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Abstract: In this paper, the design and performance analysis of an Inkjet-printed metamaterial loaded monopole antenna is presented for wireless local area network (WLAN) and worldwide interoperability for microwave access (WiMAX) applications. The proposed metamaterial structure consists of two layers, one is rectangular tuning fork-shaped antenna, and another layer is an inkjet-printed metamaterial superstate. The metamaterial layer is designed using four split-ring resonators (SRR) with an H-shaped inner structure to achieve negative-index metamaterial properties. The metamaterial structure is fabricated on low-cost photo paper substrate material using a conductive ink-based inkjet printing technique, which achieved dual negative refractive index bands of 2.25–4.25 GHz and 4.3–4.6 GHz. The antenna is designed using a rectangular tuning fork structure to operate at WLAN and WiMAX bands. The antenna is printed on 30 × 39 × 1.27 mm3 Rogers RO3010 substrate, which shows wide impedance bandwidth of 0.75 GHz (2.2 to 2.95 GHz) with 2 dB realized gain at 2.4 GHz. After integrating metamaterial structure, the impedance bandwidth becomes 1.25 GHz (2.33 to 3.58 GHz) with 2.6 dB realized gain at 2.4 GHz. The antenna bandwidth and gain have been increased using developed quad SRR based metasurface by 500 MHz and 0.6 dBi respectively. Moreover, the proposed quad SRR loaded antenna can be used for 2.4 GHz WLAN bands and 2.5 GHz WiMAX applications. The contribution of this work is to develop a cost-effective inject printed metamaterial to enhance the impedance bandwidth and realized the gain of a WLAN/WiMAX antenna.
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1  Introduction

The development of modern wireless communication systems requires multi-band antennas for wireless service requirements. Wireless local area network (WLAN) and worldwide interoperability for microwave access (WiMAX) have been widely applied in handheld computers and smartphones. For improved high-speed data connectivity, allowing users mobility and low-cost viable communication, these two technologies have been widely acknowledged. According to IEEE standard 802.11, WLAN standards consist of 2.4 GHz (2.4–2.484 GHz), 5.2 GHz (5.15–5.35 GHz) frequency bands. WiMAX standards consist of 2.5, 3.5 GHz (3.3–3.6 GHz) and 5.5-GHz (5.25–5.85 GHz) frequency bands as stated in the IEEE standard 802.16d, 802.16e. Because of the rapid development, the necessity of designing compact antennas with low cost, ease of integration and multiband operation is in great demand [1–3]. The multi-band antennas can reduce the number of required antennas and also improve the electromagnetic compatibility of the wireless systems. Microstrip patch antennas (MPAs) have been playing a very important role in wireless communication technologies as they are lightweight, easy fabrication and integrability to mounting hosts.

In recent times, several methods have been reported on the development of compact dual-band antennas. However, most of them do not provide the desired bandwidths. Many studies on multiband antennas for wireless communication systems have been reported by using conventional methods such as a monopole antenna [4,5], dipole antenna [6], slot antennas [7,8], the co-planar antenna [9] and fractal antenna [10]. Though, they still have a large size corresponding to the wavelength at their operating frequencies and small bandwidth with low gain. To overcome the limitations of the microstrip patch antennas some approaches have been proposed such as changing substrate permittivity and thickness [11], stacked dielectric resonator antenna [12,13], metamaterial embedded microstrip patch antenna [14,15] to improve the gain and bandwidth of the antenna.

In recent years for improving the performance of antennas, metamaterials have attracted considerable attention [16–18]. These metamaterials have been developed with unique electromagnetic properties that cannot be found in nature, such as negative permittivity and negative permeability that lead to negative refractive index. A split-ring resonator (SRR) is the fundamental unit-cell to obtain negative permeability which is absent in normal materials [19]. A complementary split-ring resonator (CSRR) is another structure to design stopband frequency band characteristics [20]. These structures have been widely used to design the miniaturized antenna, gain enhancement and multiband applications [21–24]. Metamaterial inspired microstrip patch antennas can be controlled more conveniently because of their electrically small size and subwavelength profile which does not affect other antenna parameters. In [25], a split ring resonator-based metamaterial superstrate has been used to enhance the gain of the patch antenna. Metamaterial loaded two dipole antennas have been presented in [26] to achieve compact size, dual-band functionalities and good gain. The proposed antennas have gain values of up to 1.9 dBi. A uniplanar compact metamaterial inspired dipole antenna has been designed and proposed for WLAN and WiMAX applications [27]. Two pairs of complementary capacitively-loaded loops produce antenna gain of about 1.3 to 1.5 dBi in the 2.21 to 2.77 GHz frequency band. In this work, a metamaterial inspired antenna is proposed where an array of unit cells form meta-surface and stacked at the back of the antenna using a spacer. This gives the design freedom and tuneability of the antenna parameters by varying the distance and position of the antenna to the meta-surface. The meta-surface act as a reflector that enhances the electrical length of antenna and impact on bandwidth and gain enhancement. Also, the fabrication procedure is interesting and easy and cost-effective.

In this paper, a simple inkjet printed quad split-ring resonator (SRR) loaded multiband antenna has been proposed to cover WLAN and WiMAX applications. Firstly, a printed monopole antenna has been designed to operate at desired frequencies. Secondly, four interconnected split-ring resonators have been printed on photo paper substrate using silver nanoparticle ink. After that, the metamaterial slab has been placed at the back of the antenna to drive the resonant modes for achieving wide impedance bandwidth and improved gain. Numerical results show that, compared to the patch antenna, the realized gain of the proposed antenna gets improved by more than 0.6 dBi within the working band and the impedance bandwidth is increased from 0.61 GHz (2.38–2.99 GHz) to 1.25 GHz (2.33–3.58 GHz). The antenna developed in this paper dominates the smaller area and has simpler geometry to realize the required operating bands compared to other designs stated in the literature.

2  Antenna Design

The structure of the dual-band patch antenna is designed on Rogers RO3010, substrate with relative permittivity of 10.2 and a loss tangent of 0.0022. Initially, a rectangular-shaped tuning fork structure has been designed based on [28,29]. The arm of the tuning fork has been chosen considering quarter wavelength relation with the resonant frequency of 2.4 GHz. The tuning forks on a trapezoid based structure act as a monopole antenna. Besides, the gap between monopole and the partial ground plane has been optimized to adjust input impedance, which can play a significant role to achieve desire frequencies. The configuration of the slotted patch antenna has been schematically shown in Fig. 1. The geometrical parameter of the dual-band antenna has been listed in Tab. 1. The rectangular slotted patch antenna has been fabricated and shown in Fig. 2.
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Figure 1: Proposed antenna (a) front view and (b) back view
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Figure 2: Photograph of the fabricated prototype

3  Metamaterial Design

The proposed metamaterial unit cell consists of four interconnected split-ring resonators with H-shaped structre as shown in Fig. 3. The splits of the structure form capacitance and the rectangular-shaped lines act as inductance. The resultant capacitance and inductance form resonant frequency. Moreover, the XY symmetrical structure is designed in such a way that it can reflect waves from every angle. The structure of the proposed metamaterial has been printed on a photo paper substrate with relative permittivity of 3.2 and a thickness of 0.54 mm. The photo paper from Epson has been used as a substrate in many articles for inkjet printing [30]. As compared to conventional PCB fabrication, inkjet printing fabrication is more cost-effective and environmentally friendly. A metallic silver nanoparticle ink from AgIC is used as a conductive radiating element. The main feature of this ink is that it dries in a few seconds. The thickness of the metallic ink is 0.0175 mm. A Brother DCP-T310 inkjet printer has been used for printing the structure. The overall dimensions of the structure were 11 mm2 × 11 mm2. The configuration of the quad SRR has been represented in Tab. 2. The final prototype of 4 × 5 quad SRR is shown in Fig. 4.

[image: images]

Figure 3: Proposed quad split-ring resonator
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Figure 4: Photograph of the final printed prototype

The Finite Integration Technique method-based CST Microwave Studio has been used to extract the reflection coefficient (S11) and transmission coefficient (S21) of the quad SRR. The design structure is segmented into smaller units and the calculation of each unit is done by solving Maxwell's equation. Perfect electric conductor (PEC) and perfect magnetic conductor (PMC) are set as a boundary condition along x-direction and y-direction and the z-direction is set as open (add space). The effective constitutive parameters of the proposed metamaterial unit cell have been extracted by the transmission-reflection method reflection (TR) method [31–33]. Where, the refractive index η, permittivity ε and permeability μ are obtained by

z=±(1+S11)2+S221(1−S11)2+S221(1)

η=1kdcos−1[12S21(1−S211+S221)]±2mπkd(2)

ε=ηz(3)

μ=ηz(4)

where k = ω/c is the wave propagation vector, ω is the angular frequency, c is the speed of light and m is an integer that defines the branch index of η. Symbol z represents the impedance and d denotes the thickness of the substrate material. For a continuous refractive index, the fundamental branch index should be zero because the largest dimension of the proposed unit-cell is less than one-sixth of the material wavelength [34].

A set of waveguides to coaxial adapters are used along with the Agilent N5227A performance network analyzer (PNA) as shown in Fig. 5. To ensure the result accuracy, an Agilent N4694-60001 electronic calibration module has also been used to calibrate the PNA.
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Figure 5: Metamaterial measurement setup

The simulated and measured reflection coefficient (S11) and the transmission coefficient (S21) of the metamaterial structure have been illustrated in Fig. 6. The simulated results have a much better agreement with the measured results. The structure showed a measured passband of 2.17–2.60 GHz (S11 < −10 dB) and a stopband throughout the whole frequency band.
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Figure 6: Simulated and measured S-parameters of quad SRR

The effective constitutive parameters of the proposed metamaterial unit cell have been illustrated in Fig. 7. It shows a negative effective permittivity from 2.49 to 4.61 GHz and a negative effective permeability from 2.43 to 2.58 GHz and 4.5 to 6 GHz. The structure has a negative refractive index characteristic bandwidth from 2.25–4.25 GHz and 4.3–4.6 GHz. The parameters are extracted from the simulation results.

4  Metamaterial Loaded Antenna

Metamaterials can suppress the surface wave in antenna design that may lead to miniaturization, gain and bandwidth enhancement [35,36]. The metamaterial structure is now simply integrating behind the patch antenna at 6 mm as shown in Fig. 8.

To observe the change in bandwidth and realized gain, the metamaterial and the patch antenna with different distance has been investigated. Fig. 9 illustrates the outcome for the variation of 2, 4, 6 and 8 mm. As the distance between antenna and metamaterial increases the impedance bandwidth, realized gain and efficiency also increases.

The final prototype of the metamaterial loaded antenna has been shown in Fig. 10. As the metamaterial has been designed for a lower frequency band (2.17–2.60 GHz), the metamaterial loaded antenna has increased bandwidth and gain for the lower band. The upper band shows stopband characteristics because of that the resonance frequency became weak. The simulated result from Fig. 11a shows bandwidth from 2.22 to 3.64 GHz and the measured result shows a slight decrease in bandwidth from 2.33 to 3.58 GHz. After loading the metamaterial, the realized gain is now increased to 2.6 dBi and the efficiency is around 82% as in Figs. 11b and 11c. The mechanism of the metamaterial surface can be analyzed in three steps. First, the backward waves from the antenna radiated in the direction of metamaterial reflector. The metamaterial plane reflects the signals in-phase such as a perfect magnetic conductor. Second, the reflected waves contribute to the antenna gain. Finally, they add up with the forward waves, as a result, strong radiation has been generated at a specified resonant frequency. A detailed study has been performed in terms of directivity and input impedance of a monopole on top of PEC and PMC reflector at various spacing distances in [29]. They showed PEC reflector provides a directive broadside pattern at the cost of high-quality factor and narrow impedance bandwidth while the ideal PMC reflector provides improved bandwidth but lower directivity. A metamaterial act as a high impedance surface (HIS) can combine the advantages of both PEC and PMC reflectors. A metamaterial with negative refractive index can provide improved bandwidth in the PEC case and higher forward directivity in the PMC case.
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Figure 7: Effective constitutive parameters (a) permittivity, (b) permeability and (c) refractive index
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Figure 8: Antenna loaded with metamaterial
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Figure 9: Antenna performances for different distances (a) reflection coefficient, (b) realized gain and (c) efficiency

The simulated and measured radiation patterns of the metamaterial loaded antenna at the frequencies of 2.4 and have been plotted in Fig. 12. Nearly omnidirectional radiation patterns for H-plane and Figure-eight shape radiation patterns in E-plane has been obtained. Moreover, a low cross-polarization level is observed for both E-plane and H-plane.
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Figure 10: Photograph of metamaterial loaded antenna
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Figure 11: Metamaterial loaded antenna performances (a) reflection coefficient, (b) realized gain and (c) efficiency
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Figure 12: Radiation patterns of the metamaterial loaded antenna at 2.4 GHz

The performance comparison between the proposed work and other works in the literature is presented in Tab. 3. The proposed design has a compact dimension and shows comparatively better performance for both the WLAN and WiMAX bands than the antennas presented in the literature.
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5  Conclusion

A simple, low-cost inkjet-printed quad split-ring resonator loaded antenna is proposed for WLAN and WiMAX applications. The metamaterial characteristics have been investigated in both simulation and measurement, where good agreement is found between the two results. Moreover, the presented metamaterial structure can enhance impedance bandwidth as well as realized gain at the resonant frequency. The measured results show that the realized gain of the metamaterial loaded antenna gets improved by more than 0.6 dBi within the operating band and the impedance bandwidth is increased from 0.75 to 1.25 GHz. The proposed metamaterial loaded antenna has good radiation characteristics with an omnidirectional radiation pattern, so it can emerge as an excellent candidate for WLAN/WiMAX wireless communication.
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Table 1: Configuration of the proposed antenna
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Table 3: Comparison of the proposed with literature

Ref. Dimension WLAN (GHz) WiMAX Gain (dBi) Remarks
mm3 (GHz)

[5] 50x40x 1.6  2.4/5.2 N/A 1-4.4 N/A

[6] 40 x40x0.76 5.2 3.5 0.6-2.2 Used varactor
diodes

[¢] 50x30x1.6  2.4/52/5.8 N/A 1.4-1.9 N/A

[15] 42x32x1.6 24/35 2.4/3.5 0.15-3.81 N/A

[17] T0x44x15 2.4 5.5 >1.5 Used CRLH
unit cell

[37] 30x30x1.9 24 3.5 3.72 Used PIN
diode

[28] 66 x 66 x 5.77 N/A 3 7.21 Used HIS
structure

Proposed work 39 x 30x7.27 2.4 2.5,3.5 1.8-4 Used

metasurface
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Table 2: Design parameters of the quad SRR
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