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Abstract

:

The adjusting parasitic patch size technique for the broad-beam microstrip antenna array using the cavity-backed slot coupling is presented. The phase of each element of the microstrip array has been designed to emulate the reflection of waves on the surface of parabolic backscattering. In order to increase the efficiency of this array antenna, the back-slot cavity with an exciting probe will be employed for coupling the electromagnetic waves to the back of this array. The proper sizes and locations of patches and the optimized position of the cavity have been investigated by the Computer Science Technology (CST) Microwave Studio. The gain, the radiation pattern, the bandwidth, and the return loss are extensively analyzed. The fabricated antenna has the return loss of −22.39 dB, the bandwidth of 47 MHz (4.975–5.022 GHz), and the maximum directive gain of 5.6 dB at 5 GHz, and it can produce a wide beam width (half-power beam width around 130°). The antenna could be applied for wide applications in the wireless communications system. In particular, this realizing antenna covers the low earth orbit (LEO) satellite beam.
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1. Introduction


The antenna technology for the space and geographical information system (GIS), especially the low earth orbit (LEO) satellite communication systems, has been extensively investigated. There are many applications using microstrip lines as the components of the communication devices [1,2,3]. Thanks to its high gain and narrow beam, the parabolic reflector antenna is most widely employed in satellite communications. However, the feed horns and their arms are mounted at the front of the reflector, giving rise to obstruction on the aperture, and this, at long last, results in its downgraded efficiency while the large curvature generally affects the aerodynamic motion of the satellite when launched into the orbit. In order to solve these problems, the novel types of the microstrip array antennas are specially designed [4,5,6,7]. Importantly, the dimensions and the planar shapes of the microstrip array have no limitation and less distortion, respectively. The parabolic reflector is applied for operation. Additionally, there are a number of advantages of the microstrip array i.e., its low cost, its small size, its light weight, and its easy installation.



In order to overcome the limitations of the time requirements for an earth station communicating with the LEO satellite moving at a very high speed with wide beam antennas, the shaped beam antenna is first developed, which is the earth coverage from the satellite antenna [8,9,10,11,12]. Recently, to satisfyingly meet the similar requirements, the shaped reflector antenna has been considerably favorable to many other types, but this antenna is not coverage of the earth from satellite antennas [13,14]. Yielding the similar results to the parabolic backscattering techniques, those of the microstrip reflectarray duplicated the same radiating aperture [15,16].



In this paper, an analytic design of the broad-beam microstrip antenna (MSA) array using the cavity-backed slot coupling is presented. The structure of this cavity-backed, [17,18,19] slot-coupled microstrip patch [20,21,22] is excited by a linear electric probe, which is mounted at the inner surface of the rectangular cavity [23]. In order to achieve the broad-beam antenna, the phase of each array element in the microstrip array antennas is specifically designed. This design emulates the function of curvature of the parabolic backscattering by modifying the parameters of the parasitic patch array around the radiation patches. These parameters are as follows: the patch sizes, the slot length, the slot width, the probe length, the cavity positions, and the gaps. Consequently, this proposed technique has been investigated and monitored by computer simulation technology software. Finally, the proposed antenna is fabricated and its performance is measured and then compared with that of the simulation. The proposed antenna has the potential to be applied to a LEO satellite for an earth coverage beam or used for other applications in a wireless communications system, particularly WLAN [24,25,26] and sub-6 GHz 5G communications [27,28,29].




2. Antenna Structure


Figure 1 shows the geometry modification of the 5 × 5 microstrip patch parasitic array using the cavity-backed slot. The proposed antenna is fabricated on a 100 mm × 100 mm double-sided FR4 epoxy where a dielectric constant (εr) and a substrate of thickness ‘d’ are 4.4 and 0.8 mm, respectively. In order to obtain the optimized return loss and the widest beam radiation pattern, the antenna parameters and the positions of each patch element have been successfully simulated by means of the CST Microwave Studio simulation [30]. As shown in Table 1, the dimensions of the broad-beam configuration have been designed for the operating frequency of 5.0 GHz. The 5 × 5 square patch lengths ‘lp’ are printed on the upper side of an FR4 substrate. The rectangular slot length ‘ls’ and width ‘ws’ are etched in the center of the antenna ground plane and then covered with the rectangular metallic cavity. The slot itself must not resonate over the operating frequency bands of the antenna due to the radiation from this slot interfering from the patches. The length of the exciting probe ‘lf’ is installed at the cavity center. The center of the slot and the radiating patch are considered the origin point (0,0). The dimensions of the rectangular cavity are designed of the dominant mode (TE101) with length ‘cx’, width ‘cy’, height ‘cz’, and the installing position ‘dy’, which is an important parameter to acquire the best return loss.




3. Simulated Results and Analysis


3.1. Effects of the Single Patch and the Patch Array


The optimal parameter values of the proposed effects of the installing position antenna are presented in Table 1, and several parameters have been improved thereafter, such as the gain, the return loss, and the beam width. In this section, the various parameters of the proposed antennas were analyzed and simulated. Figure 2 illustrated the measured frequency responses of the single patch and the 5 × 5 square patch array at the operation frequency of 5.0 GHz. It could be seen from Figure 2a that the return loss of the single patch (dy = 18 mm., lp = 11.8 mm., ls = 8.8 mm., ws = 0.5 mm., cx = cy = 40.6 mm., cz = 10 mm., and lf = 6 mm.) was −15 dB. A half-power beam width (HPBW) was ±45°. The bandwidth was 100 MHz at the return loss of −10 dB. Consequently, it could be seen from Figure 2b that the return loss of the 5 × 5 square patch is −22 dB. A half-power beam width (HPBW) was ± 60°. The same bandwidth of 100 MHz at the return loss of −10 dB was, likewise, observed.



Hence, the return loss reduction is improved by using the parasitic patch array antenna with respect to the single patch antenna structure. Since the presence of the parasitic patch array is around the radiated patch (the patch is over the slot at the origin), this ultimately yields a broad-beam radiation pattern.




3.2. Effects of the Installing Position and the Square Patches Length


In general, the effect of the installation position is varied for the position of the rectangular cavity ‘dy’ whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the square patch length ‘lp’, the rectangular slot length ‘ls’, the rectangular slot width ‘ws’, the cavity length ‘cx’, the cavity width ‘cy’, the cavity height ‘cz’, the exciting probe length ‘lf’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 3 shows six cases of the measured variation of the rectangular cavity positions ‘dy’, ranging from 15.0 to 20.0 mm versus the frequency (GHz). It could be seen from Figure 3 when the values of ‘dy’ shifted from the center of the slot along the y-axis, the return loss curve went under the −10 dB line, and the minimal return loss appeared at dy = 18.0 mm, as expected in Table 1.



Similarly, the effect of the installation position and the effects of the square patch length varied according to the lengths of the square patch ‘lp’ whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the position of the rectangular cavity ‘dy’, the rectangular slot length ‘ls’, the rectangular slot width ‘ws’, the cavity length ‘cx’, the cavity width ‘cy’, the cavity height ‘cz’, the exciting probe length ‘lf’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 4 showed five cases of the measured variation of the lengths of the square patch from lp = 9.8 to 13.8 mm versus the frequency (GHz). It could be seen from Figure 4 that the minimal return loss appeared at lp = 11.8 mm, as expected in Table 1. Nonetheless, when the square patch lengths ‘lp’ deviated from 11.8 mm, the return loss values were likely to increase.




3.3. Effects of the Lengths and Widths of the Rectangular Slot


Typically, the effects of the rectangular slot lengths ‘ls’ varied whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the positions of the rectangular cavity ‘dy’, the square patch length ‘lp’, the rectangular slot width ‘ws’, the cavity length ‘cx’, the cavity width ‘cy’, the cavity height ‘cz’, the exciting probe length ‘lf’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 5 showed six cases of the measured variation of the rectangular slot lengths ls = 8.0 to 9.0 mm versus the frequency (GHz). It could be seen from Figure 5 that the minimal return loss appeared at ls = 8.8 mm as expected in Table 1. However, when the rectangular slot lengths ‘ls’ deviated from 8.8 mm, the return loss value was likely to increase.



Similarly, the rectangular slot length and the effects of the rectangular slot width varied according to the rectangular slot width ‘ws’ whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the position of the rectangular cavity ‘dy’, the square patch length ‘lp’, the rectangular slot length ‘ls’, the cavity length ‘cx’, the cavity width ‘cy’, the cavity height ‘cz’, the exciting probe length ‘lf’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 6 showed six cases of the measured variation of the rectangular slot of widths ‘ws’, ranging from 0.3 to 1.3 mm versus the frequency (GHz). It could be seen from Figure 6 that the minimal return loss appeared at ws = 0.5 mm, as expected in Table 1. However, when the rectangular slot of width ‘ws’ deviated from 0.5 mm, the return loss value was likely to increase.




3.4. Effects of the Dominant Mode (TE101) of the Rectangular Cavity Dimensions


Normally, the effects of the dominant mode (TE101) of the rectangular cavity dimensions vary according to the rectangular cavity dimensions ‘cx’ = ‘cy’ whereas other parameters are fixed. The following parameter values are fixed: the positions of the rectangular cavity ‘dy’, the square patch length ‘lp’, the rectangular slot length ‘ls’, the rectangular slot width ‘ws’, the cavity height ‘cz’, the exciting probe length ‘lf’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 7 shows five cases of the measured variation of the rectangular cavity dimensions ‘cx = cy’, ranging from = 40.2 to 41.0 mm versus the frequency (GHz). It could be seen from Figure 7 that the minimal return loss appeared at cx = cy = 40.6 mm, as expected in Table 1. Nevertheless, when the rectangular cavity dimension ‘cx’ = ‘cy’ deviated from 40.6 mm, the return loss value was likely to increase.



Similarly, the rectangular cavity dimension ‘cx’ = ‘cy’ and the effects of another dominant mode (TE101) dimension varied according to the rectangular cavity dimension with height ‘cz’ whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the position of the rectangular cavity ‘dy’, the square patch length ‘lp’, the rectangular slot length ‘ls’, the rectangular slot width ‘ws’, the dominant mode (TE101) of the rectangular cavity dimension ‘cx’ = ‘cy’, the exciting probe length ‘lf’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 8 showed five cases of the measured variation of the rectangular cavity dimensions with height cz, ranging from 9.0 to 11.0 mm versus the frequency (GHz). It could be seen from Figure 8 that the minimal return loss appeared at cz = 10.0 mm, as expected in Table 1. Nevertheless, when the rectangular cavity dimension with height cz deviated from 10.0 mm, the return loss value was likely to increase.




3.5. Effects of the Exciting Probe and the Gap between Parasitic Patches


Consequently, the effects of the exciting probe varied according to the exciting probe length ‘lf’ whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the position of the rectangular cavity ‘dy’, the square patch length ‘lp’, the rectangular slot length ‘ls’, the rectangular slot width ‘ws’, the cavity length ‘cx’, the cavity width ‘cy’, the cavity height ‘cz’, and the gap between parasitic patches ‘a’ and ‘b’. Figure 9 shows five cases of the measured variation of the exciting probe length, ranging from lf = 4.0 to 8.0 mm versus the frequency (GHz). It could be seen from Figure 9 that the minimal return loss appeared at lf = 6.0 mm, as expected in Table 1. Nonetheless, when the exciting probe length ‘lf’ deviated from 6.0 mm, the return loss value was likely to increase.



Similarly, the exciting probe length and the effects of the gap between parasitic patches varied according to the gap between parasitic patches ‘a’ = ‘b’ whereas other parameter values were kept constant. The following parameter values were constrained throughout the experiment: the position of the rectangular cavity ‘dy’, the square patch length ‘lp’, the rectangular slot length ‘ls’, the rectangular slot width ‘ws’, the cavity length ‘cx’, the cavity width ‘cy’, the cavity height ‘cz’, and the exciting probe length ‘lf’. Figure 10 showed five cases of the measured variation of the gap between parasitic patches from a = b = 0.26λ to 0.34λ mm versus the frequency (GHz). It could be seen from Figure 10 that the minimal return loss appeared at a = b = 0.30λ mm as expected in Table 1. However, when the gap between parasitic patches ‘a’ = ‘b’ deviated from 0.30λ mm, the return loss value was likely to increase.




3.6. Simulated Radiation Patterns


The radiation pattern of the proposed antenna in Figure 1 was simulated in terms of the gain (dB) as well as E-plane and H-plane patterns. This simulation was based on the varied gap between parasitic patches ‘a’ and ‘b’ whereas other parameters are fixed as shown in Table 1.



Figure 11 showed seven cases of the measured variation of the gap between parasitic patches ‘a’ = ‘b’ = nλ from 0.2λ to 0.3λ versus the degree. It could be seen from Figure 11 that the wide beam and the earth match beam radiation, showing the gap between the parasitic patch array was nλ = 0.3λ. Figure 12 and Figure 13 showed the simulated E-plane and H-plane patterns of the proposed antenna in Figure 1 of the configuration parameters in Table 1. It could be seen from Figure 12 and Figure 13 that the radiation pattern of the proposed antenna could produce the half-power beam width of the E-plane and H-plane around 130° and 80°, respectively.





4. Experimental Results and Discussions


The effect of the patch array has been shown in Figure 2b; the proposed antenna was fabricated on a 100 mm × 100 mm double-sided FR4 epoxy. This antenna was the 5 × 5 microstrip patch parasitic array using a cavity-backed slot. The experimental results were measured with the Agilent E5071C ENA network analyzer and compared to those of the simulation. Figure 14 showed the measured return loss of the antenna prototype. It could be seen from Figure 14 that the minimal return loss of −22.497 dB appeared at 5.0 GHz. Figure 15 showed the comparison of the measured and simulated results in terms of the return loss (dB) versus the frequency (GHz). It could be seen from Figure 15 that the return loss and the operating bandwidth with −10 dB of the return loss are −22.49 dB and 40 MHz (4.97–5.02 GHz), respectively. These were corresponding to an impedance bandwidth of 1% in respect to the center frequency of 5.0 GHz. Therefore, the measured and simulated results successfully met the requirements for the return loss.



Although the measured return loss seemed to be a narrower bandwidth over the simulated outcomes, these discrepancies were due to the following: the fabrication tolerances of the related physical parameter, the position of the cavity-backed slot coupling, the uncertainty of the thickness and/or the dielectric constant of the FR4 substrate, and the effects of improper soldering of the cavity and SMA connectors that are used in material characterization and microwave devices [31]. Figure 16a,b showed the measured and simulated values in the E-plane (y-z plane) and H-plane (x-y plane) at 5.0 GHz. with far-field normalized radiation patterns. These radiation patterns of the proposed antenna were measured with the HP 8722D Network Analyzer in an anechoic chamber. The obtained radiation patterns have directional radiations in the E-plane and H-plane of half-power beam widths around ± 65° and ± 40°, respectively. The maximum directive gain of the proposed antenna computed by applying the Friis Transmission Equation [32] was approximately 5.6 dB. The measured front-to-back ratios in comparison with the simulated one of E-plane radiation patterns were 30 and 16 dB, respectively while the simulated ones of H-plane radiation patterns were 22 and 14 dB, respectively.




5. Conclusions


A broad-beam antenna using a microstrip patch parasitic array, which is excited by the cavity-backed slot coupling, has been proposed in this paper. In order to achieve the broad-beam antenna, the square patch sizes, the slot length, the slot width, the probe length, the cavity positions, and the gaps between the parasitic patches array around the radiation patch were simulated. The key characteristics, especially the return loss and radiation patterns, were acquired with the assistance of the CST software. Measurements of the fabricated antenna have shown that the proposed antenna has a gain of 5.6 dB and the half-power beam widths of 130° and 80° in E-plane and H-plane, respectively. The return loss of the antenna at the operating frequency (at 5.0 GHz) is approximately −22.39 dB. Consequently, the antenna can be promisingly applied in LEO satellite for an earth coverage beam or could be used for other applications in the wireless communications system, such as WLAN and sub-6 GHz 5G communications.
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Figure 1. The configuration of the proposed antenna: (a) top view; (b) perspective view; (c) photograph of the fabricated antenna design. 
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Figure 2. Simulated return loss and gain pattern of the proposed antenna with the parameters’ value in Table 1: (a) single patch; (b) 5 × 5 patches array. 
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Figure 3. Simulated return loss for different values of ‘dy’. 
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Figure 4. Simulated return loss for different values of ‘lp’. 
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Figure 5. Simulated return loss for different values of ‘ls’. 
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Figure 6. Simulated return loss for different values of ‘ws’. 
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Figure 7. Simulated return loss for different values of ‘cx’ and ‘cy’. 
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Figure 8. Simulated return loss for different values of ‘cz’. 
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Figure 9. Simulated return loss for different values of ‘lf’. 
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Figure 10. Simulated return loss for different values of ‘a’ and ‘b’. 
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Figure 11. Simulated radiation pattern for different values of the gap between the parasitic patches ‘a = b = nλ’. 
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Figure 12. Simulated radiation pattern E-plane at 5.0 GHz. 
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Figure 13. Simulated radiation pattern H-plane at 5.0 GHz. 
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Figure 14. Measurement returns loss of an antenna prototype. 
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Figure 15. Comparison between the measured and the simulated return losses. 
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Figure 16. Comparison between the measured and the simulated normalized radiation pattern at 5.0 GHz: (a) E-plane (y-z plane); (b) H-plane (x-z plane). 
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Table 1. The values of the optimal design parameters of the proposed antenna.
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	Parameters
	dy
	lp
	ls
	ws
	cx
	cy
	cz
	lf
	a
	b



	Values (mm)
	18
	11.8
	8.8
	0.5
	40.6
	40.6
	10
	6
	0.3λ
	0.3λ
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