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Abstract. 
The design and fabrication of a coupler with three reconfigurable output ports have been proposed. The output ports of the proposed coupler can be adjusted by varying the number of shorting pins. An antenna with a reconfigurable beamwidth has been also involved in this paper. The proposed antenna has a coupler and a 1 × 3 array rectangular patch. The beamwidth is set by the number of output ports. The simulation and experiment show the verification of the proposed coupler and beamwidth variation of array antenna. The broadest measured beamwidth was 66.2° and the sharpest measured beamwidth was 24.1°.



1. Introduction
Recently, many wireless communication devices have been produced with the growth and development of the information industry. The technology for detecting the position of a vehicle using radiofrequency identification (RFID) has utilized a reconfigurable beamwidth antenna [1]. The construction of an inexpensive high-efficiency system using RFID technology in the railway environment has been proposed [1–4]. The design reconfigures the beamwidth based on the speed of the vehicle and tags on the railway [4]. The technique of beamwidth reconfiguration could be also utilized for wireless communications for fast data transferring. Previously, the beamwidth configuration has been implemented by turning on/off the diode installed on the partially reflective surface (PRS) [5]. The diode could be replaced with microelectromechanical system (MEMS) [6]. The antenna effective size was adjusted by tuning the varactor installed in the parasitic patch, resulting in a beamwidth reconfiguration [7].
This paper presents a novel antenna with a triple-mode beamwidth using a 1 × 3 array. The beamwidth of the antenna can be reconfigured using a branch hybrid coupler, due to the triple mode of the antenna. According to array antenna theory, when the number of radiated elements increases, the directivity increases and the beamwidth becomes sharper in the direction of radiation [8]. Conversely, when the number of radiated elements decreases, the directivity decreases and the beamwidth becomes broader [8]. It is possible to adjust the number of branches delivering power by inserting shorting pins into the shunt arms of the coupler [9–12]. A rat-race coupler was utilized in [9, 10] by adjusting the impedance of even- and odd-mode, while the power divider was used in [11] by optimizing the line width. They worked very well, but the output port is two-way.
In this paper, the three-way coupler has been proposed, and even coupler can split the power one, two, or three ways. The split power is input to the antenna from the output port of the coupler. The proposed system was simulated using a two-dimensional (2D) electromagnetic (EM) simulator (ANSYS Designer).
2. Coupler with Three Reconfigurable Output Ports
A coupler with three output ports was designed for a reconfigurable beamwidth antenna. The construction of the designed coupler was combined with two quadrature hybrid couplers [13], as shown in Figure 1. This was simulated using the EM simulator. Port 1 is the input port; ports 2, 3, and 4 are the output ports; and ports 5 and 6 are isolated ports. The center frequency of this coupler is 915 MHz, the substrate is 1.6 mm thick, the permittivity is 4.4, and the loss tangent is 0.02. The length and width of the feeding line were optimized at one-quarter wavelength (λ/4) and 2 mm, respectively, yielding the appropriate power ratio at 915 MHz. A λ/4 length was added at port 3, so that ports 2 and 4 would be in phase.
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(c)
Figure 1: The couplers designed with (a) 0, (b) 2, and (c) 4 shorting pins. 


This paper simulates three cases, with 0, 2, or 4 shorting pins. In the case without shorting pins, the power is split to the three output ports. In the case with two shorting pins, the power passes to ports 3 and 4 because of the shorting pins in the shunt arm to port 2. Similarly, the power in the case with four shorting pins converges on port 3 because of the shorting pins in the shunt arms of ports 2 and 4.
Figure 2 shows the surface current distribution of the designed couplers at 915 MHz. As shown in Figure 2(a), the current in the case without shorting pins is split equally among the three output ports. In the case with two shorting pins, the current is split equally between ports 3 and 4 because the current to port 2 is blocked (Figure 2(b)). In the case with four shorting pins, the current flows only to port 3 because the current passes to the ground in all of the shunt arms due to the four shorting pins (Figure 2(c)). As a result, the current in the three cases can be divided and blocked by turning the shorting pins on and off.
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(c)
Figure 2: Simulated current distributions with (a) 0, (b) 2, and (c) 4 shorting pins. 


As shown in Figure 3, a prototype coupler was fabricated using a photoetching method on a dielectric substrate with a relative permittivity of 4.4, a loss tangent of 0.02, and a thickness of 1.6 mm. The SMA connector was soldered to a feeding line with an impedance of 50 Ω. Shorting pins were fabricated to connect the copper in the top and bottom layers. The fabricated couplers measured 84.5 × 110 mm2.




	
	
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Prototypes of the designed couplers with 0 shorting pins. 


The graphs in Figure 4 compare the simulated -parameter and that measured using a Keysight E5063A ENA series network analyzer. The -parameter was measured for four ports in the three types of coupler. For accurate measurement, the isolated ports 5 and 6 were terminated. As shown in the graphs, the measured  is less than −10 dB at 915 MHz. From Figure 4(a), the measured values of , , and  were about −5 dB at 915 MHz, indicating that the power is split equally to the three output ports. This is similar to the simulation result. From Figure 4(b),  is −36 dB,  is −5 dB, and  is −3 dB. This shows that the power passes to ports 3 and 4 and not to port 2. Compared with the simulation result, the measured values of  and  differ by 1 dB.
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(c)
Figure 4: Simulated and measured results with (a) 0, (b) 2, and (c) 4 shorting pins. 


3. Variable Beamwidth of a  Array Antenna
Figure 5 presents the reconfigurable system beamwidth simulated using ANSYS Designer. The antenna is a 1 × 3 rectangular patch array etched on substrate with a relative permittivity of 2.2 and a thickness of 1.6 mm. The patch measures 170 × 108 mm2. Quarter-wave transformer technology is used to match the impedance between the antenna port and radiated element [13]. Three single antennas are arranged in the H-plane. The radiated elements and output ports of the coupler are connected by a 50 Ω coaxial cable. Each input source of the radiated element is entered using the extracted -parameter of the amplitude and the phase at the output ports of the coupler.




	
	
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
		
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
		
	


Figure 5: The combination 1 × 3 array antenna and coupler. 


Figure 6 shows the entire prototype beamwidth reconfigurable antenna. As in the prototype, to facilitate measurements, it is coupled with a zigzag section. The designed reconfigurable beamwidth system consists of the rectangular patch and coupler. The input of the antenna and output of the coupler are connected using a semirigid coaxial cable. The lengths of the three cables are the same so that they are in phase. The isolated ports 5 and 6 are terminated to allow accurate measurement of the radiation pattern.
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(b)
Figure 6: Fabricated beamwidth reconfigurable antenna: (a) top and (b) side views. 


Figure 7 shows the radiation pattern in the H-plane for the three cases at 915 MHz. Figure 7(a) shows the narrow beamwidth: the maximum gain is 11.3 dBi and half bandwidth (HBW) is 24.1°. Figure 7(b) shows the intermediate beamwidth: the maximum gain is 9.38 dBi and HBW is 38°. The radiated beam is tilted at 13° because port 2 of the coupler is blocked. Figure 7(c) shows the broad beamwidth: the maximum gain is 7.43 dBi, HBW is 66.2°, and it has a half omnidirectional pattern like the radiation pattern of a single patch antenna. Because the power is focused on port 3 of the coupler, the array antenna has the characteristics of a single patch antenna.
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(c)
Figure 7: Measured radiation pattern with (a) 0, (b) 2, and (c) 4 shorting pins. 


In order to verify the proposed coupler additionally, the PIN diode and bias-T were utilized for switching between two statuses electrically. If the biasing circuit for each PIN diode is used, three statuses shown in Figure 7 could be implemented. Figure 8 shows the designed and fabricated coupler using PIN diode and bias-T. The shorting pin and transmission line shown in Figure 8 are connected using PIN diode, which are enabled by a DC (direct current) supplied by a battery of 1.5 V. The bias-T of minicircuit was used to simultaneously apply the RF and DC.




	
	
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 8: Prototypes of the coupler using PIN diode and bias-T. 


Figure 9 shows the result of -parameter when DC is off- and on-status. In the case that DC is on,  and  decreased to −17 dB and −13 dB compared to when DC is off, and the current concentrated on port 3 with  of −1 dB. The reason of concentration is that DC enabled PIN diodes to be active and, thus, shorted the branch arms. This phenomenon is similar to that shown in Figure 4 using 4 shorting pins.
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(b)
Figure 9: Measured -parameter result of the coupler using PIN diode and bias-T: (a) DC off and (b) DC on. 


The fabricated coupler was connected to the antenna as shown in Figure 6, and the radiation pattern was measured. Figure 10 shows the measured radiation pattern. When DC is off, the beamwidth decreased compared with the beamwidth of DC on-status.




	
	
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 10: Measured radiation pattern of coupler using PIN diode and bias-T.


The coupler shown in Figure 8 is for two switching statuses, and its performance was proved very well in Figures 9 and 10. Even though the characteristics of three statuses were verified as shown in Figures 1–4, but the coupler switching status was changed manually. If one want to change it fully electrically, the schematic diagram as shown in Figure 11 could be utilized, or the similar feeding method could be found in [14, 15]. The PIN diode is placed between the coupler branch and the pad connected to ground plate. The activation of PIN diode is done through DC bias line and RF choke. Generally, the high-value inductor, coil, or stub is used for RF choke. In order to block the DC flowing to RF port, the DC-blocking capacitor is placed between the coupler branches.
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(b)
Figure 11: Schematic diagram of coupler using PIN diode and DC bias line: (a) whole structure and (b) switching part with PIN diode.


4. Conclusion
This study involved designing and fabricating a reconfigurable three-way coupler and its application to beamwidth reconfigurable antenna. It uses a 1 × 3 array antenna to radiate the different beamwidths; therefore, a coupler with three output ports was proposed. The proposed coupler can adjust the number of output ports by using shorting pins. The simulations and measurements demonstrated that the proposed coupler can adjust the number of active branches and the active radiating element to reconfigure the beamwidth of array antenna. The shoring pin, at first, was used for three switching statuses and then, the PIN diode was utilized with bias-T for two statuses. Finally the schematic of circuit is described for three switching statuses. The proposed coupler could be utilized for varying the antenna beamwidth in many communication applications such as detecting system of a vehicle, smart antenna system, and 5G wireless service.
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