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Abstract: This paper presents, a novel cactus shaped frequency reconfigurable antenna for sub 10 GHz wireless applications. PIN diode is utilized as an electrical switch to achieve reconfigurability, enabling operation in four different frequency ranges. In the switch ON state mode, the antenna supports 2177–3431 and 6301–8467 MHz ranges. Alternatively, the antenna resonates within 2329–3431 and 4951–6718 MHz while in the OFF state mode. Radiation efficiency values, ranging from 68% to 84%, and gain values, ranging from 1.6 to 4 dB, in the operating frequency bands. the proposed antenna satisfy the practical requirements and expectations. The overall planner dimensions of the proposed antenna model is 40 × 21 mm2. Moreover, the measurement results from the prototype support the simulation results. Based on the frequency ranges supported by the antenna, it can be used for multiple wireless standards and services, including Worldwide interoperability and Microwave Access (WiMAX), Wireless Fidelity (Wi-Fi), Bluetooth, Long Term Evolution (LTE) and satellite communications. This increases its applicability for use in mobile terminals.
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1  Introduction

The remarkable technological growth in multiband wireless communication systems requires a single but multiband antenna for the reception and transmission of electromagnetic waves. Although multi-band antenna designs have been proposed by researchers [1,2]. However, these multi-band antennas have fixed radiation properties. The operational flexibility of a multiband antenna can be attained if the radiation pattern, polarization, and frequency of an antenna are made reconfigurable. There are several possible techniques to design reconfigurable antennas including physical reconfigurable antenna by alteration in radiating structure, electrically reconfigurable antennas using radiofrequency micro-electro-mechanical systems, or Varactor diodes PIN diode, optically reconfigurable antennas using photoconductive switching, and reconfigurable antennas using smart materials i.e., Ferrites or Liquid Crystal [3]. Most wireless systems require frequency reconfigurability, as a result, antenna researchers have proposed several reconfigurable antennas [4–9] to support a diverse range of wireless standards, including Wi-Fi, WLAN, and WiMAX. In [10] a hybrid frequency reconfigurable antenna consists of a rectangular dielectric resonator element and a coupling slot on the ground is reported. In order to achieve reconfigurability, some of the researchers have used micro-electromechanical system (MEMS) switches instead of PIN diodes [11–13]. MEMS require low switching voltage as compared to PIN diodes [14]. Two-pin diodes are used in quad-band cellular phones to achieve a reconfigurable antenna that operates at Universal Mobile Telecommunication System (UMTS), GSM 900, and GSM 1900 [15]. Chip inductor along with PIN diodes was used to design a miniaturized reconfigurable antenna for WLAN and UMTS applications in [16]. Slot antenna with PIN diodes and a reflector were used to produce three reconfigurable bands [17], in this design four slits in the ground plane with PIN diodes in slits make an antenna pattern reconfigurable. To obtain frequency turnability without using active switches, researchers have proposed rotating slot configurations as well [18]. An octa band frequency tuneable antenna using multiple PIN diodes was presented in [19]. Reconfigurability up to ten frequencies range is achieved for 2.2–6 GHz band, the proposed antenna uses two-pin diodes for its multi-band operation [20]. A multiband frequency-tunable bow-tie antenna for Bluetooth, WLAN, GSM, and GPS applications was proposed in [21]. A semicircular Arc shaped polarization and frequency were reconfigurable for multiband wireless communication applications [22]. A flexible tuneable antenna built on the folded slot antenna concept with a PIN diode was reported using inkjet-printing technology [23]. A reconfigurable antenna using three U-shaped resonators with a PIN diode was reported in [24]. In [25], a Hexa-bands frequency-reconfigurable antenna using three-pin diodes is presented, the proposed antenna is resonating in six bands depending upon the state of switches. A hexagonal-shaped frequency reconfigurable antenna was presented [26] by using two PIN diodes to achieve tetra band operation. Another type of reconfigurable antenna is presented in reference [27], where 4 pin diodes are utilized for operation in nine bands, the given antenna finds applications in 5G and sub-6 GHz bands.

Antenna size is one of the key parameter for feasible integration in electronic devices nowadays. For multiband operation size of the antenna becomes an issue. Researchers have designed various antennas of different sizes to achieve optimum frequency bands for wireless communication [28–34]. Large size antennas need more space requirements, which might not be desirable in most wireless systems. Hence, a compact antenna that can support multiple applications and frequency bands in a handheld device, with minimum number of switches, while offering higher gain and supporting larger bandwidths than competitors could address the requirements and any potential shortcomings from previous designs. This has acted as motivation for this work.

In this paper, a novel cactus-shaped frequency switchable monopole antenna is proposed using a PIN diode switch. A shortened ground plane is used to enhance reconfigurable antenna performance. The size of the antenna is kept small to reduce its footprint. To simulate PIN diode behaviour in CST microwave studio lumped elements are used. In the switch OFF state, a high resistance value is used to block the flow of current in specific portions of radiating structure while a low value of resistance is used in the switch ON state to allow the flow of current and to evaluate the performance of the antenna in these two states. The proposed antenna finds applications for wireless services that include WIMAX, LTE2500, WLAN, and various satellite applications.

The structural organization of this paper is as follows: the design geometry and methodology of the proposed reconfigurable planer monopole antenna is explained in Section 2. The Measured and Simulation results is discussed and presented in Section 3. Finally, the proposed research work is concluded in Section 4.

2  Antenna’s Design

Fig. 1 presents the geometrical configuration of planar multi-band monopole antenna for WIMAX, WLAN, LTE 2500, and satellite applications. The proposed antenna consists of three layers. The top layer is the radiating monopole strip, the middle FR-4 substrate layer and bottom layer is the ground plane. The detail dimensions of the proposed antenna is shown in the Fig. 1. The planner size of the proposed model is 40 × 21 mm2 thickness of FR-4 substrate is 1.6 mm, loss tangent 0.019, and relative permittivity of 4.5. The designed monopole is fed via 50 Ω microstrip line. The upper layer of an FR-4 substrate is consists of a radiating element and a switch, as shown in Fig. 1a. While Fig. 1b shows the bottom truncated ground plane of the antenna. Fig. 4 depicts the fabricated prototype of the proposed antenna. In order to realized switch OFF and switch ON states two prototypes are fabricated. The detailed physical dimension of the proposal antenna is listed in the Tab. 1.
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Figure 1: The detail dimensions and geometrical view of proposed antenna (a) top view (b) back View
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The effective resonant lengths for intended frequencies are calculated using transmission line model theory [35]. Proposed resonant length can be written in the form of guided wavelength 
λfr
by using the equations given as under:


Cfr=λfr4
(1)

2.1 Switching Technique

A Pin diode is used for switching, which works as an adjustable resistor in the radio frequency range. Tunability is obtained with the help of a pin diode which acts as an open and short circuit. Thus, varying the effective resonant lengths that make antenna operating frequency reconfigurable. Fig. 2 illustrates the equivalent circuits model and pin diode model. For OFF state it acts as RLC equivalent circuit with inductor “L” in series with capacitor “C” and a high-value resistor “RH” in parallel, while For ON state, it acts as an RL series circuit with an inductor “L” and low-value resistor “RL”.

[image: images]

Figure 2: Illustration of the equivalent circuit’s model: (a) On state; (b) Off state

In this paper, the BAR50–02 model pin diode is used [36]. The pin diode can be designed from its datasheet in CST Microwave Studio as L = 0.7 nH, 
RL
= 1.5 Ω and C = 0.15 pF.

As shown in Fig. 3, in the measurement process, a biasing circuit is installed on the opposite side of the antenna, which enables real-time operation of the pin diode.
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Figure 3: Photographs of the fabricated model with biasing setup for the PIN diode switch

3  Results and Discussion

The designed procedure and simulations were performed using CST Microwave Studio. A waveguide port with the optimum size was used for excitation. The parameters, i.e., gain, return loss, E-field, and H-field, were analyzed using optimum boundary conditions and field monitors in CST Microwave Studio. The simulated results were validated through fabricating the prototype and measured the desired results.

The radiation patterns of the proposed antenna is measured in the set up as shown in Fig. 4. During the measurement process, a horn antenna is used as a transmitting antenna, while the the proposed antenna as a receiving antenna. The receiving antenna is placed horizontally at the top of the turntable. In order to provide a reflection free environment, the walls of anechoic chamber were covered with the radio frequency absorber. The data were taken from anechoic chamber by exciting the port.

[image: images]

Figure 4: Anechoic chamber set up for radiation pattern measurement

Fig. 5 compares the measured and simulated reflection coefficient of the proposed antenna. When the switch is off, the designed antenna resonates at two distinct frequency bands (2.77 and 5.37 GHz), with impedance bandwidths of 1102 MHz (2329–3431 MHz) and 1767 MHz (4951–6718 MHz), respectively. Similarly, when the switch is on, the antenna works at two other distinct frequency bands (i.e., 2.65 and 7.1 GHz), with impedance bandwidths of 1254 MHz (2177–3431 MHz) and 2166 MHz (6301–8467 MHz), respectively. Measured results closely followed the simulated results. Tab. 2 shows the antenna switching modes and description of dual-band characteristics.
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Figure 5: Simulated and measured return loss: (a) When switch is on; (b) When switch is off
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Fig. 6 shows the simulated and measured voltage standing wave ratio (VSWR). Which indicate that the VSWR is less than 2 in the desired frequencies bands. Which shows the proposed antenna is optimum matched. Moreover, the simulated VSWR closely follow the measured one.
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Figure 6: Simulated VSWR of proposed antenna

The proposed antenna’s simulated and measured gain patterns in the H- and E-planes are compared in switch on and off states in Figs. 7 and 8, respectively. It can be observed that the measured results approximately followed the patterns simulated in CST Microwave studio. Fig. 6 shows the simulated and measured gain patterns in the switch on state of the proposed antenna at resonance frequencies of 2.65 and 7.10 GHz. The E-plane pattern resembles a figure of eight, while the H-plane pattern has an omnidirectional nature. In the off state, symmetrical shapes were obtained for the measured and simulated gain patterns of the H- and E-planes at frequencies 2.78 and 5.37 GHz, as depicted in Fig. 8.
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Figure 7: The measured and simulated H- and E-plane gain patterns of the proposed model in switch on state: (a) At 2.65 GHz; (b) At 7.1 GHz
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Figure 8: The measured and simulated H- and E-plane gain patterns of the proposed model in switch off state: (a) At 2.78 GHz; (b) At 5.37 GHz

The surface current distribution of current over radiating elements was analyzed in both operating modes of the proposed antenna. In the switch-on state, it can be noticed that the entire radiating element including the L-part took part in radiation at 2.65 GHz, whereas a specific part of the radiating element was involved in radiation at a resonant frequency of 7.10 GHz, as displayed in Figs. 9a and 9b respectively. In the switch-off state, a portion of the four-mirrored structure took part in radiation at a center frequency of 2.77 GHz, while an alternative portion took part at 5.37 GHz, as depicted in Figs. 9c and 9d respectively.
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Figure 9: Surface currents of proposed reconfigurable antenna: (a) 2.65 GHz; (b) 7.10 GHz; (c) 2.77 GHz; (d) 5.37 GHz

Fig. 10 illustrates the 3D far-field radiation characteristics of the proposed structure. It is clear from Fig. 10 that the designed antenna showed adequate directivity in the frequency range of 2.44 to 5.0 dBi.
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Figure 10: Simulated 3D directivity pattern of designed antenna: (a) 2.65 GHz (switch on); (b) 7.10 GHz (switch on); (c) 2.77 GHz (switch off); (d) 5.37 GHz (switch off)

Characteristic parameters of the designed antenna are summarized in Tab. 3.
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The proposed frequency-reconfigurable dual-band antenna was quite miniaturized (40 × 21 × 1.6 mm3), thus occupying less space, and the addition of reconfigurability enhances its utility for existing wireless technologies, i.e., LTE2500, WIMAX, and WLAN. Tab. 4 compares the proposed design with similar designs proposed recently. It is obvious that our proposed model has a very small size as compared to other works, and it can operate at four different wireless bands with acceptable directivity, gain, and bandwidth performance. Even though the designs reported in [27] and [32] operate in a greater number of bands than the proposed work, they use a greater number of switches and offer lower bandwidth and gain. Even though the PIN diode technique requires a biasing line, we achieved reconfiguration using only one PIN diode.
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4  Conclusion

In the proposed work, a frequency-reconfigurable dual-band antenna was presented for LTE2500, Wi-Fi, satellite, and Bluetooth applications. The designed antenna can be reconfigured using an electronic switching technique to enable its operation in various frequencies bands depending upon the state of the switch (on/off). The antenna operates in dual bands covering a range of frequencies 2177–3431 MHz and 6301–8467 MHz in the on state, whereas it works in different dual bands covering a range of frequencies 2329–3431 and 4951–6718 MHz when the switch is in the off state. The dimensions of the designed antenna are also very small, covering only a 40 × 21 mm2 footprint. It has a gain in the range of 1.6–4.24 dBi with an efficiency of 68% to 84%. The omnidirectional far-field radiation pattern of the designed dual-band antenna makes it suitable for existing wireless communication technologies including Wi-Fi, Bluetooth, WiMAX, and LTE. It can be a promising candidate for use in wireless devices such as mobile phones, laptops, smart watches, and self-driving cars.
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Table 1: Dimensional parameters of proposed reconfigurable multiband monopole

Parameters Values (mm) Parameters Values (mm)
D1 3.5 w2 3
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Table 3: Summary of characteristic parameters of designed antenna

Parameters f=2.65 GHz f=7.10 GHz f=2.77 GHz f=5.37 GHz
Gain (dB) 1.60 4.24 1.74 2.19
Directivity (dBi) 2.44 5.03 2.48 3.79
Bandwidth (GHz) 1.254 2.166 1.102 1.767

Radiation efficiency (%) 82.29 73.43 84.26 68
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Table 4: Comparative analysis of the proposed design with similar designs proposed recently

Ref Size No of Frequency (GHz) Bandwidth Gain
(mm?) switches (MHz) (dB1)
[27] 1280 4 1.8,2.1,2.6,3.5,4.8,5.0,5.6, 6.4, 190-1400 1.25-3.6
6.5
[29] 1400 1 2.45,3.5,54 490-1360 1.92-3.02
30] 1443 1 24,3,54 550-1220 1.27-3.8
[31] 1855 1 2.45,3.5,5.2 147-1820 1.7-3.4
[32] 3600 3 2.4,4.26,4.32,4.58,5.76 60—-170 1.31-2.77
[33] 1295 2 2,3.4,24,3.1 200-960 1.76-1.98
[20] 2250 2 24,32,3.3,52,58 300-1500 24-5.8
37 2400 4 2.7,44,8.1,94,54, 6.6 260-1200 0.64-2.5
[38] 1600 1 0.46, 0.83, 0.9, 1.09 753-1040 0.8-1.8
Proposed 840 1 2.65,2.78, 5.37, 7.10 1102-2166 1.60—4.24

work
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Table 2: Switching modes of the proposed antenna

Switch modes Description

On Dual band at 2.65 GHz, 7.10 GHz
Off Dual band at 2.77 GHz, 5.37 GHz
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