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Abstract


This article presents a reconfigurable antenna using digitally tuneable capacitors (DTCs). Mounted on a 120 × 200 mm   2   ground plane, the radiating element has very compact dimensions of 0.06  λ g   × 0.016  λ g   × 0.0016  λ g   (with   λ g   being the wavelength at 585 MHz). The proposed structure could be operated in the white-space frequency band from 470 to 700 MHz. The antenna system is composed of two radiated elements that are placed at the corner of the board. The active components were soldered onto the antennas and controlled by an embedded microcontroller via the I2C interface. Antenna impedances were simulated and evaluated by measurement with an impedance-matching bandwidth of 39.32% (470–700 MHz) for an S11 less than −6 dB. Furthermore, the numerical results show a realized maximal gain ranging from −2.2 dBi at 470 MHz to 1.87 dBi at 700 MHz. Lastly, the diversity gains based on the radiation pattern of two resonators were calculated. The results show envelope correlation coefficient (ECC) values lower than 0.5 for the different configurations.
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1. Introduction


TV white space (TVWS) is defined as the inactive and unused frequency band in the UHF spectrum. Depending on the region, the bandwidth is determined with different frequency ranges, such as 470–790 MHz in the EU and 512–698 MHz in the US. Generally, the signal at these frequencies has excellent propagation properties and a deep penetration into buildings for long-distance communication. Furthermore, with a wide relative bandwidth (approximately 50.8% in the EU and 30.7% in the US), TVWS is a good candidate for mobile multimedia technologies and services [1,2,3,4]. However, there are some limitations to the design of broadband antennas with compact dimensions and acceptable radiation performance. Thus, the reconfigurable frequency structure could be an efficient solution to this standard. By adding the active, the antenna could change the resonant frequency to cover sub-GHz broadbands while maintaining a compact size [5].



In general, there are abundant studies on reconfigurable antennas in the UHF band that use active components [6,7,8,9,10]. A switching matching network was integrated with the RF transceiver to adjust the operating frequency reported in [11]. Using an SP4T component, the four matching networks could be used to connect the antenna resonator to the RF transceiver. As mentioned in this article, the proposed structure can cover the 170–240 and 470–862 MHz bands. Another study presented a reconfigurable antenna design with a tuneable inductor [12]. By changing the value of this component, the effective length of the square spiral monopole could be varied and covered the 600–800 MHz band.



RF MEMS switch is also an active component enabling reconfigurable antenna. In [13], a patch antenna with the top load of multiple ring resonators was presented. Three RF MEMS switches were soldered onto these rings to provide reconfigurable frequency schemes. In [14], the authors proposed a band-reject structure to minimize signal interference for ultrawideband (UWB) applications.



The components used in previous studies provide a discrete sweep in frequency. To obtain continuous variation, the varactor diode can be used in a reconfigurable antenna [15,16,17,18,19]. By controlling the DC bias voltage, the capacitance of the varactor could be changed. However, the high control voltage (up to 20 V) and low input power handling limit varactor diode application to the receiving mode. To go beyond these limitations, the digitally tuneable capacitor (DTC) is a promising solution. In [20], a reconfigurable frequency antenna was reported on the basis of a folded IFA concept. A DTC was used to connect the end of the radiating element to the ground plane. With different DTC capacitances, the antenna could cover the 600–900 MHz band. The authors in [21] used only four states of DTC. Due to this proposal, this antenna could be operated for the four frequency bands of 868 and 915 MHz, and 1.8 and 2.1 GHz.



In this paper, multiple reconfigurable antennas using a DTC component are studied and presented in five sections. First, Section 1 is the introduction and the literature review. Section 2 presents the antenna design, with the structure proposed in the first subsection, while the description of the DTC is presented in the second subsection. Then, Section 3 reports the simulation results. In Section 4, antenna measurements are discussed. Lastly, a brief conclusion is given in Section 5.




2. Antenna Design


2.1. Antenna Structure


The proposed antenna design is based on the folded monopole structure with dimensions of 27 × 8 × 2 mm   3  , which is suitable for a tablet device. The radiating element was placed in a compact area of 30 × 8 mm   2   at the corner of the printed circuit board. Furthermore, an open stub was added to improve the antenna impedance matching, as shown in Figure 1. The digitally tuneable capacitor was soldered onto the monopole. To bias and control this component, five strip lines were designed to connect the DTC to the control unit. RF block inductors were used to reduce the influence of DC and I2C signals on antenna performance.



The equivalent circuit of the antenna is shown in Figure 2. The proposed antenna generally consists of three main parts: the matching circuit, the radiating element, and the DTC model. First, the matching circuit was designed as an open stub at the antenna input. Changing the length or width of this element allows for the antenna impedance to be matched for different values of the DTC capacitor. The open stub dimensions were chosen so that the antenna impedance was optimal at the intermediate values of the DTC, and less good for the higher and lower capacitance values. Due to this concept, antenna coverage could be ensured for all frequencies when the DTC was reconfigured. Second, the radiating element is described by a group of RLC components. These components’ values are characterized on the basis of the antenna shape and dimensions. Third, the DTC element was modeled as a capacitor in series with a parasitic resistor. Capacitance varied from 0.38 to 4.32 pF on the basis of the characteristics of the DTC component announced in the data sheet. According to the equivalent circuit structure, the resonance frequency of the antenna decreases if the capacitance value of DTC increases and vice versa.



Two similar antennas were simulated using ANSYS EM high-frequency structure synthesizer software. The structure was designed on a 0.8 mm thick FR4 substrate with   ϵ r   = 4.4, tan δ  = 0.02, and a 35  μ m-copper thickness. Both antennas had the same dimensions, as shown in Figure 3. To obtain tuneability at the resonance frequency, a DTC was positioned at the top of the monopole.




2.2. Digitally Tunable Capacitor


A digitally tuneable capacitor is an active component manufactured by the pSemi-Murata company (Figure 4). The item is compatible with the reconfigurable frequency antenna due to the RF power handling capability of up to 34 dBm while maintaining a low current consumption of 30  μ A. The DTC also offers the highest quality factor and a wide power supply range of 2.3–3.6 V.



Unlike a conventional varactor, DTC is quite simple to control thanks to the serial interface. Instead of regulating with the complex tuning voltage circuit, the DTC uses I2C signals to allow for the capacitance to be changed digitally among the 32 states. Depending on the configuration, the capacitance of the DTC varies from 0.38 to 4.32 pF for series connections, and from 0.9 to 4.6 pF for shunt connections. In this proposal, the configuration shunt was used with the radiating element that was connected to the DTC via RF + and RF−. By using the evaluation kit of DTC, the capacitance values were measured in the white-space frequency band in different states. The specifications provided by the manufacturer, and the measurement results are shown in the Table 1. In general, these values were quite similar.





3. Simulation Results


To verify the reconfigurable scheme, the proposed antenna performance was analyzed and optimized using ANSYS EM software. The simulated antenna reflection coefficients are shown in Figure 5, with S11 lower than −6 dB in the white-space frequency band. According to the result, instead of using all the states of the DTC, only States 4 to 21 were applied.



To verify the performance of multiple resonances, these antennas were set to operate at different frequencies. In addition to checking the reflection coefficients, isolation between ports should be considered. Thus, three configurations were simulated with the specifications shown in Table 2.



The simulated results of the S parameter are reported in Figure 6, Figure 7 and Figure 8 for Configurations 1–3, respectively. According to the figures, the antennas were matched with a reflection coefficient lower than −6 dB for all cases. In Configurations 1 and 2, the isolation values at 470 and 700 MHz were about −27 and −18.5 dB, respectively. These results confirm that the influence between antennas could be reduced. However, in Configuration 3, the isolation was −6.5 dB, which is an acceptable value while the distance between two antennas is relatively close (0.188 of wavelength at 470 MHz).



In terms of far-field radiation properties, the realized gain of the antennas is reported in Figure 9, Figure 10 and Figure 11 for Configurations 1–3, respectively. In general, the radiation patterns were omnidirectional, and the principal radiated planes were different. These depend on the radiated antenna and the resonant frequency. According to the results, the realized gains of the antennas were −2.2 dBi and 1.87 dBi at frequencies of 470 and 700 MHz, respectively.



According to the results shown in Figure 9, Figure 10 and Figure 11, the proposed antennas had a quasiomnidirectional pattern for the different configurations. Furthermore, despite the antenna operating at the same frequency, there were differences in the antenna radiation patterns, which shows the independence of the antenna performance, and contributed to reducing the ECC value. This can be explained by the effects of the ground plane on antennas when their positions were placed at the board corners.




4. Measurement Results


The antenna prototype was manufactured using the FR4 epoxy board shown in Figure 12. The antenna radiating elements were the bending metal plates soldered on the strip lines at the corners. The DTC components were also placed on these strip lines. Each DTC was connected to the control unit via five metal lines: VCC, GND for the power supply and SDA, SCL, ADDR for the serial interface. By adding RF choke inductors, the control signals could be isolated to the RF path. There was a large unused area in the prototype. In general, this place is reserved for the electronic circuit, battery, and display part of the real device. An Mbed NXP LPC1768 board was soldered onto this zone to program the DTC.



By loading the embedded code, the capacitance value could be varied. Then, the antenna resonance was switched from 0.47 to 0.7 GHz to cover all white-space frequency bands. The prototype was measured using the N55227A PNA network analyzer and is reported in Figure 13. According to the results, the proposed structure needed only 19 states to cover all required bands with a reflection coefficient lower than −6 dB. Moreover, the continuity coverage scheme was obtained while using a discrete variable capacitor type thanks to the wide bandwidth at each DTC state.




5. Antenna Diversity System


By applying antenna diversity techniques, the performance of mobile communication systems could be greatly enhanced. The envelope correlation coefficient (ECC) is the main parameter that characterizes the effect of correlation between two antennas. On the basis of [22], the ECC was determined using the far-field pattern data as shown in (1).


   ρ  E C C   = −       ∫   ∫     4 π    E 1   ( θ , ϕ )  ×  E 2 *   ( θ , ϕ )  d Ω        ∫   ∫     4 π    E 1   ( θ , ϕ )  ×  E 1 *   ( θ , ϕ )  d Ω ×     ∫   ∫     4 π    E 2   ( θ , ϕ )  ×  E 2 *   ( θ , ϕ )  d Ω     



(1)




where   E 1   and   E 2   are the radiation patterns in the far field of Antennas 1 and 2 at different angles of  θ  and  ϕ . This ECC value was calculated using the Scilab code, and the results are shown in Table 3. The value obtained at 700 MHz was relatively small, about 0.0481, while at 470 MHz, it was more significant, about 0.475. It can be explained by the fact that the wavelength at 470 MHz is longer than that of 700 MHz; therefore, the coupling between antennas at low frequencies is greater than that at high frequencies. Therefore, the mutual influence increases more. However, all of these values were less than 0.5; hence, a reduction in signal fading and a higher level of diversity gain could be achieved.




6. Conclusions


This paper presented a reconfigurable antenna that operates at the white-space frequency band. By integrating the DTC components, the proposed structure could sweep the resonant frequency from 470 to 700 MHz. The S-parameter results show good agreement between the simulation and measurement. According to Table 4, the proposed structure has compact dimensions and is suitable for a portable device with a small clearance zone. With a high-loss, low-cost, and common material, this design is easy to use in real appliances. Furthermore, the relative bandwidth of 39.32% is comparable to that of related works. In addition, the antenna radiation properties were discussed with the realized gain of −2.2 dB at 470 MHz and 1.87 dB at 700 MHz. Due to its performance, the antenna could be a good candidate for a white-space application antenna.
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Figure 1. Antenna geometry. 
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Figure 2. Equivalent circuit of the antenna. 
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Figure 3. Top view of the proposed antenna. 
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Figure 4. DTC structure and its pinout. 
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Figure 5. Simulated antenna reflection coefficient. 
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Figure 6. Simulated S-parameters of antennas with Configuration 1. 
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Figure 7. Simulated S-Parameters of antennas with Configuration 2. 
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Figure 8. Simulated S-Parameters of antennas with Configuration 3. 
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Figure 9. Realized gain of the antennas with   ϕ =  0 ∘    (solid line) and   ϕ =  90 ∘    (dashed line) for Configuration 1. 
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Figure 10. Realized gain of the antennas with   ϕ =  0 ∘    (solid line) and   ϕ =  90 ∘    (dashed line) for Configuration 2. 
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Figure 11. Realized gain of the antennas with   ϕ =  0 ∘    (solid line) and   ϕ =  90 ∘    (dashed line) for Configuration 3. 
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Figure 12. Top view of the proposed antenna prototype. 
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Figure 13. Measured reflection coefficient of proposed antenna. 
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Table 1. Digitally tuneable capacitor values.






Table 1. Digitally tuneable capacitor values.





	State
	Datasheet (pF)
	Measurements (pF)





	0
	0.38
	0.34



	1
	0.51
	0.47



	2
	0.63
	0.60



	3
	0.76
	0.73



	4
	0.89
	0.86



	5
	1.02
	0.99



	6
	1.14
	1.12



	7
	1.27
	1.25



	8
	1.40
	1.37



	9
	1.52
	1.50



	10
	1.65
	1.63



	11
	1.78
	1.76



	12
	1.90
	1.89



	13
	2.03
	2.02



	14
	2.16
	2.15



	15
	2.29
	2.28



	16
	2.41
	2.41



	17
	2.54
	2.54



	18
	2.67
	2.66



	19
	2.79
	2.79



	20
	2.92
	2.92



	21
	3.05
	3.05



	22
	3.17
	3.19



	23
	3.30
	3.32



	24
	3.43
	3.46



	25
	3.56
	3.59



	26
	3.68
	3.72



	27
	3.81
	3.85



	28
	3.94
	3.98



	29
	4.06
	4.12



	30
	4.19
	4.26



	31
	4.32
	4.39










 





Table 2. Configuration of multiple resonances.
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	Configuration Type
	Ant.1 Frequency
	Ant.2 Frequency





	Config. 1
	470 MHz
	700 MHz



	Config. 2
	700 MHz
	470 MHz



	Config. 3
	470 MHz
	470 MHz










 





Table 3. Envelope correlation coefficient.






Table 3. Envelope correlation coefficient.





	Frequency (MHz)
	ECC Value





	470
	0.475



	700
	0.0481










 





Table 4. Performance comparison with related works.
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	References
	Antenna Occupancy Size *
	Substrate tan  δ  
	Frequency Band/Relative Bandwidth





	[18]
	0.18  λ g   × 0.080  λ g   × 0.0020  λ g  
	0.0036
	754–1034 MHz/31.32%



	[20]
	0.15  λ g   × 0.030  λ g   × 0.0200  λ g  
	0.0250
	600–950 MHz/45.16%



	[21]
	0.25  λ g   × 0.350  λ g   × 0.0003  λ g  
	0.0022
	n/a



	This work
	0.06  λ g   × 0.016  λ g   × 0.0160  λ g  
	0.0250
	470–700 MHz/39.32%







*   λ g   is the wavelength at the central frequency.
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