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Abstract

:

A printed and minimal size antenna having the functionality of frequency shifting as well as pattern reconfigurability is presented in this work. The antenna proposed in this work consists of three switches. Switch 1 is a lumped switch that controls the operating bands of the antenna. Switch 2 and Switch 3 controls the beam switching of the antenna. When the Switch 1 is ON, the proposed antenna operates at 3.1 GHz and 6.8 GHz, covering the 2.5–4.2 GHz and 6.2–7.4 GHz bands, respectively. When Switch 1 is OFF, the antenna operates only at 3.1 GHz covering the 2.5–4.2 GHz band. The desired beam from the antenna can be obtained by adjusting the ON and OFF states of Switches 2 and 3. Unique beams can be obtained by different combination of ON and OFF states of the Switches 2 and 3. A gain greater than 3.7 dBi is obtained for all four cases.
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1. Introduction


With the development of communication technology, there is considerable interest in reconfigurable antennas, mainly for their applications in various wireless communication systems. Their properties can be adjusted so as to achieve the desired frequency band, radiation direction or polarization. Tunable antennas have many advantages over wide band antennas, such as smaller size, comparable radiation patterns among all multiple frequency bands, productive utilization of electromagnetic range, and frequency discernment, which is helpful for decreasing the antagonistic impacts of co-channel interference and jamming [1,2]. Most of the work in the literature has focused on tuning a single antenna property, rather than multiple properties. Microfluidic controlled polypropylene tubes, inserted between the main radiators and the ground plane, have been used for the purpose of frequency reconfigurablity [3]. A pin diode has been used to vary the antenna’s bandwidth from narrow to wide, while varactor diodes have been used to continuously change the resonant frequency in the narrow band [4], making it more competitive for cognitive radio applications. A PIN diode-based multiband reconfigurable printed monopole antenna for WLAN/WiMAX was presented in [5]. A wide range of frequency tunability was achieved in a probe-feed patch antenna using voltage-controlled varactor diodes [6]. A hooked-shaped, stub-loaded printed antenna with reconfigurable frequency for multiple applications was presented in [7]. Frequency tunability was achieved in [8,9] by using lumped switches. Frequency tunability in [10] was achieved by operation of PIN and varactor diodes. Frequency tunability in Vivaldi antenna was studied in [11]. High impedance surfaces [12], loops with diodes [13], multiple lumped switches [14] and multiple diodes in irregular manner [15], are used for reshaping the beam direction. A dual-polarized antenna with different frequency choices using metamaterial was presented in [16]. A dual-band antenna with independently controllable bands using varactor diodes is presented in [17].



The rapid development of communication systems demands configurations where the frequency and pattern of the system can be independently tuned. Combining all these configurations in a single antenna is a major challenge. In recent years, some antennas have been designed successfully for frequency and pattern tunability. A slot antenna having the characteristics of frequency and the pattern reconfigurability using PIN diodes is reported in [18]. The antenna uses two switches on the slot to produce multiple resonant bands, while the four slits along with the switches produce pattern reconfigurability. The antenna presented in [18] does not cover the whole elevation or azimuthal plane. The aforementioned antenna uses numerous RF PIN diodes, thus increasing the complexity of the system as well as increasing the insertion losses. In [19], multiple pin diodes are used for frequency and pattern reconfigurability. The antenna performance at each standard is good enough however its big size limits its application in modern communication. In [20], matching stubs are used to shift the resonant frequency, while the PIN diodes in the annular slot are inserted to direct the main lobe and the null in the desired direction. Liquid crystal technology is used in [21] to produce the frequency and pattern reconfigurability in the antenna. In [22], frequency and pattern reconfigurability are achieved using slits connected through PIN diodes with the main radiating part. The designed antenna in [22] can only tilt the radiation pattern at 30∘, 0∘, −30∘. A flexible antenna for 1.9 G and 2.4 G is proposed in [23] with frequency tuning and beam switching characteristics. However, the antenna is not suitable for modern wireless communication architecture because of its complex structure (more RF diodes) and large dimensions. Stub and varactor diodes loaded array antenna capable of beam steering and frequency shifting is presented in [24], however the antenna has less beam shifting capability (−30∘ to +30∘) as well as large size. A high gain High Impedance Structure (HIS) based array antenna is reported in [25]. The antenna uses four pin diodes for full frequency reconfiguration and partial pattern reconfiguration (+/−11∘ phase shift). A frequency switchable antenna with three beam choices is reported in [26]. Couple of PIN diodes are inserted in the slot etched on the upper face of the antenna to tune the resonant bands while the two PIN diodes are added in the feeding network for beam shifting.



This paper provides a best solution for rapid development in communication systems configurations where the frequency and pattern of the system can be independently tuned. The proposed antenna works in either single or dual frequency mode according to the state of the lumped switch (Switch 1) while two lumped switches (Switch 2 and Switch 3) are deployed within the ground to produce pattern reconfigurability.




2. Antenna’s Design Methodology


The proposed antenna’s configuration is illustrated in Figure 1. The patch and ground of the proposed antenna is printed on 1.6 mm thicker substrate of FR-4, having the dielectric constant of 4.4. The proposed antenna has a small geometry of 23 mm × 31 mm × 1.6 mm. The microstrip transmission line is 3 mm wide resulting in 50 Ω characteristic impedance. Values of various parameters used in the proposed antenna are listed in Table 1.



Equation (1) is used to calculate the length of the radiating element [27].


Lfr=c4frϵeff



(1)






ϵeff≈ϵr+12+ϵr−12(1+12(wh))−0.5



(2)







In the above two equations, “c” is the speed of light in a vacuum, “λg” is the guided wavelength, “ϵeff” is the effective dielectric constant, “w” is the width of the substrate and “h” is the thickness of the substrate. Length of the monopole is calculated as 11.91 mm while using (1) and (2), however the optimized monopole length (L1 + L2) is noted as 11.05 mm.



A different shape of stubs are connected with the ground plane for observing the antenna’s reflection coefficient response for all switching states. By connecting I-shaped stub with the ground (Figure 2a), the antenna resonates at 3.5 GHz and 6.7 GHz for case 1 with good impedance match. The antenna resonates at 3.9 GHz and 6.7 GHz for case 2 and case 3. An impedance mismatch is seen at the lower frequency band for case 4, and the antenna resonates at higher frequency band only. In the second step, H-shaped stub is loaded in the ground plane as shown in the Figure 2b. The antenna resonate at 3.5 GHz and 7.3 GHz when the switch 1 is ON and the rest of the switches are OFF. The antenna resonate at 3.5 GHz and 7.3 GHz for case 2 and case 3. A reasonable impedance matching at higher frequency band and mismatch at lower frequency band is seen in case 4. Lastly, an L-shaped stub is introduced in the ground plane and its impact during the all four cases is noted at Figure 2c. It is evident that the antenna performance in term of reflection coefficient is good for all four cases.



2.1. Switching Techniques


Usually the PIN diode behaves as a variable resistor in the RF frequency range, however, the ON and OFF states have more complex circuitry. Equivalent circuits of the ON and OFF states of the PIN diode consist of an inductor (L) and resistor (R). Forward biasing for the diode is obtained when the inductor and resistor (R) are connected in series. In case of the OFF state, the inductor is connected with a parallel-connected resistor (R) and capacitor (C). The ON and OFF behavior of the PIN diode are studied as RL and RLC circuits, respectively [28]. The lower value of the R in the RL circuit allows current flow between the radiating parts. The higher value of RC in the RLC circuit blocks the current from flowing between the radiating elements. Thus for the sake of simplicity we modeled our PIN diode as an RL circuit in the simulation. The value of the inductor (L) is kept constant. A resistor (R) value is kept low as 1 Ω for ON state of the diode and high as 5 MΩ for OFF state of the diode. A biasing voltage (VB) of 3 V and 0 V is applied to the circuitry for switch ON and switch OFF condition, respectively.




2.2. Antenna’s Parametric Analysis


High Frequency Structure Simulator (HFSS 13.0) is used for designing of the proposed antenna. The reflection coefficient (S11) of the designed antenna under ON and OFF states of the switch 1 is illustrated in Figure 3. It is clear from Figure 3 that the proposed antenna has a single frequency band in the OFF state of Switch 1. Dual band antenna performance can be achieved by changing the state of Switch 1 to the ON state, as shown in Figure 3.



Parametric examination of various parameters of the proposed antenna is performed so as to assess the impact of different parameters on the antenna performance. The proposed antenna is assessed using the parameters w1 and L2. It can be seen from the graph of varying parameter w1 that w1 has a large effect on the band centered at 6.8 GHz. Changing the parameter w1 dramatically changes the resonant frequency of the 6.8 GHz band. By increasing the value of the parameter w1, the resonant frequency of the second band shifts towards the lower frequency, whereas the effect on the first resonant band is negligible. Thus, it is concluded from the parametric analysis that the second resonant band can be controlled by the parameter w1. Figure 4a demonstrates the simulated S11 of the proposed antenna versus frequencies for varied w1.



Figure 4b presents the simulated S11 of the proposed antenna versus frequencies for a range of values of the parameter L2. It is clear from the figure that the parameter L2 is effective in shifting of both bands. By increasing the value of L2, both bands shift toward lower frequency. From [27], it is clear that the frequency is inversely related to length of the monopole. The physical length of the radiating element increases, which corresponds to a lower operating frequency (1).





3. Results and Discussions


Figure 1 shows the top and bottom of the fabricated antenna. A low-capacitance PIN diode, MPP4203 (Microsemi) is used in the fabricated antenna. The DC path is completely isolated from the feeding path. The capacitors have the ability to block DC and pass RF signals while the RF choke (RFC) blocks RF and passes DC. The fabricated antenna uses 125 nH inductors, and 470 pF capacitors. The fabricated prototype is measured for reflection coefficient, and gain using Agilent Vector Network Analyzer (VNA). The calibration of the VNA is performed using SOLT (short-open-load-through) technique. After calibrating the VNA, fabricated prototype is connected with VNA and reflection coefficient is obtained. A 6dB log periodic antenna is placed at a distance of 8 m from the proposed antenna for far field pattern measurements. The fabricated antenna is placed on turn-table and the motor is allowed to rotate the antenna with 10∘ steps in both principle planes.



The proposed antenna has a resonant frequency of 3.1 GHz covering a 10 dB bandwidth of 1.7 GHz, as shown in Figure 5, when the lumped switch (Switch 1) is OFF. The antenna covers two bands when the lumped switch (Switch 1) is ON. The antenna has resonant frequencies of 3.1 GHz and 6.8 GHz, covering 10 dB bandwidths of 1.7 GHz and 1.2 GHz, respectively, when the lumped switch of the proposed antenna is ON.



Figure 5 compares the simulated and measured reflection coefficient (S11) results in both ON and OFF state of the switch (Switch 1). The simulated and measured results are well-matched. The slight mismatch in the curves for S11 is caused by the introduction of the three lumped switches in the fabricated antenna, SMA connector losses and cable losses.



To further characterize the behavior of the proposed antenna, the surface current distributions at 3.1 GHz and 6.8 GHz are shown in Figure 6. It is clear from Figure 6 that the current density is higher at the lower side of the radiating part with respect to the remaining portion of the radiator for 3.1 GHz. It is clear from Figure 6 that the lower region is responsible for resonance at 3.1 GHz. The surface current density of the proposed antenna is higher at lower as well as upper portions of the antenna at 6.8 GHz indicating that the 6.8 GHz resonance is affected by lower as well as upper parts of the antenna. The simulated gain and efficiency of the antenna under all switching cases is illustrated in Figure 7.



Figure 8, Figure 9, Figure 10 and Figure 11 present the radiation patterns for Case 1, Case 2, Case 3, and Case 4, respectively. The radiation patterns for both Phi = 0∘ and Phi = 90∘ are simulated and measured. Figures for all cases compare the simulated and measured radiation patterns of the proposed antenna at 3.1 and 6.8 GHz. Due to time varying current on the ground plane, size and structure of the ground plane is important factor in determining the impedance and radiation properties of the antenna. The introduction of L-shaped stub on the ground has very little impact on the impedance, however a huge impact on the radiation of the antenna is observed. Unique current distribution is observed in case of all switching condition which leads to different beam tilting phenomenon (Figure 12).



Figure 8 shows the radiation pattern for Case 1 where Switch 1 is ON and the rest of the switches are OFF. It can be seen from Figure 8 that the main lobe at Phi = 0∘ is directed towards 180∘ while a low backward lobe is observed as compared to the main lobe at 3.1 GHz. In the Phi = 0∘ plane, the main lobe is directed towards 0∘ and a low backward lobe is observed at 6.8 GHz. At lower frequency band the designed antenna radiates predominantly as a “Figure of Eight” in Phi = 90∘ plane while a little distortion is observed at high frequency band.



Figure 9 shows the radiation pattern for Case 2 where Switch 1 and Switch 2 are ON, and Switch 3 is OFF. In this case, the current flows along the L-shaped stub connected with ground plane as shown in Figure 12. The major current contents are present on the right sided L-shaped stub, resulting in enhancing the beam in one direction (90∘ at 3.1 GHz and −30∘ at 6.8 GHz) while suppressing the beam in opposite direction. It is quite clear from Figure 9 that the main lobe of the proposed antenna is directed towards 90∘ for Phi = 0∘ at 3.1 GHz, while the main lobe is directed towards −30∘ for 6.8 GHz. At lower frequency band the designed antenna radiates predominantly as a distorted “Figure of Eight” in Phi = 90∘ plane, while much more distortion is observed at high frequency band.



Figure 10 shows the radiation pattern for Case 3 where Switch 1 and Switch 3 are ON, and Switch 2 is OFF. Most of the current on the ground plane is concentrated on left sided L-shaped stub (Figure 12) which act as a director and tilt the beam towards −90∘ at 3.1 GHz and −60∘ at 6.8 GHz. It is clear from Figure 10 that the main lobe of the proposed antenna is directed towards 270∘ for Phi = 0∘ at 3.1 GHz while main lobe is directed towards −60∘ at 6.8 GHz.



Figure 11 shows the radiation pattern for Case 4 when Switch 1 and Switch 2 and Switch 3 are ON. Current in the ground plane is concentrated on both L-shaped stubs which results in suppressing the power in the opposite direction (resulting in directing beam at 30∘ for 3.1 GHz and −60∘/180∘ for 6.8 GHz). It is clear from Figure 11 that the main lobe of the proposed antenna is directed towards 30∘ for Phi = 0∘ at 3.1 GHz, while the main lobe is directed towards −60∘ and 180∘ at 6.8 GHz. The proposed antenna exhibits stable radiation pattern in all four cases. Also, front-to-back-ratios (FBR) are satisfactory in the directed beams.



Table 2 summarizes the pattern reconfigurability of the proposed antenna achieved by adjusting different switching states. Table 3 compares the simulated gain, measured gain and simulated efficiency of the antenna for four possible cases. It can be concluded from the Table 3 that the antenna has good simulated and measured gain and satisfactory simulated efficiency at four possible cases. Table 4 compares the proposed antenna with the antennas reported in the literature. The proposed antenna novelty lies in its simple shape and its ability to efficiently reconfigure the frequency and beam direction. It can be well noted that the proposed antenna has smaller dimensions than the antennas reported in the literature. Also, the proposed antenna uses minimum number of switches which in turn reduces the losses occurred by the switches and also reduce the complexity level of the design. The antenna presented in this work has wider bandwidth than the existing antennas along with higher peak gain.




4. Conclusions


A compact printed antenna having the functionality of frequency shifting as well as pattern reconfigurability is successfully designed and experimentally validated in this paper. The proposed antenna is switch-dependent and has dissimilar performance for ON and OFF states of Switch 1. The designed antenna can be operated at two unique frequencies, depending on the state of Switch 1. When Switch 1 is OFF, the antenna operates at 3.1 GHz. Changing the state of Switch 1 causes the antenna to operate at 3.1 GHz (UWB health monitoring band for pets) and 6.8 GHz (indoor UWB band) with good gain (4.01 dBi and 4.6 dBi, respectively). The pattern reconfigurability is obtained by changing the states of Switch 2 and Switch 3 introduced in the ground plane. Four different beam directions may be obtained by adjusting the states of Switch 2 and Switch 3 while the maintaining high gain and efficiency.
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Figure 1. Proposed antenna diagram, biasing circuit for PIN diode and Fabricated antenna. 
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Figure 2. Reflection coefficient analysis for all cases with (a) I-shaped stub, (b) H-shaped stub, (c) L-shaped stub. 
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Figure 3. Reflection coefficient of the proposed antenna at ON and OFF switch. 
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Figure 4. Reflection coefficient against frequencies for varied parameter (a) w1 (b) L2. 
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Figure 5. Simulated and measured reflection coefficient of the proposed antenna. 
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Figure 6. Surface current density of the proposed antenna at ON switch condition. 
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Figure 7. Simulated peak gains and efficiencies for all switching cases (G = Peak gain and E = efficiency). 
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Figure 8. Case 1: (a) Phi = 0∘ at 3.1 GHz (b) Phi = 90∘ at 3.1 GHz (c) Phi = 0∘ at 6.8 GHz (d) Phi = 90∘ at 6.8 GHz. 
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Figure 9. Case 2: (a) Phi = 0∘ at 3.1 GHz (b) Phi = 90∘ at 3.1 GHz (c) Phi = 0∘ at 6.8 GHz (d) Phi = 90∘ at 6.8 GHz. 
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Figure 10. Case 3: (a) Phi = 0∘ at 3.1 GHz (b) Phi = 90∘ at 3.1 GHz (c) Phi = 0∘ at 6.8 GHz (d) Phi = 90∘ at 6.8 GHz. 
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Figure 11. Case 4: (a) Phi = 0∘ at 3.1 GHz (b) Phi = 90∘ at 3.1 GHz (c) Phi = 0∘ at 6.8 GHz (d) Phi = 90∘ at 6.8 GHz. 
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Figure 12. Summary of the beam switching using switch 2 and switch 3. 
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Table 1. Different Parameter and values of the antenna.
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Parameter

	
Value (mm)

	
Parameter

	
Value (mm)

	
Parameter

	
Value (mm)






	
W

	
23

	
L1

	
5.05

	
Lg2

	
4




	
L

	
31

	
L2

	
6

	
Lg1

	
10.5




	
L3

	
3.5

	
W1

	
1

	
Wg

	
1




	
W2

	
7

	
Ws

	
3

	
Lg

	
7




	
Ls

	
9.5
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Table 2. Summary of the state of switches and corresponding main lobe direction.






Table 2. Summary of the state of switches and corresponding main lobe direction.





	Case
	Switch 1
	Switch 2
	Switch 3
	Main Lobe Direction at Phi = 0∘ for 3.1 GHz
	Main Lobe Direction at Phi = 0∘ for 6.8 GHz





	1
	ON
	OFF
	OFF
	180∘
	0∘



	2
	ON
	ON
	OFF
	90∘
	−30∘



	3
	ON
	OFF
	ON
	−90∘
	−60∘



	4
	ON
	ON
	ON
	30∘
	−60∘ and 180∘
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Table 3. Summary of the different cases and its corresponding gains and efficiencies at both bands.






Table 3. Summary of the different cases and its corresponding gains and efficiencies at both bands.





	
Case

	
Gain (dBi)

	
Efficiency (%)

	
Gain (dBi)

	
Efficiency (%)




	
Sim (3.1 GHz)

	
Meas (3.1 GHz)

	
Sim (6.8 GHz)

	
Meas (6.8 GHz)






	
1

	
4.01

	
3.93

	
81.6

	
4.60

	
4.58

	
83.1




	
2

	
3.81

	
3.78

	
80.3

	
4.44

	
4.35

	
80.5




	
3

	
3.99

	
3.89

	
81.4

	
4.51

	
4.46

	
81.6




	
4

	
3.77

	
3.70

	
78.8

	
4.31

	
4.21

	
80.1
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Table 4. Performance comparison with previously published work.






Table 4. Performance comparison with previously published work.





	Ref.
	Size (mm2)
	Reconfiguration
	Actuators
	Bandwidth (MHz)
	Peak Gain (dBi)





	 [18]
	130 × 160
	Frequency and Pattern
	11 PIN diodes
	200/150/150
	5.6/4.6/3.3



	[19]
	80 × 45.8
	Frequency and Pattern
	5 PIN diodes
	580/290
	2.1/4.8



	[20]
	50 × 50
	Frequency and Pattern
	2 PIN diodes
	100/70
	4/5.6



	[22]
	50 × 50
	Frequency and Pattern
	4 PIN diodes
	180/200/180/200
	4/3.8/4.4/5



	[23]
	42 × 44
	Frequency and Pattern
	8 PIN diodes
	160/220
	NG



	[24]
	160.9 × 151.5
	Frequency and Pattern
	2 Varactor diodes
	230
	9



	[25]
	70 × 70
	Frequency and Pattern
	4 PIN diodes
	NG
	0.521/7.833



	[26]
	40 × 30
	Frequency and Pattern
	4 PIN diodes
	400/500
	2.24–2.76



	This Work
	23 × 31
	Frequency and Pattern
	3 PIN diodes
	1700/1200
	4.01/4.60
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