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Abstract

:

The demand for high-speed wireless communication systems has led to the development of ultrawide-band (UWB) antennas with a compact size and high performance. In this paper, we propose a novel four-port multiple-input multiple-output (MIMO) antenna with an asymptote-shaped structure that overcomes the limitations of existing designs for UWB applications. The antenna elements are placed orthogonally to each other for polarization diversity, and each element features a stepped rectangular patch with a tapered microstrip feedline. The unique structure of the antenna significantly reduces its dimensions to 42 × 42 mm2 (  0.43 λ × 0.43 λ  @    3.09 GHz  ), making it highly desirable for use in small wireless devices. To further enhance the antenna’s performance, we use two parasitic tapes on the ground plane at the back as decoupling structures between adjacent elements. The tapes are designed in a windmill shape and a rotating extended cross shape, respectively, to further improve the isolation. We fabricated and measured the proposed antenna design on a single-layer substrate (FR4) with a dielectric constant of 4.4 and a thickness of 1 mm. The measured results show that the impedance bandwidth of the antenna is 3.09–12 GHz, with an isolation of −16.4 dB, an envelope correlation coefficient (ECC) of 0.02, a diversity gain (DG) of 9.991 dB, an average total effective reflection coefficient (TARC) of −20 dB, an overall group delay value less than 1.4 ns, and a peak gain of 5.1 dBi. Although there may be some antennas that have better performance in one or two specific aspects, our proposed antenna has an excellent trade-off among all the antenna characteristics including bandwidth, size, and isolation. The proposed antenna also exhibits good quasi-omnidirectional radiation properties, making it well-suited for a range of emerging UWB-MIMO communication systems, particularly in small wireless devices. In summary, the compact size and ultrawide-band capabilities of the proposed MIMO antenna design, coupled with its improved performance compared to other recent UWB-MIMO designs, make it a promising candidate for 5G and next-generation wireless communication systems.
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1. Introduction


The tremendous growth and rapid development in the field of wireless communication have prompted people to seek new technologies that can provide large and fast data transmission. UWB technology has attracted a great deal of attention due to its wide bandwidth, high data transmission rate, and strong anti-interference capability. Since the Federal Communications Commission (FCC) released 3.1–10.6 GHz for unauthorized access and commercial use [1], UWB has evolved into a unique technology within wireless communications, radar, smart home wearable devices, and medical applications [2,3,4]. The relatively low radiation power of UWB systems limits their transmission distance. However, the combination of UWB and MIMO technologies has been shown to be a feasible solution for improving the anti-multipath fading capability [5,6]. By utilizing multiple antennas on both transmitters and receivers, MIMO technology enhances the channel capacity of wireless communication systems, thereby significantly extending the transmission distance of UWB systems.



For the study of UWB-MIMO antennas, wideband and high isolation are important research directions. The challenge of designing UWB-MIMO antennas is the coupling between antenna units over small sizes, especially in compact devices with limited space. The distance between units of a UWB-MIMO antenna should be half the wavelength of the minimum at the lowest operating frequency of the UWB band to meet the isolation requirements, which results in a large overall dimension of the antenna. Therefore, appropriate decoupling structures between antenna elements are proposed to improve the isolation. Several designs have been proposed for decoupling MIMO antennas. In [7,8,9], good isolation is obtained by orthogonal polarization and optimizing spacing between elements without any decoupling structure, increasing the isolation among the MIMO antenna elements. In [10], mutual couplings among the antenna elements are significantly reduced by using a two-sided symmetric layout and introducing the symmetric orthogonal and separated four-directional staircase-shaped structure, achieving isolation of less than −22 dB. In [11], high isolation and polarization diversity are achieved by placing the four microstrip-fed lines perpendicular to each other, and a parasitic strip is employed as a decoupling structure between adjacent microstrip-fed lines to further improve isolation, with the isolation of the antenna being higher than −15 dB in the whole UWB frequency band. In [12], a periodic linear network formed by four units of a square ring resonator (SRR) is inserted between the two antenna elements designed with an isolation of higher than −25 dB. A ground stub and a single-column Electromagnetic Bandgap (EBG) structure in between the two radiating patches result in very low mutual coupling in the designed antenna with a low mutual coupling of less than −25 dB [13]. In [14], a wideband neutralization line is placed between two MIMO elements, and the designed UWB MIMO antenna covers the band of 3.1–5 GHz with an isolation of higher than −22 dB. In [15], a special-material MIMO antenna is presented to increase isolation. In [16], the antenna design employs a hybrid isolation enhancing (inverted-L stubs) and miniaturization technique (CSRR), with mutual coupling lower than −15 dB. As a flexible method, defective grounding structures (DGS) are well-used in MIMO antenna decoupling [17,18,19,20]. In [21,22], two antennas address the coupling using stubs that not only reduce mutual coupling by acting as a reflector to separate the radiation of the elements but also act as a radiator to produce resonances. Additionally, the low coupling can be achieved by designing the ground of the MIMO antenna [23,24]. However, there is always a trade-off among antenna size, isolation, complexity, and cost in all of these proposed methods and techniques. In [8,25], the antennas improve isolation by using polarization diversity. The dimensions are 50 × 39.8 mm2 and 60 × 60 mm2, respectively, which are too large to integrate. In [11], the antenna meets the UWB band requirements with a small size, but the isolation is just less than −15 dB. The two antennas described in [26,27] achieve high isolation, but the fabricating process of the design is relatively complex, and antenna tuning is difficult. In [28,29,30], Rogers and Taconic high-frequency materials are used to achieve high isolation and small size, but these two materials are expensive. The proposed design achieves a favorable trade-off compared to existing designs.



In this study, a compact four-port UWB-MIMO antenna with high isolation and low cost is proposed for ultra-wideband wireless communication networks. The four elements of the proposed antenna are identical and placed perpendicular to each other on the substrate to greatly reduce the overall size. On the front side, each element consists of a stepped rectangular radiation patch and an asymptote-shaped microstrip feeder to expand the bandwidth. On the back side, a windmill shape and rotating extended cross shape are used to reduce the mutual coupling among the radiating elements. Simulated and measured results indicate that the proposed UWB-MIMO antenna has a wide impedance bandwidth and high isolation. Additionally, the antenna’s radiation characteristics, MIMO diversity characteristics, and peak gain characteristics are investigated and analyzed. The highlight of the proposed antenna is the introduction of the asymptote-shaped structure, which is incorporated into the overall structure, including the rectangular patch, microstrip feeder, and windmill-shaped decoupling structure. This expansion of the bandwidth of the antenna improves isolation while effectively reducing the antenna’s size. The main contributions of the proposed design include:




	
Adoption of a stepped rectangular radiation patch and placement of the four elements orthogonally to each other to achieve a compact antenna size and improve antenna isolation.



	
Use of an asymptote-shaped microstrip feeder to expand the bandwidth.



	
Use of windmill and rotating extended cross-shaped decoupling structures to improve antenna isolation.



	
Combination of all the above optimizations to achieve good characteristics in terms of bandwidth, size, and isolation.








The rest of this paper is organized as follows: Section 2 presents the antenna design and introduces methods to improve the bandwidth, size, and isolation. Section 3 analyzes and discusses the antenna’s performances, including return loss, isolation, peak gain, diversity gain (DG), ECC, TARC, group delay, and far-field radiation pattern characteristics. The conclusion is drawn in Section 4.




2. Antenna Design


Figure 1 depicts the four steps of the antenna element design and their corresponding reflection coefficients. Step 1 represents the original antenna, which consists of a rectangular patch, a ground plate, and a 50 Ω microstrip feeder. Its impedance band ranges from 4.07 to 8.05 GHz. To increase the bandwidth, small rectangles are cut at the bottom of the rectangular patch to make it gradually step in step 2. This increases the current path length and generates new resonance points, resulting in a dual-band performance of 3.83–5.19 GHz and 6.97–10.5 GHz. However, this bandwidth is not yet sufficient to cover the entire UWB frequency band. In step 3, the feeder is cut and becomes a stepped rectangle, achieving a return loss of less than −10 dB in the 3.71–11.26 GHz range. Finally, the ground plate is cut in step 4 to further improve the bandwidth to 3.6–12 GHz.



The primary design of the antenna consists of a substrate, a rectangular patch, a ground plane, and a 50 Ω microstrip feedline. To calculate the preliminary length ( L ) and width ( W ) of the patch for a rectangular microstrip antenna at a given operating frequency, Equations (1)–(3) below can be used.


  W =  c  2 f          ε r  + 1  2      −  1 2     



(1)




εr, c, and f in Equation (1) represent the substrate’s relative permittivity, the speed of light, and the operating frequency. To achieve excellent impedance matching, the optimal choice of  W  can be determined. The length of the radiation patch can be calculated using two methods: One is a rough calculation that takes the length as 0.5   λ e   , and    λ e    can be calculated using Equation (2); the other method considers the edge-shortening effect, and the actual radiating element length  L  can be calculated using Equation (3).


   λ e  =  c  f    ε e       



(2)






  L =  λ e  − 2 Δ L  



(3)




where    λ e   ,    ε e   , and   Δ L   stand for the effective dielectric constant, the guided-wave wavelength within the medium, and the change in the patch’s size due to its fringing effect. The effective relative permittivity and the change in the size of the patch can be calculated using Equations (4) and (5), where ‘h’ is the substrate’s height. The patch’s initial parameters are  W  = 14.6 mm and  L  = 17.4 mm, based on    ε r   = 4.4 and  h  = 1 mm in Equations (1)–(5). This calculated value is used as a reference value. As shown in Figure 1a, the antenna operates at 4.5 GHz using the initial patch. Subsequently, a wide bandwidth was achieved by modifying the rectangular patch and ground joint.


   ε e  =    ε r  + 1  2  +    ε r  − 1  2    ( 1 + 12  h W  )   −  1 2     



(4)






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



(5)







The four-element MIMO antenna is constructed based on the antenna element from step 4. As shown in Figure 2a, four elements are placed on the substrate orthogonally, and polarization diversity is used to improve the isolation between adjacent components. Its S-parameters are simulated and shown in Figure 2b. The return loss is only slightly greater than −10 dB from 5 to 6.1 GHz. Good isolation is obtained, with below −20 dB in the medium and high frequencies and below −12 dB in the low-frequency band. Therefore, further optimization and structures are needed to improve the bandwidth and isolation.



There are two common coupling modes of MIMO antennas: Surface wave coupling and space wave coupling. In order to improve the decoupling between the MIMO antenna elements, as shown in Figure 3a, a four-directional three-stepped impedance converter is added to the ground. The simulated S-parameters are shown in Figure 4. Compared with the results in Figure 2b, the lower-frequency band of S11 is reduced to 2.9 GHz. At the same time, S21 and S31 at the middle and high frequencies have been further improved.



In order to improve the return loss in the middle-frequency band at approximately 5–6 GHz, it is necessary to increase the order of the stepped impedance transformer to optimize the impedance matching. As the order increases to infinity, the converter slowly transforms into an asymptote-shaped structure, which looks similar to a windmill, as shown in Figure 3b. Figure 5 shows the simulated return loss and isolation of the design in Figure 3b. It can be seen that the antenna bandwidth is extended to 2.4–12 GHz, covering the whole UWB frequency band. Furthermore, S21 and S31 are less than −15 dB at the low-frequency band and less than −20 dB at the middle- and high-frequency bands. However, due to the coupling between the windmill-shaped structure and antenna elements, the S11 near 6 GHz is slightly higher than −10 dB. In addition, to achieve better isolation in the low-frequency band, the design in Figure 3c is finally proposed.



Based on Figure 3b, a cross-shaped rotating branch is parasitically appended to the windmill-shaped structure. The S-parameters results are further improved, as shown in Figure 6. The surface wave coupling and space wave coupling currents are generated between adjacent elements and decoupling structures, offsetting each other after passing through the parasitic rotating branches. As a result, the coupling between adjacent antenna elements is reduced. The bandwidth of the antenna is from 3.09 to 12 GHz. The isolation is less than −16.4 dB in the low-frequency band and less than −20 dB in the middle- and high-frequency bands.



The surface current distribution of the antenna is shown at 3.5 GHz in Figure 7. When one of the elements is excited, the others are connected to 50 Ω match loads. It can be observed how the decoupling structures help the decoupling between the antenna elements. There are considerable surface currents on the other three radiation patches in Figure 7a. In Figure 7b,c, the currents become small gradually with the windmill shape added on the ground side. At last, in Figure 7d, there are several currents when the cross-shaped rotating branches are added.



Figure 8 shows the geometry and dimensions of the proposed UWB-MIMO antenna. The overall size of the proposed antenna is 42 mm × 42 mm × 1 mm, printed on an FR4 substrate with a relative dielectric constant of 4.4. The antenna is simulated and optimized by ANSYS Electronics Desktop 2021. The geometry parameters are given in Table 1.




3. Results and Discussions


3.1. Fabrication and Measurement


To verify the feasibility and effectiveness of the proposed design antenna in Figure 3c, the antenna is fabricated. The photograph of the prototype is shown in Figure 9. The S-parameters of the antenna are measured using the ZVA 24 vector network analyzer of ROHDE&SCHWARZ Company. The simulated and measured return loss results are shown in Figure 10. The simulated frequency bandwidth agrees with the measured one, which is from 3.09 to 12 GHz. The small discrepancy is likely caused by the errors in the antenna fabrication, the welding errors of SMA joints, and the high loss of the FR4 dielectric substrate at high frequencies.



Figure 11 illustrates the simulated and measured results for the isolation between port 1 and port 2, and between port 1 and port 3. The results demonstrate that the isolation is less than −16.4 dB in the low-frequency band, less than −20 dB in the middle- and high-frequency bands, and even reaches −40 dB in some frequency bands, indicating a good isolation performance.




3.2. MIMO System Parameters


To evaluate the performance of the proposed antenna, several important parameters are investigated and analyzed. The envelope correlation coefficient (ECC) [31] is used to assess the degree of independence between antenna units and should be less than 0.5 for communication systems. Equation (6) is used to calculate the ECC, as shown below:


  ECC =   |  S  i i  ∗   S  i j   +  S  j i  ∗   S  j j    | 2    | ( 1 − |  S  i i    | 2  − |  S  j i    | 2  ) · ( 1 − |  S  j j    | 2  − |  S  i j    | 2  ) |    



(6)







Another important indicator for channel fading in MIMO antennas is diversity gain (DG) [32], which is calculated using Equation (7):


  DG = 10   1 −   ( ECC )  2     



(7)







Figure 12 displays the ECC and DG between port 1 and port 2, and between port 1 and port 3. The ECC is less than 0.02 and the DG is larger than 9.99 dB across the entire operating frequency band, indicating that the correlation between antenna elements is very small and meets the requirements of the MIMO system.



The total effective reflection coefficient (TARC) is defined as the ratio of the square root of the total reflected power to the square root of the total incident power, representing the mutual coupling between ports and the combination of random signals. Equation (8) is used to calculate TARC for a four-port MIMO antenna system [33]:


  TARC =       | (  S  11   +  S  12    e  j θ   +  S  13    e  j  θ ′    +  S  14    e  j  θ  ″     )  | 2  + | (  S  21   +  S  22    e  j θ   +  S  23    e  j  θ ′    +  S  24    e  j  θ  ″     )  | 2      + | (  S  31   +  S  32    e  j θ   +  S  33    e  j  θ ′    +  S  34    e  j  θ  ″     )  | 2  + | (  S  41   +  S  42    e  j θ   +  S  43    e  j  θ ′    +  S  44    e  j  θ  ″     )  | 2       2   



(8)







Figure 13 shows the TARC results, which were obtained by selecting nine combinations of random phases (  θ ,   θ ′ ,   θ ″  ) and calculating their average values. In a communication system, the TARC value of the antenna should be less than 0 dB. The measured average TARC in the operating frequency band is less than −20 dB, indicating that the proposed antenna is insensitive to phase changes and has a good bandwidth.



Group delay is an important time-domain characteristic of MIMO antennas [34]. It refers to the delay generated by the signal as a whole when the group signal passes through a linear system or network, which is the propagation time of the synthetic wave envelope. Therefore, it is also known as the envelope delay. Figure 14 illustrates the group delay variation of the proposed MIMO antenna in the operating band. Group delay (1,1) denotes the delay from port 1 to port 1, Group delay (1,2) indicates the delay from port 1 to port 2, and group delay (1,3) and (1,4) have similar definitions. Since the elements in the proposed MIMO antenna are identical and symmetrical, the group delay (1,2) and group delay (1,4) are almost similar. As shown in Figure 14, the variations in group delay are higher for the high operating spectrum. The total group delay value of the proposed MIMO antenna is less than 1.4 ns.




3.3. Far-Field Radiation Characteristics


The far-field results are obtained in the microwave anechoic chamber, with the excited port connected to the testing cable and the other ports terminated to 50 Ω matched loads. Figure 15 presents the simulated and measured co-polarization and cross-polarization radiation patterns of the proposed UWB-MIMO antenna in the E-plane and H-plane at 3, 6.5, and 10 GHz, respectively. As shown in Figure 15, the radiation mode of the antenna is relatively stable at low frequencies, whereas the radiation pattern of the antenna is distorted in the middle and high frequencies. It has been observed that the E-plane co-polarizations are directional, and the cross-polarizations are small, less than −20 dB in the main radiation directions. It has also been observed that the H-plane co-polarizations are quasi-omnidirectional and the cross-polarizations are small, less than 15 dB than co-polarizations. The measured results of the antenna radiation pattern are in good agreement with the simulated ones.



Figure 16 illustrates the simulated and measured results of peak gain and radiation efficiency of the proposed UWB-MIMO antenna. The peak gain ranges from 2 to 5.1 dBi within the operating frequency band, while the radiation efficiency is greater than 82%, indicating stable radiation characteristics.



Table 2 provides a summary and comparison of the antenna performance of the proposed design with other recent research studies. Compared with previous designs [9,35], the proposed antenna demonstrates a wider bandwidth. Additionally, it exhibits better isolation than [36,37] and a smaller size than [38,39]. Overall, considering its size, bandwidth, isolation, and cost, the proposed antenna offers several advantages [40].



The proposed antenna design incorporates several optimization techniques, as discussed in Section 2, including a stepped rectangular radiation patch to reduce antenna size, an asymptote-shaped microstrip-feeder to broaden bandwidth, and decoupling structures in the form of a windmill shape and a rotating extended cross shape to enhance antenna isolation. These optimization methods result in a compact antenna with wide bandwidth and excellent isolation characteristics. However, the main drawback of the proposed design is its relatively complicated geometry, as it adopts asymptote-shaped structures in several places.





4. Conclusions


In this paper, a compact four-element UWB-MIMO antenna with high isolation and ultrawide impedance bandwidth is proposed. Asymptote-shaped structures are introduced in the radiation patch, microstrip feeder, and decoupling structure to achieve a miniaturized size with a wide band and high isolation. A prototype of the proposed antenna is fabricated, and its S parameters, MIMO diversity characteristics, radiation pattern, peak gain, and other parameters are investigated through simulation and measurement. The results show good agreement between the simulated and measured values. The antenna operates over a frequency range of 3.09–12 GHz, has overall dimensions of 42 × 42 mm2 (  0.43 λ × 0.43 λ  @    3.09   GHz  ), and achieves isolation of less than −16.4 dB, making it compact and highly isolated. The antenna also exhibits good radiation and MIMO diversity characteristics, with an ECC less than 0.02, a DG larger than 9.991 dB, a TARC less than −20 dB, and group delay values less than 1.4 ns for the entire operating spectrum.



With the above characteristics, the proposed design has several advantages that make it well-suited for various applications, including:




	
Wide bandwidth: The antenna has the ability to operate over a wide frequency range, enabling it to support high data rates and a large number of applications.



	
Multipath mitigation: MIMO technology can effectively mitigate the effects of multipath fading, which is a common problem in wireless communication systems. This can lead to improved signal quality and higher data rates.



	
Interference resistance: UWB technology is known for its ability to resist interference, making the proposed design well-suited for use in crowded environments where multiple wireless devices are in use.








Overall, the combination of UWB technology and MIMO technology in a single antenna provides several advantages that make the proposed antenna well-suited for applications such as WPANs, WSNs, and indoor positioning and tracking.
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Figure 1. The geometry of steps 1 to 4 and simulated S parameters: (a) Geometry, (b) S parameters. 
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Figure 2. (a) Structure, (b) S parameters. 
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Figure 3. Evolution process of decoupling structure of MIMO antenna: (a) Three-step ladder structure, (b) windmill structure, (c) extended cruciform rotating parasitic branch structure. 
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Figure 4. Simulation S parameters of three-step decoupling structure MIMO antenna. 
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Figure 5. Windmill type decoupling structure MIMO antenna simulation S parameters. 
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Figure 6. Simulation S parameters of the proposed four-element MIMO antenna. 






Figure 6. Simulation S parameters of the proposed four-element MIMO antenna.



[image: Sensors 23 02484 g006]







[image: Sensors 23 02484 g007 550] 





Figure 7. Simulation current distribution of MIMO antenna system; (a) polarization orthogonal decoupling structure, (b) three-step ladder decoupling structure, (c) windmill decoupling structure, and (d) cross-shaped rotary branch decoupling structure. 
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Figure 8. The schematic diagram of the proposed antenna: (a) Top, (b) bottom. 
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Figure 9. Fabricated four-element MIMO antenna prototype: (a) Top view, (b) bottom view. 
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Figure 10. Simulated and measured return loss (S11). 
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Figure 11. Simulated and measured isolation (S21, S31). 






Figure 11. Simulated and measured isolation (S21, S31).



[image: Sensors 23 02484 g011]







[image: Sensors 23 02484 g012 550] 





Figure 12. Line Port 1 and Port 2, Port 1 and Port 3 Analog ECC and DG. 
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Figure 13. Simulated and measured TARC. 
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Figure 14. Group delay of the proposed MIMO antenna. 
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Figure 15. Simulated and measured radiation patterns of the proposed antenna in E-plane and H-plane. 
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Figure 16. Simulation and measured peak gain and efficiency. 
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Table 1. Optimized parameters of proposed UWB-MIMO antenna.
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	Parameters
	Dimensions (mm)
	Parameters
	Dimensions (mm)
	Parameters
	Dimensions (mm)





	W
	42
	Wf2
	1
	Wq4
	2.2



	L
	42
	Lf1
	3.2
	R1
	3.4



	H
	1
	Lq1
	1
	R2
	1.8



	Wp
	14
	Wq1
	1.56
	Lj
	17.85



	Lp
	12
	Lq2
	2.4
	Lz1
	17



	Lg
	10
	Wq2
	3.2
	Wz1
	0.4



	Wg
	15
	Lq3
	1.8
	Lz2
	0.4



	g
	1
	Wq3
	4
	Wz2
	3.6



	Wf1
	2
	Lq4
	1.8
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Table 2. Comparison of several ultrawide-band MIMO antennas in recent studies.
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	Refs.
	Substrate
	Size

    m    m  3  /  λ 0     1    

    m    m  3    
	Operating Frequency (GHz)
	Gain

(dBi)
	Isolation

(dB)
	ECC





	[7]
	Neltec
	   38 × 38 × 0.762   

     0.38  λ 0  × 0.38  λ 0  × 0.0076  λ 0      
	3∼15
	0.5∼5
	>15
	<0.5



	[9]
	FR4
	60 × 60 × 1.6

    0.6  λ 0  × 0.6  λ 0  × 0.016  λ 0     
	3∼11
	>3.4
	>20
	<0.02



	[27]
	FR4
	58 × 58 × 0.8

    0.73  λ 0  × 0.88  λ 0  × 0.008  λ 0     
	3∼13.5
	2.2∼4
	>22
	<0.008



	[29]
	Rogers

RT/duriod5880
	16 × 71.5 × 0.254

    0.17  λ 0  × 0.76  λ 0  × 0.0027  λ 0     
	3.2∼14
	3∼5.6
	>22
	<0.006



	[30]
	Taconic

RF-45
	38.3 × 38.3 × 0.8

    0.38  λ 0  × 0.38  λ 0  × 0.008  λ 0     
	3∼13.2
	0.5∼6.3
	>17
	<0.03



	[35]
	FR4
	50 × 50 × 1.6

    0.52  λ 0  × 0.52  λ 0  × 0.0165  λ 0     
	3.1∼10.6
	2∼6
	>17
	<0.02



	[36]
	FR4
	56.1 × 67.9 × 2.3

    0.73  λ 0  × 0.88  λ 0  × 0.03  λ 0     
	3.89∼17.09
	3.4∼6.8
	>15
	<0.02



	[37]
	FR4
	42 × 42 × 1.6

    0.42  λ 0  × 0.42  λ 0  × 0.016  λ 0     
	3∼11
	3∼4.5
	>15
	<0.05



	[38]
	FR4
	65 × 65 × 1.6

    0.67  λ 0  × 0.67  λ 0  × 0.0165  λ 0     
	3.1∼10.6
	N/A
	>15
	<0.025



	[39]
	FR4
	75.19 × 75.19 × 1.6

    0.78  λ 0  × 0.78  λ 0  × 0.0165  λ 0     
	3.1∼17.3
	1∼5
	>15
	<0.1



	Prop.
	FR4
	42 × 42 × 1

    0.43  λ 0  × 0.43  λ 0  × 0.0103  λ 0     
	3.09∼12
	2∼5.1
	>16.4
	<0.02







1λ0 represents the wavelength in the air at the lowest frequency.
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