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Abstract

:

This paper presents the design and realization of a compact frequency reconfigurable antenna for multiband wireless applications. The antenna can operate at overall eight different bands in four dual-band modes. A slot in the radiator and defected ground structure are utilized to achieve a compact size, while PIN diodes are used for frequency reconfigurability in the proposed antenna. The antenna shows broad bandwidth in each operating frequency and has a compact size of 18 mm × 18 mm × 1.524 mm. Moreover, stable radiation patterns and a high value of efficiency make it a potential candidate for various wireless applications. Furthermore, to demonstrate the worth of this work, its performance is compared with state-of-the-art designs reported for similar applications.
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1. Introduction


In the last decade, reconfigurable antenna gains considerable attention of researchers due to an exponential increase in the number of users connected to the internet [1,2]. Reconfigurable antennas provide the ability to switch polarization, frequency, and pattern as per user’s demand [3,4,5,6]. Frequency reconfigurable antennas are preferred over multiband and wideband antennas because they lead to a better solution against the band congestion problems [7,8]. In the literature, researchers have utilized PIN diodes, radio frequency microelectromechanical systems (RF MEMS), optical switches, and varactors diodes to achieve frequency reconfigurability in antennas [9].



The PIN diodes are widely used in frequency reconfigurable antennas due to the ease of switching between different frequencies by merely controlling the biasing voltage [10]. Typically, diodes are used to manage the current path in an antenna geometry to achieve multiband operations [11,12,13,14,15]. In [11,12], three PIN diodes are placed in the defected ground to switch between three different frequencies. Although reported antennas have compact sizes, the number of frequency bands covered by the antennas are not sufficient for multiband applications. Another tri-band frequency reconfigurable antenna is presented in [13], where a single diode is placed in the monopole antenna’s radiator. The antenna can switch between dual-band and single-band operating modes but is physically large.



In [14], the hexa-band frequency reconfigurable antenna shows a compact size with dual operational mode. Moreover, octa-band antennas are also presented to support various frequency bands [15,16]. The design reported in [16] has the advantage of compact size compared to that reported in [15], whereas the design achieves dual and tri-band operational mode by utilizing a smaller number of diodes. The summary mentioned above of literature suggests that a compact antenna having a more significant number of frequency bands while using a minimum number of diodes is still a design challenge for researchers. Therefore, to overcome these challenges, a novel frequency reconfigurable antenna is presented in this paper. The significant contributions of this work are as follows:




	
The proposed antenna has a compact size when compared with designs reported in the literature.



	
The antenna geometry comprises a simple structure, which minimizes the fabrication losses.



	
By utilizing only two diodes, the antenna resonates at eight different frequencies having four different dual modes.








The rest of the manuscript is divided into the following sections: Section 2 contains antenna design methodology, while the results of the proposed antenna are presented in Section 3. Finally, the discussion is concluded in the last section of the paper, accompanied by references.




2. Antenna Structure and Design Methodology


2.1. Antenna Structure


The front, back, and side views of the proposed frequency reconfigurable antenna are depicted in Figure 1a–c, with all essential dimensions labeled by different alphabets. The antenna geometry is engraved on the top side of ROGERS TMMR-4, having a dielectric constant (  ε r  ) of 4.2 and loss tangent ( θ ) 0.002. The bottom side of the antenna consists of the Defected Ground Structure (DGS). The standard copper cladding of 0.035 mm is used for both the radiator and the DGS.




2.2. Antenna Design Methodology


Monopole antenna, owing to the advantage of a wider band compared to other types of antennas, is designed in the first step [17]. The length of the monopole antenna can be calculated using the analytical equations given in [18].


   L p  =  c  4   f p    ε  e f f        



(1)




where c is the speed of light which is 3 × 108 ms−1,   f p   is the central resonating frequency, which is given by:


   f p  =  c   λ g    ε  e f f       



(2)




where   λ g   is the guided wavelength and   ε  e f f    is the effective dielectric constant which is given by:


   ε  e f f   ≈    ε r  + 1  2  +    ε r  + 1  2   ( 1 + 12   L x  H     )   − 0.5    



(3)




where   ε r   is the dielectric constant of the substrate,   L x   is the width of the monopole, and H is the thickness of the substrate.



The monopole’s optimized length at the operating frequency of 3.5 GHz is found to be 18 mm, which is approximately equal to    λ g  / 4  , as shown in Figure 2. The overall dimensions of the antenna are: 26 mm × 2 mm × 1.524 mm. The reflection coefficients of the proposed antenna is plotted in Figure 3. To further miniaturize the conventional monopole’s dimension, a rectangular slot of dimension    (  P y  − 2  G y  )  ×  (  P x  − 2  G x  )    is inserted in the radiator—this new antenna is referred to as Prototype-II. The introduction of this slot increases the antenna’s effective area and thus shifts the resonance toward the lower side. Moreover, the introduction of this slot also introduces an upper band, as depicted in Figure 3.



To move the resonance frequency back to 3.5 GHz, the dimensions of the antenna are optimized. After a detailed parametric study, optimum dimensions are used in the Prototype-III, which are shown in Figure 2c. The Prototype-III resonates at 3.5 GHz. It can be seen from Figure 2a–c that this prototype has a physical area of 324 mm2, which is 44% smaller compared to the conventional monopole antenna that has an area of 572 mm2.



In the last step, two RF-PIN diodes modeled as SC-79 by Skyworks were utilized to achieve frequency reconfiguration. The lumped elements were used to design an equivalent model of PIN diode, whose values can be found using [19]. The positions of the diodes are optimized to get desired results while a desired DC block 100 pF capacitor is also used to physically disconnect the upper part of the radiator, as shown in Figure 1a. The optimized dimensions of the proposed antenna are as follows:    A x  = 18   mm;    A y  = 18   mm;    P x  = 13   mm;    P y  = 16   mm;    G x  = 4   mm;    G y  = 2   mm;    G 1  = 2.75   mm;    G 2  = 0.5   mm;    F x  = 4   mm;    F y  = 2   mm;   H = 1.524   mm;   C = 100   pF.





3. Results and Discussion


3.1. Simulated and Measurement Setup


Usually, antennas can be analyzed using the full-wave method or approximation method based on simplifying assumptions. In full-wave, electromagnetic solutions include all the possible electromagnetic solutions within a boundary condition. In contrast, the approximation method cannot consider surface waves and mutual coupling since it does not enforce boundary conditions. Various software solutions for antenna design, including a comparison of packages, tools, techniques, and algorithms for different design challenges, have been reported thoroughly [20]. For broadband results in high frequencies, full-wave time-domain methods are more accurate. For accurate characterization of the proposed antenna, we modeled 3D structure of the antenna, and its impedance and radiation characteristics are computed by employing finite-integration time-domain electromagnetic simulator CST. We chose a transient time-domain solver with a hexahedral mesh type was selected with an accuracy level of −40 dB. The PIN diodes were realized using its equivalent lump lumped elements. Furthermore, to minimize the connector’s effect on antenna performance, commercially available SMA is modeled and used at the antenna feed for numerical analysis. The equivalent electrical model of the PIN-diode utilized for simulation is presented in Figure 4. For the ON-state, the PIN-diode behaves like a series combination of inductor and resistor. While for OFF-state, the diode acts like a series combination of an inductor with a parallel combination of resistor and capacitor, as depicted in Figure 4 a,b, respectively. For ease of understanding, OFF-state is represented by ‘0’ while diode On-state is meant by ‘1’. Figure 5 illustrates the fabricated prototype of the proposed antenna utilized for measurement purposes. Vector Network Analyzer (VNA) having model no. E5063A with a range of 500 MHz to 18 GHz, by Keysight Tech., was utilized to measure the return loss of the proposed work. A broadband horn antenna (1–18 GHz) was used for the measurements of far-field parameters, which means radiation patterns and gain.




3.2. Reflection Coefficient


Figure 6 presents the comparison of the magnitude of the proposed antenna’s reflection coefficient for various switching states. For case-00, the antenna resonates at two frequencies of 4.6 GHz and 7.2 GHz with respective predicted bandwidth of 1020 MHz and 840 MHz, as depicted in Figure 6a, while the measured values show the impedance bandwidth of 1390 MHz and 1010 MHz for resonating frequency of 4 GHz and 6.85 GHz, respectively. It could also be seen from Figure 6a that for case-01, the antenna resonates at 4.1 GHz and 7 GHz with respective impedance bandwidths of 760 MHz and 1090 MHz. On the other, the measured value shows the resonating frequencies of 4 GHz and 6.85 GHz having individual bandwidth of 870 MHz and 1210 MHz, as depicted in Figure 6a.



It could be observed from Figure 6b that antenna starts resonating at 4.4 GHz and 6.92 GHz for case-10, where the antenna exhibits the simulated bandwidths of 810 MHz and 1400 MHz while measured impedance bandwidths were observed to be 1100 MHz and 1520 MHz, respectively. At last, for case-11, the simulated |S11| > −10 dB bandwidths were observed to be 560 MHz and 1350 MHz at the resonating frequencies of 3.5 GHz and 6.87 GHz, respectively. The measured results show that the antenna exhibits impedance bandwidths of 920 MHz and 1240 MHz for respective resonating frequencies of 3.55 GHz and 7 GHz, as depicted in Figure 6b. In general, predicated and measured return loss show a strong agreement between each other, while a little discrepancy was due to fabrication and measurement tolerance.




3.3. Far-Field Analysis


Figure 7a–f depicts the comparison among predicted and measured radiation patterns at the various frequencies. The antenna exhibits an omnidirectional radiation pattern in principle E-plane   ( θ =  0 ∘  )   for lower passband frequencies, while a slightly distorted omnidirectional radiation pattern was observed for higher passband frequencies, as depicted in Figure 7b,f. Regarding principle H-plane   ( θ =  90 ∘  )  , the antenna exhibits an 8-shaped bidirectional radiation pattern for all selected resonating frequencies. is observed in E-plane. In general, a good agreement was observed between simulated and measured results for all selected frequencies, as depicted in Figure 7.



Figure 8 compares simulated and measured peak gain of the proposed antenna along with numerically calculated radiation efficiency. Figure 8 shows that the peak gain of antenna varies from 2 to 3 dBi in the lower pass band in all switching states while the gain varies from 3 to 4 dBi in the upper passband. The antenna’s measured peak gain for possible switching states of diode was also in good agreement with simulated results. The antenna exhibits an efficiency of more than 80% in both passbands, as depicted in Figure 8. Thus, a strong comparison between simulated and measured results of the antenna states its performance stability and makes it a potential candidate for compact devices requiring multiband reconfigurable antenna.




3.4. Comparison with State-of-the-Art Work


Table 1 presents the comparison of presented work with recently reported antennas for similar applications. The proposed antenna offers more bands than reported antennas in [11,12,13,14] and the additional advantages of compact size. Compared to the work presented in [15,16], the number of operating bands are equal, but the proposed antenna offers a physically compact size. Thus, it can be deduced that the presented antenna overperforms the related works by providing a simple structure, compact size, and a large number of bands.





4. Conclusions


A compact frequency reconfigurable antenna operating in eight different frequencies in four dual-band modes is presented. The operating modes are controlled using two PIN diodes introduced in the radiating element. The proposed antenna is characterized by the good adaptation for all provided frequencies, higher radiation efficiency values in the whole range of frequencies, and similar radiation patterns in all diode cases, making it a promising candidate for various wireless applications.
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Figure 1. Proposed frequency reconfigurable antenna (a) top-view (b) bottom-view (c) side-view. 






Figure 1. Proposed frequency reconfigurable antenna (a) top-view (b) bottom-view (c) side-view.



[image: Mathematics 09 01557 g001]







[image: Mathematics 09 01557 g002 550] 





Figure 2. Design evolution of the proposed antenna. 
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Figure 3. The simulated reflection coefficient of three different prototypes for the proposed antenna design. 
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Figure 4. Equivalent model of diode for (a) ON-state (b) OFF-state (c) biasing circuit. 
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Figure 5. Fabricated prototype of the proposed antenna design. 
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Figure 6. The comparison between measured and simulated reflection coefficient for various switching cases; (a) Case-00, Case-01 (b) Case-10, Case-11. 
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Figure 7. Simulated and measured radiation pattern (a) case-00 (b) case-00 (c) case-01 (d) case-10 (e) case-11 (f) case-11. 
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Figure 8. Simulated and measured gain along with radiation efficiency. 
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Table 1. Performance comparison with existing works.
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	Ref.
	Dimension mm2
	No. of Diodes
	Operational Mode
	Total Bands





	[11]
	400
	3
	Single band
	3



	[12]
	675
	3
	Single band
	3



	[13]
	1855
	1
	Single & Dual band
	3



	[14]
	528
	3
	Single & Dual band
	6



	[15]
	2250
	2
	Dual & Tri-band
	8



	[16]
	476
	3
	Dual band
	8



	This work
	324
	2
	Dual band
	8
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