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Summary 

The main idea of this research project is to experimentally investigate the sensing potential of different metamaterial designs and to develop and characterize a new millimeter wave component using a new class of materials which attracted more interest due to its unusual properties. This type of material with its efficient to focus the electromagnetic waves using split-ring resonator (SRR) for improving the figures of merit of sensors on different levels entitled sub-wavelength-focusing-metamaterials.
We report on our work conducted on the design, simulation and fabrication of millimeter wave sensors based on a fractal based split-ring resonator (FSRR).
structure operating in the D-band. Furthermore, we attainted a wide and of high transmittance left-handed band, as was established by transmission measurements and corresponding simulations. The metamaterials system under investigation is a slab of 2D fractal SRR-arrays patterned in  aluminum deposited on a Quartz substrate.
The propagation characteristics of multilayered structures consisting of dielectric slabs, metamaterials, are discussed. Also, the NRZ approach are described to achieve zero reflection or high reflection. In addition, these projects presents a recent progress concerning metamaterials-based sensing designed at D band frequencies and evaluate the detecting process and sensitivity of distinct types of sensors based on metamaterials, as well as their challenges and prospects.
Abstract

In this report, the properties and potential applications of new type of artificial structures using fractal SRR components that exhibit both negative effective permittivity and effective permeability are explored. In particular, we examine the properties of fractal metamaterial sensors able to focusing the electromagnetic wave using new fractal form of split-ring resonators (SRR) for improving the high sensitivity on different levels. We show that there are a rich variety of magnetic resonances depend on the geometries and fractal order. These specific forms of metamaterial provide more control over the electromagnetic fields and consequently lead to potential applications ranging from device miniaturization to the focusing wave.
1. Introduction 

The idea of metamaterials with negative permittivity and permeability was first specified by Victor Veselago in 1968 [1] when he showed that the Poynting vector of an electromagnetic wave is anti-parallel to the wave vector in a left-handed material. Consequently, the light can propagate in the opposite direction to the energy flux. This guides to thought that the number of unusual properties in metamaterials such as negative-index refraction, the reversal of Cherenkov radiation, the reversal of the Doppler shift, and the reversal of Snell's law. These radical properties provide extraordinary control over electromagnetic fields with incredible possible applications. 
In recent years there has been an augment in the amount of studies and articles on new type of man-made materials, generally called “metamaterials”. They offer a way to creating potential devices with properties that cannot be obtained with natural materials [2–5]. Their remarkable properties are not determined by their basic materials but by man-made structures that are smaller than the electromagnetic wavelength. 
The influence of fractal-shaped inclusion on the metamaterial structures has attracted many interests. The SRR fractals are used for devices operating at terahertz sensing application by applying the fractal structures [6-10]. Different studies based on fractal structures have arisen as candidates to make interesting resonant properties not achievable in conventional split-ring-resonator such as [10-14]. We successfully extract from S parameters of new type of modified fractal SRR the effective permittivity and effective permeability by the NRZ approach. By applying the fractal structures of square Plus symbol (+) curve to the split-ring resonators (SRRs), more condensed size and higher sensitivity can be attained compared to square SRRs. The effect of different geometrical restrictions and the order of the fractal design on the performances are investigated.
Then modifications are added to the fractal SRRs in order to explore the performance of the full system in terms of sensing and focusing phenomena. The variations in the transmission resonances are supervised upon difference thickness and putted thin film of the entire system. The magnetic resonance comes into viewed transmission spectrum increase extremely versus the fractal order. The study of effect order are restraint to second order because the dimension of smalls cells appearing by the fractal order decrease respectively where the escapement and the geometries of cells is less than 2 m and require a high technology of realization of mask design for experimental prototype. We report our work in D band frequencies and we not interested to the secondary resonances outside the frequencies range: [110-170] GHz and precisely for high frequencies provided from small geometrical forms around the basic form shown in first fractal order.

2. Simulation ,  experimental set up and measurement 

Transmission and reflection spectrum of the symmetrical SRR cell is computed by HFSS over the frequency range from 110 GHz to 170 GHz by using PEC and PMC boundary conditions. The perfect electric conductor (PEC) type boundary conditions are applied at those surfaces of the computational volume which are perpendicular to the incident electric field vector. Similarly, perfect magnetic conductor (PMC) type boundary conditions are applied at those surfaces of the computational volume which are perpendicular to the incident magnetic field vector.
In the SRR design, we applied the fractal process by adding or subtracting a sample square at the extremities of conventional SRR. A modified geometry is introduced inside a conventional square-ring, resulting in a fractal SRR structure. The basic specifically types of novel SRR structure metamaterial slab can exhibit a strong localization and enhancement of fields, which may provide novel tools to significantly enhance the resonance frequency and open new degrees of freedom in sensing design aspect. 
We applied the process fractal in the last first fractal model by adding small squares in four edges of FF-SRR. We obtained the model 1 called double modified fractal (DMF) that’s putted inside a different shape of square ring able to promise resonant frequencies in D band frequencies. After that we applied similarly a fractal process for second order. We achieve a considered second fractal model of DMF called SDMF. In the previous case, we insert a defect for DMF form by eliminating the center square ring, we obtained recursively the two simple forms designed in model 2 derived from DMF cell called respectively modified form and the second modified form (SMF). The preceding form can produce huge capacitance values which higher resonating frequency.
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Figure 1: Top view of geometrical configuration of (a): double modified fractal(DMF) model,(b): Modified fractal model for respectively second fractal (SF) SRR form derived from the first order fractal. 

A magnetic resonance dip is observed at 162 GHz from modified fractal (MF) metamaterial structure and 160 GHz from the second modified fractal (SMF). The resonance frequency shifted through the lower frequency for increasing the fractal order due to the presence of the small conductive cells metal added from model 2 appear of the second fractal order as shown in figure 2. The magnetic nature of the resonance dip increase according the increasing of the fractal order and offer a dip around -42 dB for high order. In fact, the modified fractal SRR model in its novel form consists of a highly conductive metallic ring which is effective in several locations by a conductive metallic form.  An electric circular current is induced in the metallic fractal form which in turn leads to charge accumulating across the gaps. The electric field which builds due to the charge at the gap counteracts the circular current leading to energy stored in vicinity of the gaps and magnetic field energy concentrated in the region enclosed by the all metallic form.
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Figure 2: Transmission spectrum (S21[dB]) from different two models of double modified  fractal metamaterial (DMF) cell and modified fractal metamaterial (FM) cell and her second modified fractal form SRR.
The resonance is interpreted in terms of the effect of electric excitation of magnetic resonance when the incident light is polarized perpendicularly to the plane of split ring resonators SRR and penetrates at the array at normal incidence. Consequently the splits play a key role in attaining magnetic resonance. The induced circulating currents inside the SRRs are still acceptable to flow but cannot oscillate independently of the external electromagnetic field any more. To explore the characteristic of dielectric sensing, transmission spectrum was simulated for a variation of thicknesses thin film under the aluminum fractal modified metamaterial shape, as shown in Figure 3.The spectrum clearly depends on the thicknesses of the thin film of silicon with permittivity r=11.9 putted under the metal fractal SRR form. 
By increasing the thicknesses of thin film the resonance shifts downwards as shown in figure 3. It should be noted that the peak position of resonant frequency changes with the thin film but their peaks are not consistent with the variation thicknesses constant increase. In these structures, when the incident magnetic field is polarized perpendicular to the plane of the rings array, resonating currents are induced in the loops which emulate a magnetic dipole. The resonances shift continuously to lower frequency as the thickness of the over layer increased. Maximum shifts of 138 GHz and 165 GHz are observed for 8m thickness of photoresist.
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Figure 3: Transmission spectrum (S21[dB]) from second modified fractal metamaterial (SFM) for second fractal order cell and her second modified fractal form SRR.
The fabrication process has been through using negative photolithography. Firstly, we put at surface substrate Quartz a thin aluminum layer. After that a light sensitive photoresist is spun onto the wafer forming a thin layer on the surface. The resist is then selectively exposed by brilliant light done a mask which contains the design information for the specific being fabricated. The resist is then developed which completes the pattern transfer from the mask to the wafer.
The full steps are clarified by the following step:
· Surface substrate Quartz covers by aluminum (cleaned and dray wafer by aluminum metal).
· Applying the photoresist (Spin coat a thin layer photoresist on surface with several 1.000 rounds per minute (rpm) distributes few ml of resist over the substrate. The thicknesses created of photoresist is around are 1.4m.
· Soft bake : Practical evaporation of photoresist solvent by heating at 120 ( The temperature rise starts at bottom of wafer and works upward, more thoroughly evaporating the coating solvent.
· Alignment and exposure (precise alignment of mask particle and exposure of photoresist by Mg (=365nm). The 1 Karl Suss MJB3 is used for mask alignment and exposure. The exposure time is between 0 s and 30 min for2” diameter wafers.
The material consists of a two-dimensional array of repeated unit cells of aluminium strips and split ring resonators on interconnecting and disconnecting strips of standard circuit material. By measuring the transmission spectrum of the reflexion through a SRRs aluminum stroked at a top of Quartz substrate , we determine the effective n, appropriate to relation : Z = μ ε.
The considered fractal SRR metamaterial was fabricated by Liftoff micro-fabrication techniques. 400nm metal thick SRRs structures made of Aluminium were patterned on Quartz glass with thickness of 350m.The complex relative permittivity of fused Quartz is assumed as 3.78-j0.0006. The thicknesses Quartz plate is 314m. While the aluminum plate thicknesses are 4770A’. Figure 4 shows the photograph of a portion of the structure we have fabricated and tested.
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Figure 4 : Complete image of metamaterial fractal SRRs and portions of optical microscope images of metamaterial Fractal SRRs arrays printed in Quartz substrate in of for 2” diameter.
The millimeter wave measurements were carried out by using an ABMM network analyzer. First, the signal from the network analyzer was converted up in frequency to the 110-170 GHz range by using a multiplier source unit. The signal was transmitted by a horn antenna and the transmission through a stack of samples was measured by a second horn antenna and mixing detector combination. 
The resonance by Fractal SRRs arrays was verified simply by measuring the transmission spectrum. Transmission measurements were performed by using two waveguides as a transmitter and a receiver, which were connected to the vector network analyser AB millimeter 8-350-2 (VNA)in the frequency range of 110 to 170 GHz as shown in figure 5.
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Figure 5: Photograph of the measurement setup
In this method a specially fabricated sample holder is positioned by Mobil support that focuses the center of slab in the center of input beam antenna. After that we performed a through-reflect-line (TRL) calibration. The measurement in free space is done using the S-parameters through the Vector network analyzer (VNA) and starting the characterization measurements, where, the two horn antennas were connected to two port vector network analyzer. The measurements are performed individually at the D-band frequency (110-170 GHz. For a whole characterization of a planar sample, the measure of S-parameters is used to find the permittivity and permeability of the materials with the help of equations.
A periodic fractal sided slab of material made of negative index metamaterial can focus EM waves. We have employed a LHM fractal SRRs with 10×10 layers along the x, y directions. Figure 6 show the S-parameter in dB measured and simulated and show a good agreement of two whole results. The reflectance and transmittance spectra are measured simultaneously at a normal incidence. The electric field was parallel to the gaps. The sample difference of resonant frequencies position for the simulation and measurement is due to the experiments fault which can be done for each step of fabrication. 
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Figure 6: Measured reflexion (blue line) and simulated (green line) ; Measured transmission (red line) and simulated (black line) of double second modified double SRR with perpendicular propagation and .

Figure 7 present the real part and imaginary part of permeability obtained for the sample using the measurement cell from the NRZ retrieval procedure. As expected, the resonant frequency highly depends on the effective permittivity and permeability. In particular, high resonance is obtained for the maximum of transmission in dB and high electric field flux. This obviously increases the capacitance of the ring. 
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Figure 7: Effective permeability obtained by retrieval method: Re(m) (red line) and Im(m) (red line). 
3. Conclusion

Special fractal metamaterial designs that have negative refraction index were developed in the mm-wave frequency range. The different fractal LHM structures, composed of two concentered split rings. Furthermore, the characterization procedure was handled using NRW algorithms. The fractal resonant depends of the geometric parameters. The designing sample has been fabricated by a lithography technique process at frequency range of 110 to 170 GHz. The proposed fractal model is verified and compared with the simulations and measurements. Additionally, a detailed analysis on the effect of the geometric parameters has been also demonstrated. The obtained results reveal that the model can be used with enough accuracy to analyze the behavior of the fractal split-ring resonator structure used for sensing and focusing wave. Moreover, a good agreement between the simulations and theoretical results can be seen. 
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