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Abstract

:

In this paper, a wideband antenna was designed for super-wideband (SWB) applications. The proposed antenna was fed with a rectangular tapered microstrip feed line, which operated over a SWB frequency range (1.42 GHz to 50 GHz). The antenna was implemented at a compact size with electrical dimensions of 0.16 λ × 0.27 λ × 0.0047 λ mm3, where λ was with respect to the lowest resonance frequency. The proposed antenna prototype was fabricated on a F4B substrate, which had a permittivity of 2.65 and 1 mm thickness. The SWB antenna exhibited an impedance bandwidth of 189% and a bandwidth ratio of 35.2:1. Additionally, the proposed antenna design exhibited three band notch characteristics that were necessary to eradicate interference from WLAN, WiMAX, and X bands in the SWB range. One notch was achieved by etching an elliptical split ring resonator (ESRR) in the radiator and the other two notches were achieved by placing rectangular split ring resonators close to the signal line. The first notch was tuned by incorporating a varactor diode into the ESRR. The prototype was experimentally validated with, with notch and without notch characteristics for SWB applications. The experimental results showed good agreement with simulated results.
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1. Introduction


In advanced wireless communication, the demand for super-wideband (SWB) antennas is on the rise. SWB antennas cover both long-range and short-range communication that includes the ultra-wideband (UWB) range. For such applications, the monopole antenna is a good candidate owing to its low cost and ease of fabrication, but the comparatively large size of such an antenna is a major drawback. The fractional bandwidth of SWB antennas should be at least 10:1, with a maximum percent bandwidth and bandwidth dimension ratio (BDR). The BDR tells us about the compactness and wideband characteristics of the antenna.



In the literature, many antennas have been designed for SWB applications [1,2,3,4,5,6,7,8,9,10]. In [8], a SWB antenna was designed with a coaxial feed. The shape of the antenna was fractal, providing band operation from 10 GHz to 50 GHz with low BDR and at a lower resonant frequency of 10 GHz. In [9], a compact SWB monopole antenna was designed with dimensions of 0.17 λ × 0.37 λ × 1.6 mm3. The proposed antenna could operate from 1.44 GHz to 18 GHz, having a bandwidth (BW) ratio of 13.06:1. In the literature, the major issues were large, including lowest resonance frequency and low BDR. The main goals in the design of SWB antennas are to achieve a compact size, maximum bandwidth, and a high BDR.



In UWB and SWB systems, there is a coexistence of the narrow bands such as WLAN, WiMAX and X band. A stopband characteristic can be added to SWB antennas. The purpose of the stop band characteristics is to reduce the radiation of the coexisted bands in the UWB or in the SWB range. Many antennas have been designed for UWB application with notch characteristics. UWB antennas with single notch [11,12] dual notch [13], tri-notch [14,15,16,17,18], and quad-notch [19,20] and [21,22] quintuple notched antennas have been designed. The single, dual, tri- and multiple notch characteristics have been achieved in the UWB frequency range (3.1 GHz–10.6 GHz). In the reported literature, the designed notched antennas are unable to operate within SWB frequency range. Few antennas have been designed for SWB application with notch characteristics. In [23,24], SWB antennas were designed with single notch characteristic and also in [25,26], SWB antennas were designed with dual notch characteristics. In [25], the notch characteristics were achieved by inserting slots. A tri-notch characteristic SWB antenna was designed in [6], with the BW ratio of the designed antenna being 34:1. The notch characteristics in [6], were achieved by inserting the arc and U-shape slots in the radiator and ground, respectively. The size of the proposed design was very large, that is, measuring approximately 150 × 150 mm2. In the literature, mostly monopole antennas have been designed for SWB application without notch characteristics. The important issues in the designing of SWB antennas are miniaturization, and also to eradicate the inference of narrow bands such as WLAN, WiMAX, and X bands within SWB frequency range.



In this paper, a SWB antenna was designed with and without notch characteristics. The proposed SWB antenna was based on a trapezoid shape radiator and semicircular ground. The bandwidth performance of a trapezoid shape radiator, semicircular ground, and rectangular tapered feed line showed better bandwidth performance with the lowest resonance frequency of 1.42 GHz. In addition, three notch characteristics were achieved in the SWB range. Among these notches, two notches were achieved by incorporating a rectangular split ring resonator (RSRR) near the feed line and the third notch was achieved by incorporating an elliptical split ring resonator (ESRR) in the radiator. Moreover, a varactor diode was incorporated into the isolated area in the elliptical slot to make the center notch frequency tuned from 1.9 GHz to 2.5 GHz.




2. The Design of the SWB Antenna


The design procedure of the SWB antenna is shown in Figure 1a–d. In Figure 1a, a monopole antenna was designed with rectangular shaped, radiator, ground, and feed line. The monopole antenna with a rectangular shape showed mismatching for lower frequencies and worse matching for higher frequencies, as shown in Figure 2. Bandwidth performance of wideband monopole antennas are dependent on the longest current path followed, so the proposed rectangular radiator was a modified trapezoid shape as shown in Figure 1b, and also the ground was modified to a semicircular shape as shown in Figure 1c. From Figure 2, it can be observed that the bandwidth performance was improving with modifying the radiator and ground. To achieve optimal matching, the feed line was modified to be rectangular to the tapered line [27]. The width of the rectangular tapered feed line linearly decreased towards the radiator as shown in Figure 1d, and that covered the maximum range of resonance frequencies. The length and width of the rectangular feed line was calculated using standard equations as given in [28]. The substrate of the proposed design was F4B with permittivity of 2.65 and a thickness of 1 mm where the final schematic is shown in Figure 3 and its dimensions are listed in Table 1.



The simulations were carried out using commercial software computer simulation technology (CST) version 2016. The simulated results showed maximum matching from 1.42 GHz to 50 GHz without incorporating any notch. The fabricated prototype of the proposed SWB antenna is shown in Figure 4. The fabricated prototype was verified using an Agilent network analyzer. For the S11 measurement, Keysight’s Network Analyzer model# N5245A was used. Port 1 was calibrated using a mechanical toolkit 85056A Calibration Kit system. Then, the antenna was connected to measure its accurate response. The simulated and measured return loss is illustrated in Figure 5. As can be seen, the measured results were in good agreement with the simulated results. From the measured result, the impedance matching becomes worse around about 35 GHz to 40 GHz. This is because of the measuring device, as the network analyzer showed noise at those frequencies, or it may be due to the quality of the SMA connectors and scattering measurement environment.



The lower resonance frequency of the simulated and measured results was around 1.42 GHz, while the higher resonance frequency was above 50 GHz. Where the peak gain plot is also depicted in Figure 6. However, due to available resources, we have measured the matching performance of SWB antennas up to 50 GHz. Figure 6 shows the simulated and measured peak gain of the SWB antenna. The SWB antenna showed an acceptable gain in the frequency range from 1.42 GHz to 50 GHz. However, the peak gain of the SWB was increased at higher frequencies, because the dimension of the radiator was larger than its corresponding wavelength.




3. Simulation and Measurements


3.1. The Proposed SWB Antenna


The base antenna was composed of a printed monopole and trapezoid shape radiator shown in Figure 3a. The electrical dimensions of the proposed SWB monopole antenna were 0.16λ×0.27λ×1mm3, where λ was with respect to the lowest resonance frequency, and the electrical dimensions were calculated using Equation (1). The matching performance of the SWB antenna is also shown in Figure 7a–d, in the form of input characteristic impedance. In Figure 7a,b, the real and imaginary parts of the simulated input impedance were about 50 Ω and 0 Ω, respectively, over the operating frequency range. In Figure 7c, the magnitude of the impedance was around 50 Ω. The variations in the real and imaginary values of the characteristic’s impedance provided approximated characteristic impedance of the SMA connector, which showed a good matching between the input and characteristic impedance of the SMA. The Smith chart has been plotted in Figure 7d, with the minimum impedance being about 20 ohm and the maximum being around about 50 ohms. Overall, the impedance was varying around 50 ohms.


Elec. dim. = physical dim.λ



(1)




where λ = c/f.



The index term BDR signifies how much operating bandwidth in percent could be provided per unit electrical area. It also shows the structure’s compactness and the range of bandwidth covered by the proposed structure. The BDR can be mathematically expressed as:


BDR=BW%λlength×λwidth



(2)







The λ represents the wavelength corresponding to the lowest cut-off frequency of the operating bandwidth. A large value of BDR was desirable to validate the effectiveness of the proposed structure over other existing designed structures. The comparative results of the proposed antenna design and currently available antenna designs are presented in Table 2. From Table 2, it is observed that the proposed design exhibited better performance in terms of one of the calculated parameters such as %BW, BDR, and BW ratio, and the lowest resonance frequency.




3.2. The RSRR


In this section, the rectangular ring resonator was designed and placed near the feed line, about 1.45 mm from the feed line center in a horizontal x-direction. High magnetic coupling was produced between the resonator and a signal line, which reduced the radiation energy in the desired band i.e., WLAN, WiMAX etc. Two RSRRs had been designed for achieving two notch resonance frequencies. The dimensions of RSRR could be calculated by using the following equations [39].


S1=2(Lcn+Wcn−2ws2)=λg2=c2fnεeff



(3)






εeff=εr+12+εr−12(1+12hW50)−0.5



(4)




where S1 is the inner perimeter of the single RSRR that is a function of length (Lcn), width (Wcn), and strip width (ws2), where n=1,2. The effective permittivity (εeff) is given in Reference [28]. At the notch resonance frequency, the perimeter (S1) should be half of the guided wavelength (λg). In order to achieve the notch resonance frequency at 8.8 GHz, a single RSRR having width (Wc1) and length (Lc1) was placed close to the signal line.



Similarly, for the second notch resonant frequency at 5.6 GHz, another RSRR having width (Wc2I) and length (Lc2) was placed close to the signal line. The dimensions of the resonator controlled the resonance notch frequency. By changing the dimensions of the RSRR, the resonance notch frequency could be shifted easily. In the SWB frequency range, single notch resonance and dual notch resonance frequencies have been shown in Figure 8a. From Figure 8a, it can be noted that by loading one RSRR, the single notch was achieved at 9 GHz. In the same way, by loading two RSRRs, two notch frequencies at 8.8 GHz and 5.6 GHz were achieved.




3.3. ESRR


For achieving the third notch, an ESRR was etched out from the radiating patch. The major axis of the ESRR was ex, the minor axis was ey, and width was ws1. To achieve the notch at a certain frequency, the following equations were employed to compute the dimensions of the ESRR [39].


S2=Keπ(0.5ey−ws1)=λg2=c2fneeff



(5)






Ke=3(1+k)−(3+k)(1+3k)



(6)







Here, S2 was the inner circumference of the elliptical slot of the split ring. The circumference should be half the guided wavelength λg at the desired notch frequency. The factor Ke was used for the calculation of the circumference of the ellipse with ellipticity (k=ex/ey). The major and minor axes were adjusted according to the above equations for 3.6 GHz. The major axis (ex) was taken about 12.4 mm, the minor axis (ey) about 7.4 mm and the width (ws1) was about 0.5 mm.



The single and dual notch characteristics were achieved by loading single and dual RSRRs near the feed line. The return loss for single and dual notch characteristics are shown in Figure 8a. Case I for the elliptical slot is shown in Figure 3. For case I, a PEC patch with a width of 0.3 mm was placed in the slot, with a width (ws1) that connected the inner elliptical patch with the radiator for achieving the third notch at 3.6 GHz. In case II, the rejection at 3.6 GHz was eliminated by removing the PEC, and the resulting structure exhibited dual notch characteristics. Therefore, the proposed SWB antenna could be reconfigured if a PIN diode was incorporated into the elliptical slot. The simulated and measured return loss for case I and case II are shown in Figure 8b,c, respectively. The measured results showed a good agreement with simulated results for both the cases. The comparative results of the notched characteristics antenna are shown in Table 2. The major issue in the previously designed antennas was a large size, and to eradicate the interfered narrow band. In the previous research work, most antennas had no function to eradicate single, dual, and tri-band. The bandwidth performance was also important for SWB notch characteristic antennas.



Additionally, simulations were carried out to tune the third notched band at 3.6 GHz. Lumped capacitor and varactor diode were incorporated into the isolated area of an elliptical slot, where the varactor diode acted as a variable capacitor as shown in case III of Figure 3. The embedded varactor diode tuned a third notch frequency at 3.6 GHz, and it was controlled by changing the capacitance. The proposed varactor diode was SMV2201 and was embedded in an isolated area. With increasing the capacitance C of the varactor diode from 0.23 pF to 2.1 pF, the center notch frequency changed from 1.9 GHz to 2.52 GHz. The simulated return loss with the tuned band is shown in Figure 9. In the isolated area, a capacitor with a value of 1pF was employed to block the dc voltage from the external dc source. Moreover, simulations were carried out to see the effect of the SRR. The dimensions of the resonators have been varied. It is observed from Figure 10 that when the length of the RSRR was increased, then according to Equation (2), the notch band was shifted to lower frequency resonance. This was similar, for the ESRR.




3.4. The Gain, Current Distribution, and Pattern


The simulated current distribution of band notched SWB antenna is shown in Figure 11a–c for each resonance mode. For the optimal design, the simulated current distribution at 3.4 GHz is shown in Figure 11a. The current was mainly concentrated on the left and right side of the PEC, where the PEC was the connecting patch between the elliptical patch and radiator, as shown in case I of Figure 3. The current flowed in the opposite direction at the edge of the radiator and of the elliptical slot. Meanwhile, the current distribution did not exist around the other loaded RSRR. This implies that the ESRR was critical for the generation of a stop band at 3.4 GHz. Similarly, with two loaded resonators near the signal line influence, the notch bands at 5.6 GHz and 9 GHz are shown in Figure 11b,c, respectively.



In order to measure the radiation pattern and gain of the antenna, the chamber was calibrated by placing a Standard Gain Horn (SGH) antenna at an antenna positioner. After calibration, the antenna was placed at the same location and, keeping all other RF configurations fixed, automated software calculated its accurate gain by dividing SGHs with the response of the actual antenna. The realized peak gain for the SWB antenna was about 3–5 dB. Figure 12a,b show the plot of simulated and measured VSWR versus gain for the SWB antenna. The gain was measured at selected frequencies from 2 GHz to 40 GHz. From measured and simulated results, it can be seen that there was a sharp decrease in the frequency band at 3.4, 5.6 and 9 GHz, while at other frequencies the antenna showed satisfactory performance. The co- and cross-polar patterns are shown in Figure 13a–d. It is observed that near omnidirectional, co-polar patterns were achieved in H-plane. In E-plane and H-plane, the cross-polarization was lower than co-polarization, however at some frequencies, the cross-polarization level rose due to the horizontal component of surface current on the radiation patch at some high frequencies.



The efficiency plot with and without notch bands have been depicted in Figure 14. The average efficiency in the passband was 95.75%, with a maximum efficiency of 99.30%. The efficiency of the band notch antenna sharply decreased in the respected narrow band.





4. Conclusions


In this paper, the SWB antenna has been designed and studied, which resonates from 1.42 GHz to 50 GHz. The interference of narrow bands was also reduced in the SWB range. The interference of narrow bands such as WLAN, WiMAX, and X band were suppressed by loading two RSRRs near the signal line and etching out the ESRR from the radiator. The antenna provided three stop band resonance frequencies at 3.4, 5.6 and 9 GHz. Moreover, a varactor diode was incorporated into the isolated area in ESRR, which can tune the first band from 1.9 GHz to 2.5 GHz by changing the capacitance of the varactor diode. Finally, the realized gain and current distribution of the notch characteristics antenna has shown the interference rejection at the desired stop band resonance frequencies. Due to these advantages, the designed antenna structure will be useful for ISM, Wi-Fi, WLAN, WiMAX, C, S, X, K, and Ku wireless communication systems.
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Figure 1. The geometry of a super-wideband (SWB) antenna with: (a) Rectangular ground and radiator; (b) rectangular ground and trapezoid radiator; (c) trapezoid radiator and semicircular ground; (d) semicircular ground, trapezoid radiator, and rectangular tapered feed. 
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Figure 2. The simulated return loss for designed SWB antennas in Figure 1. 
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Figure 3. The schematic diagram of: (a) notch characteristics of a SWB antenna; (b) different cases of elliptical slots. 
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Figure 4. The fabricated prototype: (a) Top side and back side of without notch; (b) top side of band notch of SWB antenna; and (c) a photograph of measuring device. 
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Figure 5. The simulated and measured return loss. 
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Figure 6. The simulated and measured peak gain. 
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Figure 7. The input impedance of a designed SWB antenna: (a) Real; (b) imaginary part; (c) magnitude; (d) Smith chart. 
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Figure 8. The simulated return loss for: (a) Loading single and dual rectangular split ring resonators (RSRRs); (b) simulated and measured return loss for the case I of Figure 3; (c) simulated and measured return loss for case II of Figure 3. 
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Figure 9. Simulated return loss with tunable notch frequency for case III in Figure 3. 
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Figure 10. Parametric study of the resonator. 
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Figure 11. Current distribution at: (a) 3.4 GHz; (b) 5.6 GHz; (c) 9 GHz. 






Figure 11. Current distribution at: (a) 3.4 GHz; (b) 5.6 GHz; (c) 9 GHz.



[image: Electronics 08 00202 g011]







[image: Electronics 08 00202 g012 550]





Figure 12. The plot of VSWR versus gain: (a) Simulated; (b) measured. 
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Figure 13. The co- and cross-polar pattern at: (a) 10 GHz; (b) 20 GHz; (c) 30 GHz; and (d) 40 GHz in both E- and H-plane. 
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Figure 14. The plot of efficiency plot without and with notch bands. 
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Table 1. The dimension of the proposed tri-notch characteristics SWB antenna.
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	Dimension
	Value (mm)
	Dimension
	Value (mm)





	Ws
	34.0
	Wc1
	2.5



	W1
	5.0
	Lc1
	5.0



	W2
	34.0
	Wc2
	4.0



	Ws1
	0.5
	Lc2
	8.0



	Ws2
	0.4
	W50
	2.5



	Wg1
	0.6
	ex
	7.0



	Wg2
	0.6
	ey
	4.5



	Ls
	57
	
	










[image: Table]





Table 2. Comparison with previously reported SWB antennas.
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	Ref.
	Dimension
	BW:1
	%BW
	BDR
	Freq: Range (GHz)
	Notch Function





	[1]
	0.37λ × 0.34λ
	34.88
	189.00
	1502
	0.86–30
	No



	[2]
	0.36λ × 0.24λ
	22.10
	183.00
	2118
	0.79–17.4
	No



	[3]
	0.33λ × 0.25λ
	32.00
	187.00
	2286
	2.5–80
	No



	[7]
	0.45λ × 0.45λ
	19.40
	180.00
	889
	1.00–19.4
	No



	[8]
	2.0λ × 2.0λ
	5.00
	133.00
	33
	10.00–50.00
	No



	[9]
	0.37λ × 0.17λ
	13.06
	172.00
	2763
	1.44–18.8
	No



	[10]
	0.38λ × 0.36λ
	40.00
	190.00
	1389
	0.72–18
	No



	[29]
	0.30λ × 0.23λ
	9.80
	163.00
	2362.
	2.26–22.18
	No



	[30]
	0.55λ × 0.38λ
	11.60
	168.00
	803
	3.00–35
	No



	[31]
	0.31λ × 0.46λ
	10.16
	164.10
	1102
	3.15–32
	No



	[32]
	0.33λ × 0.23λ
	20.40
	181.30
	2461.5
	2.18–44.5
	No



	[33]
	0.27λ × 0.18λ
	11.60
	168.25
	3462
	2.5–29
	No



	[34]
	0.32λ × 0.34λ
	11.00
	166.67
	1531.89
	3.4–37.4
	No



	[35]
	0.26λ × 0.28λ
	31.10
	187.00
	2569
	1.06–32.7
	No



	[36]
	0.31λ × .27λ
	10.67
	166.00
	1948
	2.7–28.8
	No



	[37]
	0.33λ × .20λ
	11.60
	168.00
	2386
	3.0–35
	No



	[38]
	0.41λ × 0.29λ
	10.11
	166.66
	1347.24
	3.5–31
	No



	Proposed
	0.16λ × 0.27λ
	35.21
	189.00
	4375
	1.42–50
	Yes
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