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Introduction

By increasing the magnetic field strength B 0 of MRI scanners, image quality is appreciably improved, especially for human brain imaging [START_REF] Vaughan | 7T vs. 4T: RF power, homogeneity, and signal-to-noise comparison in head images[END_REF]. However, at ultrahigh field, the transmitted B 1 + field features inhomogeneities in the human head at the proton Larmor frequency (around 300 MHz for a 7 T MRI). These RF inhomogeneities are due to a shorter wavelength than for usual clinical MRI systems [START_REF] Wald | Design considerations and coil comparisons for 7 T brain imaging[END_REF][START_REF] Pohmann | Signal-to-noise ratio and MR tissue parameters in human brain imaging at 3, 7, and 9.4 tesla using current receive coil arrays[END_REF]. To counterbalance them, different techniques have been proposed for single-channel transmission: metamaterials coupled with loop coils [START_REF] Freire | Experimental demonstration of a μ=-1 metamaterial lens for magnetic resonance imaging[END_REF][START_REF] Jouvaud | Volume coil based on hybridized resonators for magnetic resonance imaging[END_REF], or high dielectric pads [START_REF] Teeuwisse | Simulations of high permittivity materials for 7 T neuroimaging and evaluation of a new barium titanate-based dielectric[END_REF][START_REF] Teeuwisse | Quantitative assessment of the effects of high-permittivity pads in 7 Tesla MRI of the brain[END_REF] coupled with birdcage coils. Another strategy, especially well adapted to ultra-high field, consists in using a phased array coil instead of the common birdcage coil. Parallel transmission allows to drive several RF transmit elements independently in order to mitigate RF field inhomogeneities [START_REF] Cloos | kT-points: Short three-dimensional tailored RF pulses for flip-angle homogenization over an extended volume[END_REF]. Transmit elements, e.g. loops or linear resonators (stripline or dipole) are fed individually by RF power channels [START_REF] Georget | A transmit-array RF coil with 12 transmit elements and 22 receive elements for an 8-channel parallel transmission system at 7T[END_REF]. A Butler matrix [START_REF] Yazdanbakhsh | Proceedings of the 17th Annual Meeting ISMRM[END_REF] or singular value decomposition (SVD) [START_REF] Ferrand | SVD-based hardware concept to drive N transmit elements of a phased array coil with M≤N channels for high field MRI[END_REF] can be used to distribute the RF power from each channel to several transmit elements. To ensure the maximum efficiency, transmit elements are located around the human head, or around a phantom. The higher the number of elements, the smaller the distance between them, and the higher the inter-element coupling. This coupling can decrease the signal-to-noise ratio (SNR). In addition, a high coupling between transmit elements may damage the components of the Tx/Rx circuits and the network matching circuit of each element of the coil (capacitor, diode). To overcome these limitations, different decoupling techniques have been proposed: overlapping loops [START_REF] Roemer | The NMR phased array[END_REF], induced current compensation or elimination (ICE) with microstrips [START_REF] Li | ICE decoupling technique for RF coil array designs[END_REF][START_REF] Yan | Magnetic wall decoupling method for monopole coil array in ultrahigh field MRI: a feasibility test[END_REF], and reactive decoupling circuits between adjacent elements [START_REF] Jevtic | Design guidelines for the capacitive decoupling networks[END_REF][START_REF] Wu | Design of an inductively decoupled microstrip array at 9.4 T[END_REF][START_REF] Wu | Interconnecting L/C components for decoupling and its application to low-field open MRI array[END_REF][START_REF] Avdievich | Resonant inductive decoupling (RID) for transceiver arrays to compensate for both reactive and resistive components of the mutual impedance[END_REF]. Recently, several groups adapted metamaterial decoupling techniques used for telecommunication antenna to the MRI domain. Two kinds of decoupling structures are used: magnetic walls to decouple loops [START_REF] Connell | MRI RF Array Decoupling Method With Magnetic Wall Distributed Filters[END_REF][START_REF] Connell | Design of a Parallel Transmit Head Coil at 7T With Magnetic Wall Distributed Filters[END_REF] and electromagnetic band gap structures for dipole coils [START_REF] Hurshkainen | Element Decoupling of 7T Dipole Body Arrays by EBG Metasurface Structures: Experimental Verification[END_REF]. In this paper, a passive decoupling method is inspired by a metamaterial structure. This decoupling structure, composed of stacked magnetic resonators (SMR), can decouple linear resonators (LRs) of a parallel transmission RF coil. Although in this manuscript we will consider only transmit coils, the SMR structure may be useful for both transmission and reception. This paper is organized as follows. The first section explains the general setup, the SMR design and its positioning between two adjacent linear resonators (LRs). The section 3 explains the method of our experiment. In section 4, results show the ability of the SMR structure to decouple the LRs of a transmit array coil in terms scattering parameters. Finally, the proof of concept of the transmit array coil with SMR is validated in a 7 Tesla MRI scanner. The results with and without passive decoupling are displayed in terms of measured flip angle and simulated |B 1 + | field maps. The simulation results presented in this paper were obtained with the transient solver available in the electromagnetic software Microwave Studio, Computer Simulation Technology (Darmstadt, Germany).

Experimental Setup

General Setup

The setup is composed of two LRs in a shielded shell with a spherical phantom (Fig 1.a) and is designed for a 7 Tesla MRI. The shell of the coil is a 25 cm diameter cylinder, with an opening of 10x14 cm² provided for the eyes of the volunteer in functional imaging. The transceiver LR has been previously designed for a complete phased array coil used in parallel transmission for head imaging at 7 T [START_REF] Georget | A transmit-array RF coil with 12 transmit elements and 22 receive elements for an 8-channel parallel transmission system at 7T[END_REF]. The two LRs are fed by a balun circuit included in the printed circuit board (PCB) and fixed to a copper plate connected to the shielding inside the shell (Fig. 1b). The two LRs are separated by a distance of 7.6 cm (0.08*λ 0 ) (Fig. 3a). They are capacitor-shunted at their extremities to reduce their length. To tune and match the LRs, a πmatching network is placed at the input of their feeding point. The matching network is composed of two 1.5-19 pF variable capacitors connected to the ground with a 53-71 nH variable inductor between them. This circuit can be seen on top of the PCB on the left of Fig. 1b for each LR. In simulation, the matching circuits are not visible in Fig. 3a. since they have been optimized using the RF circuit tools of the CST software. To mimic the human brain, we used a 15.6 cm diameter spherical phantom filled by an Agar-agar salted gel ( r = 74.2,  = 0.87 S/m).

SMR Design

For human head MRI at 7 T, the transmit elements of a phased array coil are usually separated by a distance around a tenth of the wavelength in free space λ 0 . This short distance induces a strong coupling between the transmit elements that we propose to decrease with a metamaterial structure that has been designed by capacitive loaded loops (CLL) [START_REF] Ferrer | Bidirectional artificial magnetic reflectors at microwave frequencies[END_REF]. The unit structure is made of two CLL in the (x0z) plane, symmetrically placed with respect to the z-axis on a Rogers RO4003C 0.813 mm-thick substrate (cf. Fig. 2a). A periodic arrangement of this unit structure has featured good decoupling properties [START_REF] Ferrer | Decorrelation of two closely spaced antennas with a metamaterial AMC surface[END_REF]. This planar design of CLL has been adapted to our case by limiting the number of layers due to space limitations in the MRI coil. The more you add layers, the better the decoupling until a number of layers where the best decoupling is reached. In our case, three layers of the unit cell with a period P=2.45 mm are needed for the best decoupling. The relative permittivity of the layer substrate is equal to  r = 3.38 with a dissipation factor tan(δ)= 0.0027. The dimensions of the SMR structure have been optimized to exhibit the highest gain in directivity at the Larmor frequency f L (see Figs.2b). To determine the electromagnetic modes of the SMR structure with three layers, the radar cross section (RCS) is simulated in the frequency range [260-340] MHz with three plane-wave (PW) excitations [START_REF] Rolly | Boosting the directivity of optical antennas with magnetic and electric dipolar resonant particles[END_REF] (Fig. 2b). We note that the SMR structure exhibits a resonance at 290.4 MHz when the magnetic component 𝐻 ⃗ ⃗ of the excitation is orthogonal to the SMR structure (PW1 and PW2). The insert in Fig. 2b displays the magnetic field distribution at resonance (290.4 MHz). As expected with scatterers satisfying the Kerker conditions extended to the case of a near field excitation [START_REF] Rolly | Boosting the directivity of optical antennas with magnetic and electric dipolar resonant particles[END_REF], the maximum of directivity of a magnetoelectric antenna does not occur at the maximum of the RCS since it results from a coupling between electric and magnetic modes [START_REF] Rolly | Controllable emission of a dipolar source coupled with a magneto-dielectric resonant subwavelength scatterer[END_REF]. We can observe in Fig. 2b-c that the maximum gain in directivity appears at f L and is associated with an almost complete suppression of lateral radiation.

Position of the decoupling structure

Let us now study the magnetic field transmitted by a single LR at the position of its neighboring LR (see insert in Fig. 3b). A single LR above a 200x300 mm² ground plane is simulated (only the right LR in Fig. 3a is present). The amplitudes of the three magnetic field components along the blue line (z-axis) are reported in Fig. 3b. It can be observed that the Hy component has the highest strength, meaning that the decoupling SMR structure must be oriented perpendicular to the y-axis to counteract the main magnetic field component [START_REF] Pendry | Magnetism from conductors and enhanced nonlinear phenomena[END_REF].

Method

In order to analyze the interactions between the SMR and the emitting LR, the magnetic field distribution at the Larmor frequency is studied in simulation. Moreover, to assess the decoupling efficiency of the SMR, the scattering parameters are measured with and without SMR using a vector network analyzer. The reflection coefficients of both LRs are equivalent since the LRs are close to identical: S 11 ≈ S 22 . The experimental procedure is as follows. First, each LR is tuned and matched independently at f L in the presence of the phantom. We call "isolated LR" the configuration where the LR is alone in the shell with the phantom. In the second configuration, the two LRs are located 7.6 cm apart (Fig. 3a). Finally, in the last configuration, the SMR is positioned between the LRs, 1 mm from the lower edge of the SMR substrate above the copper plate (Fig. 1b).

To check the influence of the SMR on the |B 1 + | field map, the setup is placed in a Siemens Magnetom 7 T MRI scanner and a B 1 -field mapping sequence is launched for each of the 3 configurations. During the image acquisition with two LRs, while one LR transmitted, the other one was loaded with 50 Ohms. So only one LR was transmitting and receiving during the acquisitions of the flip angle (FA) maps. For each measurement, FA maps are acquired with a 2D magnetization-prepared turbo-FLASH sequence (XFL) [START_REF] Chung | Rapid B1 + mapping using a preconditioning RF pulse with TurboFLASH readout[END_REF][START_REF] Amadon | Slice profile corrections in the XFL (magnetization-prepared turbo-FLASH) B1-mapping sequence[END_REF], averaged over 10 acquisitions to increase SNR. The imaging parameters are: transversal acquisition; resolution: 4 mm isotropic; field of view: 160x160x160 mm 3 . The FAs obtained with and without SMR are compared to the isolated LR case on a voxel-byvoxel basis inside the spherical phantom, allowing calculation of the normalized root mean square errors and correlation factors. To evaluate the SMR structure influence on the reception chain noise figure, background noise was measured, calculating its standard deviation from a 1000-voxel cubic box located in the corner of the 3D reconstructed stack of the "reference" XFL images.

Results

S-parameters

Two LRs with and without SMR were simulated in the shell in the presence of the phantom. Fig. 4 shows the calculated reflection coefficient S 11 of the right LR, and the transmission coefficient S 21 between the two LRs. The measurement results are displayed in Fig. 5 and they agree with the simulated results. Every result is compared to the case of the isolated LR. The isolated LR is well adapted at f L (dashed pink line): |S 11 | = -34.7 dB in simulation and |S 11 |= -34.2 dB in measurement. Experimentally, when the LRs individually tuned at f L are positioned at 7.6 cm from each other, a strong coupling occurs (black line in Fig. 5). This coupling is characterized by a splitting of the resonance frequency of the LR with an increase of 29 dB of the reflection coefficient, and a high coupling between the LRs (|S 21 |= -5.2 dB). Using the matching circuits of the two LRs, it is possible to reduce this coupling by suppressing the splitting observed on the resonant mode and compensate the mismatch (dotted red line). Indeed, the coupled LR is well matched at f L since we obtain |S 11 |= -20.0 dB in simulation and |S 11 |= -15.6 dB in measurement. Nevertheless, the coupling between the LRs remains high since |S 21 | is higher than -10 dB at f L . With the presence of SMR between the two LRs (blue line), the matching of the LR is similar to the isolated LR case. Moreover, the transmission coefficient S 21 has been reduced by more than 10 dB with SMR in simulation and measurement: from -2.7 dB without SMR to -14.4 dB with SMR in simulation, and from -6.7 dB to -20 dB in measurement.

|B 1 + | field maps

The FA maps of the phantom's central axial slice are acquired with an input power of 200 W. Since the XFL FA-measurement is less and less precise as FA get close to 0° [START_REF] Fautz | New Angles on B1 Mapping[END_REF], a low threshold on the measured FA has been applied (minimum FA = 15°, which corresponds to a minimum |B 1 + | = 1.86 μT). Nevertheless, some artefacts are still present in areas with a low SNR due to eddy current in the copper plate where the two LRs are positioned. + | field maps and approaches the isolated LR case. The noise in each case is compared as well. Compared to the isolated case, the standard deviation of the noise is increased by 13.7 % when adding the second LR. The addition of the SMR reduces significantly this extra noise down to 1.5 %. We can conclude that the LR with SMR behaves almost like an isolated LR.

Conclusion

In this study, a new decoupling method for phased-array RF coils based on a metamaterial solution is investigated. Using the SMR structure between adjacent LRs has several benefits. The transmission coefficient between two LRs decreases from -6.7 dB to -20 dB. The RF field distribution becomes closer to that obtained in the case of an isolated LR. The second spot on the |B 1 + | field map due to the coupled LR is eliminated. Moreover, the extra noise induced by the coupling is reduced by an order of magnitude. Thus the LR behaves like an isolated LR thanks to the decoupling structure.

The absence of connection between the SMR structure and the transmit phased-array coil is a decisive advantage of this passive solution. This makes easier the integration of the structure. Moreover, this decoupling structure allows using variable capacitors with lower withstanding voltage on the LRs. This decoupling structure can also decouple the elements of the phased-array coil in receive mode. By decreasing the extra noise due to the coupling, this structure can increase the SNR. In conclusion, adding SMR structure in transmit-array coils enhances the performances in terms of decoupling, |B 1 + | efficiency and noise. Reducing the coupling between transmit elements will allow implementing RF coils with more elements thus improving the performance of array coils even more. The next step of our study is to implement a complete Tx-array coil with SMR structures in-between adjacent Tx-elements.

Fig. 1 .

 1 Fig. 1. (a) Experimental setup with the SMR. (b) Position of the SMR between the two LRs.

Fig. 2 .

 2 Fig. 2. (a) Pattern of one SMR layer. Drawing is not to scale; dimensions are in mm. Copper path (0.4 mm width, in orange) on substrate (white rectangle). (b) Left axis: RCS of the SMR structure when excited by a plane-wave (PW) with three different orientations. PW1: 𝑘 ⃗ =k𝑥 , 𝐸 ⃗ =E𝑧 , 𝐻 ⃗ ⃗ =H𝑦 . PW2: 𝑘 ⃗ =k𝑧 , 𝐸 ⃗ =E𝑥 , 𝐻 ⃗ ⃗ = -H𝑦 . PW3: 𝑘 ⃗ =-k𝑦 , 𝐸 ⃗ =E𝑧 , 𝐻 ⃗ ⃗ =-H𝑥 . The insert shows the magnetic field distribution on the SMR central layer at 290.4 MHz. Right axis, dotted purple line: directivity of the LR coupled with the SMR as a function of the frequency. (c) 3D directivity pattern of the LR with SMR at 6 different frequencies.

Fig. 3 .

 3 Fig. 3. (a) Simulation of two adjacent LRs on a ground plane (b) Components of the simulated magnetic field stemming from an isolated LR at the location of the second LR, at a height x= 12.3 mm from the ground plane (blue line on the insert).

Fig. 4 .

 4 Fig. 4. Simulated S-parameters: reflection coefficient S 11 of the right LR, and transmission coefficient S 21 between the two LRs. Dashed pink line: isolated LR; dotted red line: LRs adapted together without SMR; blue line: LRs with SMR.

Fig. 5 .

 5 Fig. 5. Measured S-parameters: reflection coefficient S 11 of the right LR, and transmission coefficient S 21 between the two LRs. Dashed pink line: isolated LR; black line: LRs adapted individually without SMR; dotted red line: LRs adapted together without SMR; blue line: LRs with SMR. These FA maps are displayed in term of |B 1 + | field in Fig. 6a-c. The simulated |B 1 + | field maps are shown in Fig. 6d-f for an input power of 200 W. The simulated and measured spatial distributions are in good agreement. To compare the field maps, the isolated LR case is taken as the reference. The |B 1 + | field map of this reference is shown in Fig. 6a with the maximum |B 1 + | field at the position facing the right LR. At the position facing the left LR, we note that the |B 1 + | are very low, inferior to 4.4 μT. The simulated and measured field maps with a single LR differ notably from those when the two LRs are present (Fig. 6b, 6e). Indeed, the LR coupling translates into two spots at the bottom of the phantom, as though there were two transmitters. Note that the coupling globally reduces the |B 1 + | values. Moreover, the |B 1 + | values at the position facing the left LR increase because of the coupling between the two LRs (white arrow in Fig. 6b, 6e). Yet the area where the B 1 + | values are superior to 10 μT is reduced by the coupling, leading to a reduced penetration depth into the phantom. The measured and simulated |B 1 + | field maps with SMR (Fig. 6c, 6f) are close to those of an isolated LR case. The SMR inserted between the two LRs removes the second spot on the left. Thus, less power is dissipated in the left LR when the right LR is transmitting. The designed SMR can decouple two LRs and allow them to transmit signal just as if they were isolated. The |B 1 + | field maps of the central axial slice show that |B 1 + | values are higher in average with SMR than without SMR.

Fig. 6 .

 6 Fig. 6. Field maps of the central axial slice of the right LR: isolated (a,d), without (b, e), and with (c, f) the SMR. Central axial slices of the measured |B 1 + | maps with an input power of 200 W (a-c) and CST simulated |B 1 + | field maps (d-f) with the same input power.

Fig. 7 .

 7 Fig. 7. Scatter plots on the whole phantom volume: measured |B 1 + | without (a) and with (b) SMR vs |B 1 + | of the isolated case; simulated |B 1 + | without (c) and with (d) SMR vs |B 1 + | of the isolated case. Normalized root mean square error NRMSE and correlation factors R indicated above figures.

Fig. 7

 7 Fig. 7 shows the comparison of the |B 1 + | obtained with and without SMR to those obtained in the isolated LR case, on a voxel-by-voxel basis inside the spherical phantom.

Fig. 7a shows

  Fig. 7a shows the results in measurement and Fig. 7b shows the results in simulation. The |B 1 + | smaller than 1.86 μT in measurement are excluded from the comparison. The measured |B 1 + | with SMR is closer to the red line x=y in measurement and simulation. Moreover, the normalized root mean square error decreases by more than 14% and the correlation factor is increased by 13% with SMR in measurement and simulation. This confirms the observations made on the central axial slice. The designed SMR structure enhances the |B 1+ | field maps and approaches the isolated LR case. The noise in each case is compared as well. Compared to the isolated case, the standard deviation of the noise is increased by 13.7 % when adding the second LR. The addition of the SMR reduces significantly this extra noise down to 1.5 %. We can conclude that the LR with SMR behaves almost like an isolated LR.
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