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Abstract

In this paper the effect of coupling two kinds of metamaterial cells with a coil to achieve Magnetic Resonance Imaging (MRI) is investigated. Both an array of four spirals then a single spiral-shaped metamaterial are put on the top of the coil antenna.  These metamaterial based resonant structures are designed to work at 63 MHz. They are intended to increase the sensitivity of the whole system and to improve the homogeneity of the RF magnetic field pattern. The spiral-shaped metamaterials added on the top of the antenna gave very promising numerical results. The calculated magnetic fields are homogeneous and their magnitudes are multiplied by factor of 4 up to 6. We are fabricating both structures using microfabrication techniques because of the small size of the structures.  
1. Introduction

In Magnetic Resonance Imaging (MRI), the use of a small sized radio frequency surface coil allows to perform high resolution images with sufficient signal to noise ratio (SNR) [1]. However, the magnetic field generated decreases as it goes deeper in the human body. Moreover, the presence of samples with high permittivity and conductivity detunes the RF coil and decreases its quality factor. Nevertheless, associating a new material usually called metamaterial is becoming a rather interesting solution to improve the overall performance of the system. Indeed, the effective permittivity and permeability of metamaterials are tunable and they could be either positive or negative [2]-[7]. They are obtained by assuming that metamaterials are so small compared to the wavelength that they behave like a homogeneous material with homogeneous permittivity and permeability. Their values are accessible through the use of Smith et al. formulas [8][9]. The application of metamaterials in MRI has been previously explored in several works making use of devices based on different types of resonant elements such as swiss-rolls [10–15], wires [16] and capacitively loaded split rings [17–20]. In our case, the spiral shaped metamaterials had been chosen. This shape was imposed by the small size of the antenna. As a consequence, a very low frequency of resonance was possible with small structures. Actually, the  obtained 
structures are even smaller than other structures presented in previous works. The main goal through the use of these metamaterials is to increase the sensitivity of small surface coil by both improving the magnetic field pattern and reducing losses and frequency shift resulting from dielectric coupling with the sample. Indeed, these structures generate an electromagnetic field. Therefore there are magnetic and electric components. However, the electric component does not play any useful role in MRI because it just causes the tissue heating. Therefore, this study will be focused just on the magnetic field component.
2. The design of the RF coil 
The RF coil consists of two transmission lines (see figure 1) on both sides of a 0.5 µm thick LaAlO3 substrate with a permittivity of 23.6. The two parts of the antenna are diametrically opposite to one other.  These transmission                lines are equivalent to an inductance and the substrate placed between the copper strips behaves like a distributed capacitance. The space between every two adjacent turns is 300 µm and the copper strips are 400 µm wide. The external diameter of each side of the antenna is 13.6mm. This coil (both sides together), which was designed on HFSS, is operating at the VHF band for high resolution MRI at       1.5 Tesla.
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Both sides of the antenna shown on figure1 work together to maximize the magnitude of the magnetic field. The difference of 180° in the orientation of either coil makes that possible. The current in each coil generates constructive magnetic fields making it the best configuration.
Figure 2 shows two different views of the magnetic field of the double sided coil antenna previously shown on figure 1. The side view is on the left and the horizontal view is on the right. The horizontal view was taken 10 mm below the bottom side of the coil antenna.
[image: image3.png]



The coil antenna shown on figure 1 generates a quite high magnetic field in its vicinity. However, the performance of this coil antenna needs to be improved for MRI technology. The magnetic field tends to weaken by a factor 9 or more, depending on the region of reference taken into consideration. Furthermore, one can notice on figure 2 that the magnetic field is not homogeneous near the RF coil. 

One way to improve this RF coil antenna for MRI is the use of metamaterials. This periodic resonant material would strengthen the magnetic field and would make it more homogeneous.
3. Metamaterials used with the RF coil
Metamaterial structures were put on the top of the coil antenna in order to form a new structure with a better performance. Indeed, the presence of metamaterials acts on the electromagnetic fields. In our case, we have chosen magnetic metamaterials in order to tailor the magnetic field generated by the coil antenna. 
The coil antenna being /100 small, we need to use metamaterials with a comparable size. To obtain metamaterial structures as small as /100, we used metallic spiral resonators instead of the usual C-shaped resonators because the latter structure resonates at a frequency corresponding to just /10. Here, we present two different unit cells of metamaterials: two layers of a four-spiral array in which each spiral has 15 turns and two layers of a 25-turn spiral. The first unit cell is 18.6 mm wide and the second is 15.3mm wide. Figure 3 and figure 4 show both types of metamaterials. The two layer metamaterials shown below are put on the top side of the coil antenna shown on figure 1.
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In the metamaterial structure on figure 3, the two layers are not identical as it is explicitly shown on figure 5. The two layers are actually symmetrical. In addition to that, in the same layer, the four spirals are not identically oriented either. They are arranged in such a way that the two spirals on the left are symmetrical to the two other spirals on the right. This symmetry in the same layer in combination with the symmetry between the two layers ensures the best interaction between each particle. In other words, by using this configuration we have the strongest magnetic field emanating from the whole structure.
[image: image6.jpg]



The same statement holds for the metamaterial structure shown on figure 4: the two layers are not identical either. The two layers are symmetrical again. In other words, the second layer is rotated 180° around the axis that is orthogonal to the whole structure. This difference between the two layers is, just like what was mentioned in the last paragraph, aiming at making the magnetic field strongest.
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4. Numerical results

· Case 1 : The first kind of metamaterials added on the top of the coil antenna: 
The next figure compares between the magnetic fields calculated for the antenna alone (on the left) and the antenna with the two layer metamaterial on it. These two metamaterial layers were previously shown on figure 3 (detailed views were given in figure 5). The difference can be easily seen because the calculations were made by considering exactly the same conditions. 
Each value of the magnitude of the magnetic field is represented by a color. This color scale spans from dark blue to red. This represents magnitudes of the magnetic field going from 0.0000 A/m up to 50 A/m. Dark blue is assigned to smallest possible value and  red is assigned to the highest value : 50A/m.
The bottom view of the magnetic field was picked up at a distance of 10 mm away from the bottom side of the antenna for having a reference. This allows us to see how the magnitude of the magnetic field decreases as the distance increases between the antenna and the sample. Moreover, it gives an overview of the homogeneity of the magnetic field at the considered distance.
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If we refer to the scale given in middle, one can notice that both the bottom views and the side views of the magnetic field show that the metamaterial based structure give the best results. In the side view on the right (with metamaterials), the region exhibiting a maximum magnetic field (in red) is larger.  Even in the farthest regions from the antenna the magnetic field is still increased by a factor of 4 at least.  The second feature we are interested in is field homogeneity. Both the side view and the bottom view (on the right) show that the magnetic field becomes more homogeneous when first kind of metamaterials is added to the RF coil antenna. 
· Case 2 : The second kind of metamaterials added on the top of the coil antenna:
Similarly to figure 7, figure 8 summarizes the results of magnetic field magnitude calculations for the antenna alone (figure1) versus those obtained by adding the metamaterial structure introduced in figure 4. The figures on the left hand side represent the magnitude of the magnetic field of the coil antenna without metamaterials. The figures on the right hand side represent the magnitude of the magnetic field of the antenna after adding the second kind of metamaterial on the top of the coil antenna. The bottom views were picked up 10 mm away from the bottom side of the antenna for having the same reference as in previously calculated structures. 
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The side view on the right has a larger area in red than in the side view on the left. This means the magnetic field reaches its maximum value in a larger area thanks to the second type of metamaterials added to the RF coil antenna. Furthermore, one can easily notice that the magnitude of the magnetic field of the coil antenna alone (in blue) is much weaker than that of the metamaterial based structure (in green). Actually, if we refer to the given the scale, one can see that the magnitude of the magnitude field was increased by a factor of 6. 
As for the homogeneity criterion, it can be evaluated through the presence of the same value of the magnetic field around the considered structures. The side views give an overview of the evolution of the magnetic field as we move away from the structure of interest. However, it’s easier to analyze the homogeneity of the magnetic field by considering just the bottom views. It can easily be seen that we obtain the same color on the whole plane-surface when metamaterials are added to the coil antenna. This means the metamaterials not only increase the value of the magnitude of the magnetic field, but they make it more homogeneous.

After having proven the benefits of adding the metamaterial structures (figures 3 and 4) to the coil antenna, practical results are needed to complete the study. We are fabricating all the structures presented in this paper. The fabrication process involves the use of microfabrication techniques due to the small size of the structures. This will be possible thanks to CTU IEF-MINERVE clean rooms and equipments.
In order to get as much data as possible, the structures will be fabricated by using the electrolytic deposition upon three different substrates: LaAlO3, Si and glass.
5. Conclusion
In this paper, two different kinds of metamaterials were added on the top of an RF coil antenna. The new structures gave very interesting results for MRI because the magnetic fields become more homogeneous and 4 to 6 times stronger and even more in some regions. These successful results paved the way to the next step: fabrication and measurements. We are currently fabricating both particles on three different substrates: LaAlO3, Si and glass. This would give further proofs of the usefulness of using such structures in MRI technology.
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Figure 1: Detailed view of both sides of the coil antenna





Figure 2: Side and bottom views (at 10 mm distance) of the magnitude of the magnetic field of the RF coil. 
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Figure 3: Two layers of four-spiral metamaterials with 15 turns in each spiral
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Figure 4: Two layers of 25-turn spirals forming the metamaterial





Figure 5: First layer (a) and second layer (b) of a four-spiral metamaterial with15 turns in each spiral
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Figure 6: First layer (a) and second layer (b) of a 25 turn-spiral-shaped metamaterial
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Figure 7: Side view (a) and bottom view (b) of the RF coil      antenna without metamaterials versus side view (c) and bottom view (d) of the antenna with the first kind of metamaterials
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Figure 8: Side view (a) and bottom view (b) of the RF coil      antenna without metamaterials versus side view (c) and bottom view (d) of the antenna with the second kind of metamaterials
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