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Abstract

A metamaterial-inspired compact patch antenna resonating between 2 GHz and 6.3 GHz for various wireless standards is proposed. The antenna is a patch antenna that is loaded with a metematerial-inspired loading structure and is fed using a coplanar-waveguide (CPW) feedline that has been designed to have a characteristic impedance of 50 Ω. The compact antenna is a wideband antenna with a bandwidth (below -10 dB) of 4.3 GHz. The size of the patch in terms of the free-space wavelength at the lowest resonance frequency is λ0/11 x λ0/7 x λ0/90. The large bandwidth of the antenna is obtained by loading a conventional patch antenna with a metamaterial-inspired loading structure that has been designed to resonate at its lowest fundamental left-handed (LH) mode, near to the conventional patch’s resonant frequency.   
1. Introduction

Lately, the electromagnetic metamaterial (MTM) has drawn considerable attention amongst engineers due to the potential applications arising from the newly proposed electromagnetic concepts. Electromagnetic MTM can be achieved through resonant structures such as the split-ring resonator-thin wire (SRR-TW) or non-resonant structures which are transmission line-based [1]. The transmission line (TL) approach towards a MTM structure has led towards the proposed general structure/ model known as the composite right/left-handed transmission line (CRLH-TL) [2]. The CRLH-TL MTM structure is achieved by incorporating series capacitances and shunt inductances into a transmission line. The incorporated elements are termed left-handed since they contribute towards the left-handedness characteristic of the propagation within the CRLH-TL. The series capacitance and shunt inductance can be achieved through discrete or distributed components. Amongst famous techniques by which the series capacitance and shunt inductance are achieved are through the metal-insulator-metal (MIM) capacitors and vias, respectively [3]. It is good to note that the loading of the capacitors and inductors into the planar structure, are in essence a reactive loading mechanism.
Most of the proposed MTM structures are bulk structures, which are structures that are achieved through array arrangement of MTM unit cells that would finally form an MTM. However, bulk MTM structures have several shortcomings such as cumulative unit cell losses and difficulty in the overall fabrication process [4]. Recently, structures known as metamaterial-inspired antennas were proposed [4]-[6]. Metamaterial-inspired antennas are designed using the MTM paradigm, understanding and parameters derived from MTM equivalent-circuit models in order to achieve new structures or improve the performance of existing structures [7]. Proposed metamaterial-inspired antennas have no more than a few unit-cells, which helps in circumventing the current limitations of bulk MTM structures. Reactive loading is one form of using the MTM paradigm into antenna designs [5]. By reactively loading a planar antenna, the equivalent-circuit parameters of the antenna can be modified. This gives rise to different antenna design and performance measurement. 
The recently introduced communication standard, Worldwide Interoperability for Microwave Access (WiMAX), is geared towards providing substantial bandwidth for applications such as the voice over internet protocol (VoIP) and the internet protocol television (IPTV) [8]. Portable and mobile devices that are enabled for a WiMAX connectivity includes handsets, mobile phones, USB modems and many consumer electronic devices. Furthermore, standards such as the Universal Mobile Telecommunications Systems (UMTS) and the 4G are also geared towards providing high bandwidth with mobility to new-age telecommunication devices. Therefore, designed devices must be able to provide high bandwidth within a constrained space in order to maintain the device’s mobility while maintaining its capability of providing the said services. Antennas, which are crucial to wireless telecommunication devices should be compact and support high bandwidth and  are able to operate for more than just one of the telecommunication standards in support of faster product development. 
In this paper, the metamaterial-inspired paradigm is integrated with a conventional antenna design mechanism in order to improve the performance of a patch antenna that was initially designed for the 5.5 GHz WiMAX frequency band. By carefully designing the metamaterial-inspired loading structure’s fundamental mode, a resonance profile that could couple with the conventional coplanar-waveguide (CPW) fed patch antenna is achieved. The result of which is a reduction of the size of the conventional antenna, and a large improvement to the functional bandwidth.  
Conventional Patch Antenna Design 
The design of the WiMAX antenna begin with a simple conventional patch antenna structure that was fed using the microstrip feed. The feedline was designed for a 50Ω impedance on top of the FR-4 substrate (εr = 4.6) with a height, h = 1.5 mm. The substrate was chosen to maintain the cost effectiveness of the antenna structure. The conventional patch antenna for the 5.5 GHz WiMAX application is shown in Fig. 1. The dimensions on the figure are as follows: L = 38 mm, W = 32 mm, Wp = 17 mm, Wg = 3.75 mm and Wf = 3.5 mm. The structure was then analyzed using the Finite Integration Technique (FIT) based software, CST. The return loss, S11 of the single patch antenna is shown in Fig. 2, where a 5.5 GHz resonance was achieved with a -10 dB bandwidth of 240 MHz. At this frequency, the size of the antenna footprint and the patches in terms of the free-space wavelength, λ0 are (λ0 /1.44 x λ0 /1.7) and (λ0 /3 x λ0 /3), respectively.      
In an effort to reduce the size and increase the bandwidth of the antenna, the coplanar waveguide (CPW) feed was used [9]. The feed line was designed such that a 50 Ω impedance was obtained using the same substrate as the first design. The CPW feed line allows for a more versatile way to control the impedance of the feed line, and 
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Figure 1: The geometry of a conventional patch antenna for the 5.5 GHz WiMAX application
therefore, the matching with the radiating patch. By optimization, the size of the radiating patches is reduced in this second design, as shown in Fig. 3. The dimensions on the figure are as follows: L = 38 mm, W = 32 mm, Wp = 12 mm, Lp = 19 mm, Wg = 15 mm and Wf = 2 mm. Furthermore, an improvement to the bandwidth of the antenna at the same resonant frequency of 5.5 GHz was also obtained. The -10 dB bandwidth of the CPW fed antenna is 500 MHz. At this frequency, the size of the patches in terms of the free-space wavelength, λ0 are λ0 /5 x λ0 /3, which is a smaller size than the initial conventional patch antenna.
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Figure2: The return loss, S11 of the antenna in Figure 1
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Figure 3: The geometry of a coplanar waveguide (CPW) fed patch antenna for the 5.5 GHz WiMAX application

2. Metamaterial-Inspired Loading
The metamaterial-inspired loading is designed so that a resonance profile can be obtained in order to enhance the 5.5 GHz resonance frequency for the WiMAX region. This is done by analyzing the dispersion diagram of the loading structure. The dispersion diagram can be obtained by a parametric study of the eigenfrequencies excited by different incident phase shifts onto the structure. The proposed metamaterial-inspired loading is shown in Fig. 4, which is inspired by the capacitively-loaded strip (CLS) described in [10] as a unit cell for a negative refractive index material. The unit cell was built on top of the same substrate as the two previously described design. The dimensions on the figure are as follows: L1 = 12 mm, L2 = 16 mm, W1 = 2 mm and W2 = 8 mm. The structure was then analyzed for its dispersion diagram using CST, which is shown in Fig. 5. The diagram confirms the left-handedness (LH) of the proposed loading structure by the  
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Figure 4: The geometry of the proposed metamaterial-inspired loading

LH arm at the lower order mode. Using the resonance condition that has been derived based on the transmission line (TL) model for the composite right/left-handed (CRLH) TL, the resonance frequencies from the proposed metamaterial-inspired loading structure can be obtained using the following equation [1]: 
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(1)
Where;

m = resonance index;  [image: image7.png]



l = physical length of the unit cell
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Figure 5: The dispersion diagram of the proposed metamaterial-inspired loading of Figure 4
Using the physical length of the unit cell (in the direction of current flow, which is the +y direction), the physical length of the unit cell, l, is 16 mm as shown in Fig. 4 as L2. Using equation (1), the resonance frequency of the proposed metamaterial-inspired loading will be obtained by sampling the dispersion diagram at 11°. The sampling points are shown in Fig. 5, with resonance frequencies at 3 GHz for mode n = -1 and 4.6 GHz for mode n = +1. 
3. Metamaterial-Inspired Loading Patch Antenna     
The loading structure of Fig. 4 that was discussed in the previous section, was loaded onto the CPW fed patch antenna shown in Fig. 3. The loading structure was centered in the middle of the patch, as shown in Fig. 6. The proposed antenna takes the form of a single patch which has a single I-like slot incorporated onto it, and is fed 
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Figure 6: The proposed metamaterial-inspired loading patch antenna

by a coplanar waveguide (CPW) transmission line that has 50Ω characteristic impedance.The proposed antenna structure has no ground plane on the bottom side. The length, L and width, W of the entire antenna structure are 38 mm and 32 mm respectively. The antenna structure was analyzed using the Finite Integration Technique (FIT) based software, CST. The return loss, S11 of the proposed antenna is shown in Fig. 7. The antenna is seen to have resonated at two frequencies. The lower resonance frequency of 2.7 GHz corresponds with the resonance obtained by sampling the dispersion diagram of Fig. 5, while the higher resonance frequency of 5.6 GHz is obtained from the patch antenna of Fig. 3. 
There is a slight shift of both the upper and the lower resonance frequency (as compared to their individual resonance frequency of 5.5 GHz for the CPW fed WiMAX patch antenna and 3 GHz for the proposed metamaterial-inspired loading structure) as an effect of the combination. This is due to the matching between the feed and the antenna structure. The current distribution around the proposed metamaterial-inspired loading of Fig. 4 is shown in Fig. 8. The current distribution shows a high in-phase current in the vertical arms, which makes it the major radiating component, as oppose to the horizontal slots on the top and bottom.    
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Figure 7: The return loss, S11 of the proposed antenna in Figure 6
With this realization, a parametric study was made on the width of the vertical arms, in an effort to have a better matching at the 4.3 GHz frequency. This is done in order for a wide bandwidth to be obtained, from 2 to 6.3 GHz. The width of the vertical arms corresponds to W1, as shown in Fig. 4. The result of the parametric study is shown in Fig. 9. A good matching profile throughout the bandwidth (2 – 6.3 GHz) was obtained with the width W1 of 2.4mm, with a return loss of less than -10 dB throughout the bandwidth. The radiation pattern of the proposed antenna at the two resonance frequency is shown in Fig. 10, for both the E and H-plane. The gain of the antenna ranges from 1 dB to 8 dB. 
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Figure 8: The current distribution around the proposed metamaterial-inspired loading of Figure 4
4. Conclusions

A bandwidth enhanced CPW fed patch antenna was designed to include the operating frequency of several wireless application. This was achieved through the 
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Figure 9: The return loss, S11 obtained from parametrically increasing the width, W1 of the proposed metamaterial-inspired loading structure of Figure 4
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Figure 10: The radiation pattern (E-plane on the left and, H plane on the right) of the proposed antenna at (a) 2.7 GHz and (b) 5.6 GHz

coupling of the metamaterial-inspired loading structure’s fundamental LH mode with the conventional antenna’s resonance frequency, which is also excited at its fundamental mode. A total bandwidth of 159% was obtained at the lowest resonance frequency of 2.7 GHz as a result of loading the conventional patch antenna with the metamaterial-inspired loading. Furthermore, the electrical size of the antenna is also increased, since the antenna resonates at a lower frequency while maintaining the size of the conventional patch antenna.
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