution measurements of the four-element MSFAA are performed to further investigate and understand the behavior of the proposed antenna array for IEEE 802.11ax WLANs (Wi-Fi 6E) and the upcoming 5G wireless systems. The radiation pattern measurements are performed in a NI-800F anechoic chamber using a Keysight N5230A VNA. Figure 9a–d shows the simulated and measured E- and H-plane 2D radiation patterns of the four-element MSFAA, respectively. In Figure 9a, the simulated and measured E-plane 2D radiation patterns at 4.17 GHz are shown, where the MSFAA exhibits a 3 dB beamwidth of 34.8 and 31 °C, and a gain of 4.9 and ~4.2 dB, respectively. In Figure 9b, the simulated and measured H-plane 2D radiation patterns at 4.17 GHz are shown, where the MSFAA exhibits a 3 dB beamwidth of 36.8 and 32 °C, and a gain of 5.5 and ~5 dB, respectively. Similarly, in Figure 9c, the simulated and measured E-plane 2D radiation patterns are shown at 5.97 GHz, where the MSFAA exhibits a 3 dB beamwidth of 17.5 and 26.2 °C, and a gain of ~10.5 dB and ~9.6 dB, respectively. In Figure 9d, the simulated and measured H-plane 2D radiation patterns at 5.97 GHz are shown, where the MSFAA exhibits a 3 dB beamwidth of 17.1 and 28 °C, and a gain of 10 and ~9.8 dB, respectively. It can be observed from Figure 9a–d that the four-element MSFAA is radiating in the boresight at both resonating frequencies.



Moreover, the MSFAA exhibits more directional behavior at the high frequency than the low frequency of resonance, and the null is reduced at zero degrees in the E- and H-plane at 4.17 GHz. It is also important to observe here that the radiation pattern is directed away from the antenna with much-reduced back radiation by virtue of the presence of the extended ground plane in the form of an aluminum sheet. This is more prominent at the 5.97 GHz frequency, thus making the proposed fractal antenna array design more suitable to work in the high-efficiency IEEE 802.11ax WLANs (Wi-Fi 6E) and upcoming 5G wireless systems.



After measuring the 2D radiation pattern of the four-element MSFAA, the 3D radiation patterns are also studied at both the oscillating frequencies of 4.17 and 5.97 GHz to further understand the fractal antenna array behavior, and the results are summarized in Figure 10a,b, respectively. It can be observed from the 3D radiation patterns in Figure 10a,b that at 4.17 GHz resonance frequency, the antenna gain is 6.8 dB, but at the 5.97 GHz frequency, the antenna gain increases to 11.85 dB. The results show the directionality of the radiating electromagnetic waves from the proposed design, which is an important requirement for both high-efficiency IEEE 802.11ax WLANs and the upcoming 5G wireless systems for smart antenna beam-forming and beam-steering technologies [1,2,3,6,12].



After measuring the 3D radiation patterns, the surface current distribution of the four-element MSFAA is studied to further understand the behavior of the fractal antenna array when excited with electromagnetic waves. Figure 11a,b shows the fractal antenna array response at 4.17 and 5.97 GHz, respectively.



It can be observed from the results in Figure 11a,b that when the antenna array is excited, the surface current distribution is high near to and around the resonating fractal patch antennas and low around the rest of the aluminum sheet, especially at the edges, which is acting as an extended ground plane.



The co- and cross-polarization analysis of the four-element MSFAA is then performed. The results of the co- and cross-polarization of the four-element MSFAA for E- and H-plane at 4.17 and 5.97 GHz, respectively, are illustrated in Figure 12a,b. The proposed four-element MSFAA shows E- and H-plane cross-polarization isolation of −13 and −17 dB at 4.17 GHz, respectively, as depicted in Figure 12a. In Figure 12b, it can be observed that E- and H-plane cross-polarization isolation of below −10 dB at 5.97 GHz is achieved.





4. Comparison of Results and Discussion


It has been observed in the previous section from the 2D and 3D radiation pattern results that at 5.97 GHz, MSFAA gain and directionality are greater as compared to low frequency at 4.17 GHz, but the important factor is that the null is reduced at zero degrees in the E- and H-plane at 4.17 GHz. This leads to a better radiation pattern with fewer side lobes. Moreover, it is evident from the 2D and 3D radiation patterns that the four-element (2 × 2 configuration) MSFAA demonstrates reduced back radiation and improved directionality at both resonant frequencies. Therefore, the advantage of high gain and directional radiation patterns in the boresight makes the proposed fractal antenna array design more suitable to work in the currently deployed high-efficiency IEEE 802.11ax WLANs (Wi-Fi 6E) and the upcoming 5G systems. Additionally, the directional antenna array can be very useful in the intelligent transport system and Internet of Vehicles (IoV) [33,34] system, where vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications heavily rely on directional beam-steering antenna array systems. Another potential area of application for the single-element antenna and antenna arrays is flying ad hoc networks (FANETs) [35], where unmanned aerial vehicles (UAVs) are employed for both commercial and military communications [36]. In FANETs, wireless communication links are required for UAV-to-UAV (U2U) and UAV-to-base station (U2B) communications [37]. Table 2 summarizes the comparison of the proposed four-element Minkowski–Sierpinski fractal antenna array simulated and measured results. The data in Table 2 show good agreement between the simulated and measured results of the four-element fractal antenna array.



Table 3 gives a detailed comparison of the existing work carried out on fractal antenna arrays with respect to proposed antenna array design techniques in terms of multiband operation, gain, bandwidth, radiation pattern, and efficiency. From Table 3, it is very important to note that in most of the presented designs, the researchers are improving one antenna performance parameter only, such as gain or the bandwidth, although the work presented in this paper shows the overall improvement of all antenna performance parameters, as mentioned in Table 3.




5. Conclusions


This paper has presented a dual-band and low-profile single-element Minkowski–Sierpinski fractal antenna and a high-gain, directional four-element (2 × 2 configuration) Minkowski–Sierpinski fractal antenna array resonating at 4.17 and 5.97 GHz. The single-element antenna was initially designed using two different substrates, i.e., a high-end Rogers TMM4 and a low-end FR4 substrate. In order to feed the fractal antenna array, a Wilkinson power divider based on delta-stub was also designed to achieve a wide band and equal power split from the input ports to all four elements of the fractal antenna array. It is important to observe here that most of the previous dual-band antenna arrays presented in Table 3 radiate in the boresight at only one frequency and the other frequency is null, but the proposed four-element fractal antenna array from this work has a radiation pattern in the boresight at both resonant frequencies with high gain and good bandwidth. Due to this unique feature of the radiation pattern, the proposed antenna array can act as an ideal candidate for currently deployed high-efficiency IEEE 802.11ax WLANs (Wi-Fi 6E), the upcoming 5G wireless systems, the IoV, and FANETs system, where V2V/V2I and U2U/U2B wireless communication links are heavily dependent on the directional beam-steering capabilities of the antenna arrays. The proposed antenna array shows very good agreement between the simulated and measured results. The results show that the proposed structure is a promising candidate for IEEE 802.11ax WLANs (Wi-Fi 6E) and future 5G wireless communication. In the future, this work can be extended by reducing the overall size of the array using the combination of all the components on the single ground plane and removing the coaxial cable and other non-essential components to check and study the overall behavior of the antenna array system.
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Figure 1. Shows (a) transmission-line circuit of an equal-split WPD [8], (b) simulated design, and (c) fabricated prototype of delta-stub-based 1 × 2 WPD. 






Figure 1. Shows (a) transmission-line circuit of an equal-split WPD [8], (b) simulated design, and (c) fabricated prototype of delta-stub-based 1 × 2 WPD.
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Figure 2. Shows the S−parameter response of the WPD (a) simulated and measured return loss (S11) at port-1 and (S22) at port-2, and (b) simulated and measured insertion loss (S21) between port-1 and port-2, and isolation loss (S32) between port-2 and port-3, respectively. 
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Figure 3. Shows (a) basic MPA with length “L” and width “W”, (b) Minkowski structure introduced in basic MPA, and (c) combined Minkowski–Sierpinski carpet antenna design with respective dimensions. 
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Figure 4. Simulated S11 (dB) response of the single−element Minkowski−Sierpinski fractal antenna using low−end FR4 and high−end Rogers TMM4 substrates. 
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Figure 5. Simulated E−plane 2D radiation pattern of single-element antenna using (a) FR4 and (b) TMM4 substrates at 4.17 and 5.97 GHz, respectively, and simulated H−plane 2D radiation pattern of single−element antenna using (c) FR4 and (d) TMM4 substrates at 4.17 and 5.97 GHz, respectively. 
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Figure 6. Shows (a) fabricated prototype of single-element combined Minkowski–Sierpinski fractal antenna using FR4 substrate, and (b) S-parameter measurement setup showing the AUT connected to Keysight VNA for S11 (dB) measurement. 
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Figure 7. Shows (a) front view of a fabricated prototype of four-element MSFAA with dimensions, and (b) back view highlighting the four-element MSFAA feed network using WPDs and co-axial cables. 
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Figure 8. Shows the simulated and measured return loss S11 (dB) of the four−element MSFAA. 






Figure 8. Shows the simulated and measured return loss S11 (dB) of the four−element MSFAA.



[image: Fractalfract 07 00158 g008]







[image: Fractalfract 07 00158 g009a 550][image: Fractalfract 07 00158 g009b 550] 





Figure 9. Shows simulated and measured (a) E−plane 2D radiation pattern at 4.17 GHz, (b) H−plane 2D radiation pattern at 4.17 GHz, (c) E-plane 2D radiation pattern at 5.97 GHz, and (d) H−plane 2D radiation pattern at 5.97 GHz, respectively, for the four−element MSFAA. 
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Figure 10. Shows 3D radiation patterns of four-element MSFAA at (a) 4.17 GHz (gain 8.89 dB) and (b) 5.97 GHz (gain 12.6 dB), respectively. 
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Figure 11. Shows surface current distribution of 4-element MSFAA at (a) 4.17 GHz and (b) 5.97 GHz, respectively. 
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Figure 12. Shows the co− and cross−polarization analysis of the four−element MSFAA for E− and H−plane at (a) 4.17 GHz and (b) 5.97 GHz, respectively. 
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Table 1. Detailed dimensions of single-element combined Minkowski–Sierpinski carpet fractal antenna structure.
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	Antenna Dimensions
	Value (Unit: mm)





	L1
	38.5



	W1
	25



	L3
	7



	L4
	2.5



	L5
	0.8



	L6
	7.35



	L7
	2
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Table 2. Comparison of simulation and measured results of four-element MSFAA.
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Parameter

	
MSFAA Simulation Results

	
MSFAA Measurement Results




	
4.17 GHz

	
5.97 GHz

	
4.17 GHz

	
5.97 GHz






	
Return loss (dB)

	
21.2

	
29.1

	
17.1

	
25.8




	
Bandwidth (MHz) (for VSWR < 2)

	
96

	
165

	
85

	
182




	
Gain (dB)

	
4.9

	
10.5

	
4.19

	
9.6




	
E-plane Beamwidth (Deg)

	
34.8

	
17.5

	
31

	
26.2




	
H-plane Beamwidth (Deg)

	
36.8

	
17.1

	
32

	
28
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Table 3. Performance comparison of proposed four-element MSFAA with existing research literature where other researchers have proposed antenna arrays using fractal structures.
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	Reference/Year
	Multiband
	Technique
	Maximum Gain (dB)
	Radiation Efficiency
	Radiation Pattern in Boresight for All Frequency Bands
	No. of Antenna Elements
	Bandwidth (MHz)
	Antenna Spacing





	[23]/2019
	Yes
	Circular fractal array
	5.94
	-
	No
	4
	~500
	0.5λ



	[24]/2018
	Yes
	Koch-fed obtrude/slot asymmetric ground plane
	5
	93%
	No
	4
	~104
	-



	[25]/2019
	No
	Fibonacci series with the incorporation of Koch snowflake structure
	15.18
	72.12%
	No
	4
	105
	0.5λ



	[26]/2018
	Yes
	Sierpinski carpet fractal antenna array
	11
	-
	No
	8
	90
	0.9λ



	[27]/2014
	Yes
	Fractal tree antenna array
	9.3
	-
	No
	4
	~40
	-



	[28]/2019
	No
	Complementary Sierpinski gasket fractal antenna array
	9.98
	68%
	No
	4
	~400
	-



	[29]/2022
	Yes
	Rectangular and circular patch antenna array
	5.71
	97%
	No
	16
	980
	0.3λ



	[30]/2019
	Yes
	Rectangular slotted patch antenna array
	4.5
	-
	No
	2
	930
	0.24λ



	[31]/2021
	Yes
	Tri-band hexagonal fractal antenna array
	4.2
	-
	No
	2
	300
	-



	[32]/2018
	Yes
	Sierpinski carpet fractal antenna array
	2.82
	-
	No
	2
	~40
	0.7λ



	[38]/2018
	No
	Patch antenna arrays based on fractal metamaterial EBG structures
	~5.5
	~81%
	No
	4
	1250
	0.5λ



	[39]/2022
	Yes
	Metasurface-inspired fractal antenna
	7.7
	~80%
	Yes
	-
	244
	-



	[40]/2020
	No
	Koch-snowflake-based fractal antenna
	11
	71%
	Yes
	4
	165
	0.5λ



	[This Work]/2022
	Yes
	Combined Minkowski–Sierpinski carpet antenna
	9.61
	96%
	Yes
	4
	182
	0.7λ
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