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Introduction

Artificial metamaterials (MTMs) are composite structures that have been engineered to have unusual electromagnetic properties, such as simultaneous negative permittivity and permeability, which are not readily available in nature. They have attracted considerable interest due to their potential applications in several fields of science and engineering [START_REF] Tretyakov | Analytical Modeling in Applied Electromagnetics[END_REF][START_REF] Engheta | Metamaterials -Physics and Engineering Explorations[END_REF]. Such MTMs can be constructed using a dielectric host and metal inclusions. They have been intensively studied in the form of various periodical combinations [START_REF] Tretyakov | Analytical Modeling in Applied Electromagnetics[END_REF][START_REF] Engheta | Metamaterials -Physics and Engineering Explorations[END_REF]. Among them, one of the most promising structures is the so-called fishnet MTM which consists of stacked dielectric and metallic layers with two-dimensional periodic holes in the metal layers [START_REF] Zhang | Near-infrared double negative metamaterials[END_REF][START_REF] Zhang | Experimental demonstration of near-infrared negative-index metamaterials[END_REF][START_REF] Dolling | Low-loss negative-index metamaterial at telecommunication wavelengths[END_REF][START_REF] Chettiar | Dual-band negative index metamaterial: double negative at 813 nm and single negative at 772 nm[END_REF][START_REF] Kafesaki | Left-handed metamaterials: The fishnet structure and its variations[END_REF][START_REF] Alici | Characterization and tilted response of a fishnet metamaterial operating at 100 GHz[END_REF][START_REF] Alici | A planar metamaterial: Polarization independent fishnet structure[END_REF][START_REF] Valentine | Three-dimensional optical metamaterial with a negative refractive index[END_REF][START_REF] Marques | Analytical theory of wave propagation through stacked fishnet metamaterials[END_REF][START_REF] Garcia-Meca | Double-negative polarization-independent fishnet metamaterial in the visible spectrum[END_REF][START_REF] Wei | Broadband negative refraction in stacked fishnet metamaterial[END_REF][START_REF] Menzel | Validity of effective material parameters for optical fishnet metamaterials[END_REF][START_REF] Jelinek | Fishnet Metamaterials -Rules for refraction and limits of homogenization[END_REF]. Because of its superior performance, many researchers have focused on the investigation of the fishnet MTM to characterize and synthesize new combinations. The fishnet structure can be treated as an array of thin wires which are continuous along the electric field direction and short slab and/or cut wire pairs as magnetic resonators which are contiguous along the magnetic field direction. Under certain conditions, the structure can provide a negative refractive index at around the transmission peak.

In the present study, the electromagnetic response of a fishnet-based MTM is investigated, both numerically and experimentally, for X-band frequencies (8 GHz to 12 GHz). The structure is designed for the X-band rectangular waveguide (WR-90) and simulated using a full-wave electromagnetic solver based on the method of moments. The MTM layers are manufactured using low-cost printed circuit board production and the experiment is performed using a network analyzer and a WR-90 waveguide by placing the stacked layers into the waveguide. In the literature, the published fishnet MTMs are formed from continuously metallized mesh-like structures which are positioned to be perpendicular to the propagation direction of the wave. The main goal of this study is to explore the physical characteristics of the fishnet-based MTM formed by non-continuous metallization (see Figure 1: the metallic part is not touching the walls of the waveguide), and to tune the negative response of the permittivity and permeability onto each other.

Note that stacked fishnet MTMs composed of a periodic array of perforated conductor screens with continuous metallization have been studied numerically in Refs. 11 and multilayer fishnet MTMs have not been performed because of the difficulties arising for the interpretation of the data as a result of the continuous metallization. However, in our case, the proposed structure with non-continuous metallization was studied both numerically and experimentally. The key benefit of the new design with noncontinuous metallization is that it allows to take advantage of the method of images for the retrieval of the effective parameters. In this case, the effective medium theory can be applied easily and the proposed waveguide system loaded by a small metamaterial sample is adequate to carry out the extraction procedure. Both in the simulation and experiment, the reflection and transmission characteristics of the designed structure are obtained and then the effective material parameters are retrieved based on the Nicolson-Ross-Weir (NRW) procedure [START_REF] Nicolson | Measurement of the intrinsic properties of materials by time domain techniques[END_REF][START_REF] Weir | Automatic measurement of complex dielectric constant and permeability at microwave frequencies[END_REF]. The stacked structure is assumed to be effectively a homogeneous medium because the wavelength of the propagating wave through the fishnet-based MTM is much larger than the periodicity of the structure in the propagation direction.

Note that, to our knowledge, the present experiment is the first experimental verification of simulations for fishnet-based MTMs in a waveguide. The data show that we succeed to achieve simultaneously negative permittivity and permeability in a certain frequency band. It is observed that the simulation and experimental data agree with each other quite well.

Numerical Simulation and Experiment

The schematic representations of the experiment and the front view of a single layer of the MTM structure are shown in Figure 1. The FR4 substrate has a thickness of λ/60 (λ is the vacuum wavelength at the operation frequency) and precisely fits WR-90. The metallic part, which is centered on FR4 and not connected to the waveguide walls, is made of copper with a conductivity of 5.8×10 7 S/m and a thickness of 18 µm which is larger than the skin depth at 10 GHz. The metallic part has the following dimensions: w = 2λ/3, l = λ/3, d 1 = λ/40, and d 1 = 2d 1 . The periodicity along the propagation direction is equal to the total thickness of the single MTM layer (substrate and copper) which is much smaller than the operation wavelength. The substrate is chosen to be as thin as possible to minimize the dielectric loss. The aim of the optimization which led to the selected dimensions was to have a double negative window at around 10 GHz. In the sketch of the MTM, the white part represents FR4 and the black part copper.

The structure was simulated using EEsof EDA design and simulation software.

Waveguide boundary conditions were used for the side walls, and open boundaries for the waveguide ports for the excitation and detection of electromagnetic waves. Both in the simulation and the experiment, a 15-layer MTM structure was used and arranged as copper-FR4-copper-FR4-copper-.… The electromagnetic wave propagates in the z-direction (normal to the plane of the fishnet-based MTM), and the electric and magnetic fields are oriented along the x-and y-directions, respectively. In this case, one obtains a magnetic response by the substrate-separated double-strips oriented in y-direction. The electric response is dominated by the strips in x-direction (acting as a dilute Drude metal). Double negative and fishnet behavior can be achieved if a sufficient number of layers are stacked onto each other [START_REF] Zhang | Near-infrared double negative metamaterials[END_REF][START_REF] Zhang | Experimental demonstration of near-infrared negative-index metamaterials[END_REF][START_REF] Dolling | Low-loss negative-index metamaterial at telecommunication wavelengths[END_REF][START_REF] Chettiar | Dual-band negative index metamaterial: double negative at 813 nm and single negative at 772 nm[END_REF][START_REF] Kafesaki | Left-handed metamaterials: The fishnet structure and its variations[END_REF][START_REF] Alici | Characterization and tilted response of a fishnet metamaterial operating at 100 GHz[END_REF][START_REF] Alici | A planar metamaterial: Polarization independent fishnet structure[END_REF][START_REF] Valentine | Three-dimensional optical metamaterial with a negative refractive index[END_REF][START_REF] Marques | Analytical theory of wave propagation through stacked fishnet metamaterials[END_REF][START_REF] Garcia-Meca | Double-negative polarization-independent fishnet metamaterial in the visible spectrum[END_REF][START_REF] Wei | Broadband negative refraction in stacked fishnet metamaterial[END_REF][START_REF] Menzel | Validity of effective material parameters for optical fishnet metamaterials[END_REF][START_REF] Jelinek | Fishnet Metamaterials -Rules for refraction and limits of homogenization[END_REF]. Usually, the magnetic response can be attributed to the excitation of a virtual current loop between the strips perpendicular to the magnetic field. These currents should be strong enough to be able to neutralize the magnetic field and produce a resonance displaying negative effective permeability. Simulations show that in our structure, the currents on opposite metallic surfaces are anti-parallel to each other at the resonance frequency, and hence the currents in each virtual metallic loop are circulating which is shown in Figure 2. This confirms the explanation given above and gives a clear identification of the character of the resonance. As a consequence, a negative permeability arises at the resonance. Note that each metal layer contributes to current loops with regard two adjacent dielectric layers. The two current contributions on each layer are opposite to each other, hence the total current is reduced which is not shown here. Therefore, the magnetic response of the whole stack is a collective response of all layers. At a stop-band frequency, it is observed that the currents on the metallic parts are in-phase and symmetric (data not shown). Consequently, the structure behaves like an ordinary structure comprised of a combination of dielectrics and conductor elements, and no artificial magnetism is observed. Note that the effective permittivity is achieved by the interaction of the field with the metallic parts which means it is controlled by the dimensions of the strips and periodicity. In the experiment, the stacked structure is placed at the center of a WR-90 waveguide of which the input and output ports are connected to a network analyzer via two coaxial probes. After the full two-port calibration, the reflection and transmission data, both in amplitude and phase, are measured. Figure 3 shows the simulated and measured S-parameter data for the investigated structure. The step-function-like transmission spectrum with a high left-handed (LH) peak in the step, in conjunction with a dip in the phase close to the same frequency, 10 GHz, are clear indications for double negative and fishnet behavior. The experimental and the simulation results are in good agreement with each other. The residual differences are likely to result from some deviations in the experiment from the idealized conditions of the simulations, a possible candidate being the dispersion of the dielectric constant of the substrate FR4 [18]. A second candidate is the fabrication tolerances related with the printed circuit board production, notably the etching process of the metal. Small changes of the lateral dimensions by a few microns during the manufacturing process can lead to a shift of the resonance on a megahertz scale. In addition, imperfect mounting of the multi-layer sample in the center of the waveguide are to be considered.

The effective material parameters of the investigated structure are obtained based on the assumption of an effectively homogeneous medium since the propagation wavelength is much larger than the periodicity of the structure in the propagation direction. The retrieval method is applied based on the method of images by properly selecting the boundary conditions which allow to treat the structure as an infinite homogeneous material. The equivalent structure is the combination of an infinite number of the repeated samples in all spatial directions. We expect that the structure will provide an anti-resonant behavior in the permittivity which is visible in our results. This behavior can also be seen in Refs. 5, 7, 8, and 19-26. Figure 4 presents the extracted material parameters using the NRW method in the calculation [START_REF] Nicolson | Measurement of the intrinsic properties of materials by time domain techniques[END_REF][START_REF] Weir | Automatic measurement of complex dielectric constant and permeability at microwave frequencies[END_REF]. As it is seen from the figure, the structure provides simultaneously negative real parts of the permittivity and permeability in a band between 10.0 GHz and 10.7 GHz which covers the high transmission peak. However, the negative index band is larger and lies between 8.94 GHz and 10.7 GHz (see Figure 4, Zoom of Re(n)). Note that only the real part of the permittivity is negative between 8.94 GHz and 10 GHz. Although Re{ε}<0 and Re{µ}>0, the refractive index can be negative when the imaginary term is large enough [START_REF] Zhang | Experimental demonstration of near-infrared negative-index metamaterials[END_REF][START_REF] Zhou | Negative index materials using simple short wire pairs[END_REF][START_REF] Mccall | The negative index of refraction demystified[END_REF][START_REF] Depine | A new condition to identify isotropic dielectricmagnetic materials displaying negative phase velocity[END_REF]. This situation generally happens near the MTM resonance as can also be observed in the figure. Nevertheless, this type of negative refractive index does not support left-handed (LH) behavior. Thus, the negative refractive index has two regions which support either single negative (between 8.94 GHz and 10 GHz) or double negative (between 10 GHz and 10.7 GHz, LH region) characteristics. Also, the permittivity shows Drude-like behavior because of the coupling between the electric field and the copper strips as in the continuous-wires case. In addition, the permeability shows Lorentz-like behavior due to the strong resonant response to the magnetic field as in the magnetic resonators situation. Note that the anti-resonant behavior of the permittivity, the strong resonant response of the permeability, and the periodicity effects show that homogenous effective medium approximation can be applied with justification.

In order to verify the existence and validity of the negative index of refraction, a unique retrieval of effective parameters from the reflection and transmission data is obtained by enforcing the causality. The applied extraction method is based on the KK relations which have been used to calculate the index of refraction using calculated or measured data sets [START_REF] Varadan | Unique retrieval of complex permittivity and permeability of dispersive materials from reflection and transmitted fields by enforcing causality[END_REF]. Note that, for practical reasons, KK integral has to be truncated, which yields some error. Nevertheless, the evaluation of the KK equation even for the finite bandwidth can provide approximate data for the verification of the actual data. As it is seen from Figure 4, there is a reasonable agreement between the results (simulation, experiment, and KK relation) for the real part of the effective refractive indexes which validates the existence of the negativeband and the anti-resonant behavior of the structure. 

Conclusion and Discussion

In this study, a fishnet-based MTM has been introduced and the electromagnetic characteristics of the structure have been investigated, both numerically and experimentally, for the microwave X-band regime. The structure is designed to have no DC conductive between its metallic parts and the waveguide walls, and to exhibit double negative behavior at around 10 GHz. The currents, from one metal surface to the consecutive one, are anti-symmetric. Thus, they form a virtual current loop and generate a magnetic response yielding a negative permeability. The electric response which provides the negative permittivity is controlled by the structural parameters. The homogenous-effective-medium theory is applied to acquire the effective material parameters of the presented MTM. The single and double negative regions with evidence for a LH transmission peak are identified using the simulated and experimental results. The structure exhibits a relatively high FOM and opens opportunities notably with regard to waveguide miniaturization and for waveguidebased applications such as waveguide antennas and imaging systems in a waveguide.

With regard to the latter, a waveguide with the proposed fishnet MTM can be designed for near-field imaging with the evanescent field from the interface, orexploiting the negative refractive index close to minus unity at around 10.5 GHz -one can envision a lensing system in a multimode waveguide at microwave frequencies [START_REF] Grbic | Near-Field Plates: Subdiffraction Focusing with Patterned Surfaces[END_REF].
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 1 Figure 1: Schematic representations of the experimental set-up (left side) and a single layer of the fishnet-based MTM (right side). VNA stands for vector network analyzer.
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 2 Figure 2: Current distribution of opposing metallic surfaces of the fishnet-based MTM. The left panel corresponds to the first metallic layer while the right one represents the second layer. The size of the arrows indicates the strength of the current.
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 3 Figure 3: Simulated and measured S-parameters for the fishnet-based MTM.
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 4 Figure 4: Effective material parameters as a function of frequency for the fishnetbased MTM.
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 5 Figure 5: FOM as a function of frequency for the proposed MTM.
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