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Abstract

The annular ring microstrip antennas on metamaterial substrates are modeled and analyzed using full-wave analysis in conjunction with Ansoft HFSSTM. The influence of the permeability tensor of the split ring resonator medium on the resonant characteristics of the antenna is considered. Numerical results for typical resonant frequency behavior and return loss are presented as function of the metamaterial properties and antenna structural parameters. 
1. Introduction

In recent years, artificially structured metamaterials have received widespread attention in high frequency applications because of their ability to offer electromagnetic responses unavailable in conventional materials [1]-[3]. It has been considered a great potential substrate for a new generation of low-profile antennas and components for modern microwave technology [4]-[7]. Microstrip antennas are used in a broad range of applications such as mobile radio, wireless communications, aircraft, missile and satellite applications, due to their inherent features.
For many low-loss and low-dispersion applications, in the microwave region, microstrip antenna substrates are usually natural non-magnetic dielectric materials. The use of anisotropic dielectrics may improve the frequency range of these devices, and gives more accuracy and flexibility in the design [8],[9]. The study of microstrip antennas on ferrimagnetic layer has been reported taking into account the advantages of the non-reciprocal effects, which could be controlled by an externally magnetic bias field. However, in the use of ferrimagnetic materials, the resonant frequency is limited by the gyromagnetic resonance region [10],[11]. Metamaterial substrates with dielectric and/or magnetic properties have been used for miniaturization of planar antennas and microwave circuits. The use of these artificial materials is also investigated in microstrip antennas with annular ring patch [4]-[7].
In this work, the influence of the permeability tensor of the split ring resonator (SRR) medium on the resonant characteristics of the annular ring microstrip antennas (ARMSA) is under consideration. The SRR structure is performed by analytical models [3] used as a supporting tool for the design of metamaterials that attend electromagnetic requirements, within an acceptable accuracy, simplicity and agility. 
From the modeling used in [7], it is possible to obtain the propagation characteristics of the ARMSA printed on metamaterial substrates as function of some geometrical parameters and metamaterial properties. The analysis uses full-wave formulation by means of the Hertz vector potentials method in the Hankel transform domain [8], [9]. The dyadic Green function and Galerkin’s method are used to determine the resonant frequencies and return losses. The model accuracy is investigated through comparisons between results obtained using the Galerkin method and Ansoft HFSSTM simulation. We consider enhanced positive electric permittivity and magnetic permeability for microwave applications.
2. Theory
The proposed antenna employing a metamaterial as substrate is depicted in Fig. 1. The annular ring patch is taken as perfectly conducting and has inner radius r1 and outer radius r2. Dielectric (region 1) is air-filled, with ε0 and μ0 denoting the free-space values of the permittivity and permeability, respectively. The metasubstrate (region 2) has height d, with permeability 
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tensors. The ground plane is assumed to be infinitely long and perfectly conducting and the metamaterial is an effective homogeneous medium.
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	Figure 1: Geometry of an annular ring microstrip antenna printed on metamaterial substrate.


2.1. Metasubstrate
The study of an artificial medium can be performed using analytical models for determining the effective permittivity (εeff) and effective permeability (μeff) of metamaterials [1]-[4]. This analysis considers a periodic arrangement of metallic elements of SRR which is embedded in a dielectric medium. Fig. 2 shows a diagram of a circular split ring resonator where r is the inner radius of the smaller ring, w is the width of each ring, and g is the gap size between the two rings.  
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	Figure 2: Diagram of a single split ring resonator (SRR).


Theoretical calculations have shown that a periodic SRR is characterized by an effective magnetic permeability (μeff) given by the analytic expression [3]-[4]:
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where the geometric factor of the cell F, the magnetic resonant frequency 
[image: image6.wmf]m

0

w

, and the damping factor ζm , due to the metal losses, are parameters relating to the geometry and composing metamaterial. 
For the ARMSA supported by metamaterial substrate (Fig. 1, region 2), in cylindrical coordinates, the uniaxial permittivity and the permeability tensors are, respectively, given as follows, where the optical axis is oriented perpendicular to the ground plane, i.e., in the z direction [4]:
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2.2. Full-wave formulation
The full-wave analysis is performed in the Hankel transform domain through the application of the Hertz vector potentials. The formalism used in the analysis of antennas on metamaterial substrates is analogous to the procedure applied in the study of microstrip antennas with ring patch on substrate having dielectric or magnetic anisotropies [8]-[9],[11]. 
For the proposed antenna considered in this work, the components of the permittivity in Equation (2) assume values εzz = ερρ = εr. Then:
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On the other hand, two possible configurations of the effective permeability tensor are taking into account. In CASE 1, Equation (5), the z-component of the permeability tensor assumes effective value, therefore µρρ = 1 and µzz = µeff. In CASE 2, Equation (6), the z-component of the permeability assume relative value, therefore µρρ = µeff  and µzz = 1. 
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The theoretical analysis is developed using Hertz vector potentials and Galerkin method in the Hankel transform domain. The Hertz vector potentials are applied to determine the electric and magnetic fields for the region 1 and 2, Fig.1.

Considering the ARMSA structure symmetry, Hertz potentials
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can be written in terms of cylindrical functions as [7]:
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In the spectral domain, the electric and magnetic fields are expressed in terms of the tangential components 
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. For antenna employing metamaterial substrate, the fields are given by: 
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The eigenvalue problem in the Hankel transform domain is solved to obtain a pair of algebraic equations relating the surface current density components at the plane of the patch to the tangential electric field components. The transformed electric field components are expressed as functions of the transformed current density components allowing the determination of the impedance matrix, as follows [7]:
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where
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are the transformed components of the dyadic Green function.
The resonant frequencies for the dominant mode are obtained by applying Galerkin’s method and Parseval’s theorem [7], using MATLABTM simulations.
3. Results and Discussions
Initially, the results of the effective permeability and the corresponding frequency range are obtained using the formalism of Equation (1), according to the geometrical parameters of SRR. Then, the effective relative permeability values ​​are used for the calculation of the resonant frequency and return loss of the proposed ARMSA supported by metamaterial substrate. 
The effective permeability response to frequency variation of a periodic array of SRRs is depicted in Fig. 3, which exhibits the resonant behavior predicted by Equation (1). The SRR unit cell was designed on FR4 substrate with (r = 4.4 and permeability µr = 1. The effect of the radius variations on the effective permeability is shown. For r = 15 mm, we choose that µeff is approximately 3.21 at 2.45 GHz. Also, it can be shown that the resonant frequency of the SRR structure shifts to a higher frequency when the radius r decreases.
	[image: image22.png]Effective Permeability

Frequency (GHz)





	Figure 3: Effective permeability as a function of frequency for SRR medium.


In Fig. 4, numerical simulations using the Ansoft HFSS are carried out for an ARMSA supporting metamaterial substrate (CASE 1: µρρ = 1 and µzz = µeff) with d = 4 mm, (r = 4.4, and µeff = 3.21. The ARMSA is designed to resonate at 2.45 GHz, with outer radius r2 = 13.5 mm. The results show that the frequency of the proposed antenna on metamaterial substrate shifts to 2.48 GHz with a return loss of -14.6 dB and 2.28 GHz through full-wave analysis as described in [11], for the mode TM11, showing a good agreement and validating the technique developed in this work. If the same antenna with outer radius r2 = 13.5 mm is printed on isotropic substrate ((r = 4.4 with d = 4 mm), the frequency approaches 2.55 GHz with a return loss of -15.8 dB. It can be seen that for the same frequency, 2.48 GHz, the antenna on metamaterial substrate has better performance and a compression factor of the frequency.
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	Figure 4: Return loss as a function of frequency for ARMSA printed on isotropic and metamaterial substrate considering CASE 1.



The input return losses for the metamaterial patch antenna ((r = 4.4, µeff = 3.21) and for the conventional isotropic patch antenna ((r = 4.4, µr = 1) are shown in Fig. 5. The frequency of the metamaterial antenna (µeff = 3.21, r1 = r2/2, r2 = 13.5 mm) is chosen at 2.48 GHz. The resonant frequency of the conventional antenna (µr = 1, r1 = r2/2, r2 = 13.9 cm) is chosen at 2.48 GHz. The curves show that for the CASE 1 tensor configuration, the results of the frequency and dimensions are very close to those obtained for the antenna on isotropic substrate. It is also verified that the return losses are equal to -14.64 dB and -18.42 dB for the antenna printed on metamaterial and isotropic layer, respectively.
	[image: image24.emf]

	Figure 5: Return loss as a function of frequency for ARMSA printed on isotropic and metamaterial substrate considering CASE 1.



Fig. 6 shows the variation of the return losses with the frequency for two different tensor configurations named CASE 1 (µρρ = 1 and µzz = µeff) and CASE 2 (µρρ = µeff and µzz = 1). Numerical simulations are carried out using Ansoft HFSS. From the results, it can be seen that for a given value of r2, other frequencies appear for both situations. Return losses for the antenna with permeability tensor named CASE 1 are -14.64 dB at 2.48 GHz (Fig. 5), and -27.55 dB at 4.74 GHz. For CASE 2, return loss of -20.50 dB at 1.66 GHz is obtained. For the same antenna design, through full-wave analysis as described in [11], the frequency is 1.28 GHz for the mode TM11. Also, the curve shows return loss of -18.71 dB at 3.03 GHz.
	[image: image25.emf]

	Figure 6: Return loss as a function of frequency for ARMSA printed on metamaterial substrate.


Fig. 7 depicts curves of the frequency versus outer radius as a function of the substrate material for ARMSA, as predicted by the full wave analysis. Frequency as a function of the outer radius for ARMSA (with d = 1.59 mm, r1 = r2/2, r2 = 4 mm), printed on: isotropic dielectric (εr = 10.44), anisotropic dielectric (ερρ = 9.4; εzz = 11.6), ferrite (εr = 9.0; H0 = 2000 Oe; 4πMs = 1780 G), and metamaterial (εeff = 9.8; µeff = 3.1). It is seen that antennas printed on isotropic and anisotropic dielectric substrates have higher resonant frequencies than those supported by ferrites and metamaterials. Also, it is observed that a reduction in the dimensions of the ring radiator in antennas with magnetic anisotropy leads to the resonance frequency bands higher, favoring the option of using these substrates in the design of miniaturized antennas. In addition, it is noted that for the same dimensions of the outer radius, the resonant frequency of antennas with magnetic anisotropy (Ferrite/Metamaterial) shifts to a lower frequency, favoring the option of using these substrates in the design of miniaturized antennas.
	[image: image26.emf]

	Figure 7: Frequency as a function of the outer radius for ARMSA printed on: isotropic dielectric (εr = 10.44), anisotropic dielectric (ερρ = 9.4; εzz = 11.6), ferrite (εr = 9.0; H0 = 2000 Oe; 4πMs = 1780 G), and metamaterial (εeff = 9.8; µeff = 3.1).



4. Conclusions

In this work, theoretical and numerical investigations have been performed to study the effect of the metamaterial substrates on the resonance behavior of the annular ring microstrip patch antennas (ARMSA). The results show the influence of the permeability tensor of the metamaterial in the behavior of the antennas. The metamaterial substrate has a potential to reduce the circuit size of the antenna as well as maintain the amplitude of the return loss at the specific resonant frequency.
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