Design of a 7 T Spiral Resonator-Based Filter for MRI Planar Array Coupling Reduction
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Abstract—The design of a filter for the decoupling of a 7 T RF MRI planar array by using miniaturized spiral resonators is presented. First, we introduce the filter design guidelines and, then, we perform full-wave simulations on an arrangement of three adjacent MRI RF rectangular loops. The numerical results demonstrate that the proposed solution achieves excellent decoupling levels both between strictly adjacent and next-neighbors coils couples (better than -20 dB), while avoiding the use of additional lossy decoupling lumped elements connected into the coil array, hence accomplishing a mechanically robust and versatile design. 
Keywords—Magnetic Resonance Imaging; Radio Frequency planar array; decoupling; spiral resonators; distributed filter.
I. Introduction

Mutual coupling between closely packed Magnetic Resonance Imaging (MRI) radiofrequency (RF) coils is one of the most challenging aspect of parallel acquisition methods [1]. Signal-to-Noise Ratio (SNR) of an MRI image increases with the applied static magnetic field strength, and this in turn requires RF exciting and receiving coils operating at higher Larmor frequency. Unfortunately, this implies that the RF magnetic field homogeneity is worsening for shorter  wavelengths. Hence a lot of efforts have been directed to mitigate the RF homogeneity problem, and MRI parallel imaging technique emerged as one of the most suited solutions [2]. As a matter of fact, the independent adjustment of the amplitude/phase of the excitation pulses of each RF loop increases the RF homogeneity and improves image quality.
In a typical planar array arrangement, packing the elements closely is convenient to optimize the available space inside the scanner and efficiently cover the desired Field of View (FOV) with a uniform RF field profile. In this setup, the mutual coupling between array elements becomes quite strong and it represents a  detrimental condition for image quality since undesired induced voltage at the RF coils ports will spoil the signal. To reduce mutual RF coil coupling several solutions have been explored. The geometrical RF coil overlapping technique was the first to be used and, probably, is still the most straightforward method to achieve a good first-neighbor decoupling in a planar array [1]. It was demonstrated that a partial overlap between adjacent coils produces a magnetic flux counteracting mutual coupling. This modality can be implemented without any additional (lossy) element, but the drawback is a reduced FOV. More recent and sophisticated solutions are: (i) the Induced Current Elimination (ICE) technique, based on an eigenvector/eigenvalue approach [3]; (ii) the Magnetic Wall decoupling method [4]; and (iii) the inclusion of reactive and resonant elements [5].
In this paper, we propose a filter based on miniaturized Spiral Resonators (SRs) disposed in between the RF coil array elements. In previous work [5] the SRs effectiveness in decoupling dual-tuned 1H\23Na concentric square loops was demonstrated; herein the technique is extended and validated for a planar 1H MRI array composed by three coil rectangular elements. SRs are self-resonant magnetic inclusions that can be conveniently printed on the same dielectric substrate of the RF MRI coils, thus resulting in a mechanically robust and neat design. In addition, their use allows to avoid lossy lumped decoupling elements that can add the danger of local electric field hot-spots. We present in Section II the general guidelines followed for designing the SRs-based filter, while Section III is devoted to validating the method by performing numerical simulation on a test-case. Finally, we discuss the significance of this novel decoupling method in the context of ultra-high-field MRI.  
II. Filter Design Guidelines
The design is based on the numerical evaluation of the mutual coupling between two adjacent RF MRI coils of the array. The process can be accomplished through a magneto-static hypothesis, using Biot-Savart to compute the magnetic flux produced by a RF coil through the surface of the other one [6]. The same approach can be followed to estimate the mutual coupling 
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Fig. 1. Circuital representation of two RF MRI coils (elements 1 and 2), decoupled by means of two passive SRs elements (3 and 4). The quantification of mutual coupling between the constitutive elements allows to derive the necessary SRs’ decoupling conditions. 
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Fig. 2. 3D CAD model developed with CST Microwave Studio, representing the MRI array unit-cell.
between each MRI RF coil element and the SR filter. Since the self-impedances of the various elements in the systems can be accurately extracted [6] (RF coils and SRs), the whole RF coil system can be described in terms of the impedance matrix. By solving the equivalent circuit depicted in Fig. 1, we calculate the Z21 parameter between two actively fed RF coils in the presence of the SR-based filter, with the aim to evaluate the optimal geometry and number of SRs required to minimize RF coupling. In this way, an initial analytical filter design is obtained and few targeted full-wave simulations can be performed to refine the design.
III. Numerical Simulation
Following the aforementioned analytical guidelines, we designed a test case using CST Studio Suite ® (Fig. 2). It consisted in three planar rectangular (13 cm × 6.5 cm) RF loops, layered on a 0.8 mm thick dielectric substrate (Arlon, εr=3.45, tanδ=0.0035). The copper strip width is 3.2 mm, and each coil is separated by 2.5 cm. Within the coils gap, we placed 3 SRs couples; each couple is considered as a single filter unit-cell. The three couples of SRs are sufficiently far away from each other; thus we assume a negligible coupling between them. The single SR measures 13.7 mm × 6.7 mm and consists of a rectangular 6-turn spiral with a strip width equal to 0.127 mm. The resonant frequency (301 MHz) and the lumped parameters (R=10 Ω; L=745 nH; C=0.375 pF) of the SRs have been evaluated as described in [6]. Then, we performed full-wave simulations to evaluate coupling between first neighbors and next-nearest MRI RF coils. These two cases represent the basic structure of a linear MRI array, since the coupling between further MRI coils is negligible. 
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Fig. 3. Decoupling results obtained through numerical CST simulations in the presence of the SRs: both adjacent (elements 1-2 and 2-3) and next-nearest coils couples (1-3) present excellent decoupling levels (better then ​-20 dB).
The calculated S-parameters of the RF coil array are reported in Fig. 3; it can be seen that the decoupling levels are quite satisfactory for both the cases (better than -20 dB). It must be highlighted that these result were obtained for the RF coil tuned around 292 MHz, a value slightly below the desired 7 T Larmor frequency (298 MHz), showing the need to further finely tune the SRs filter.

IV. Conclusion
The performance of a filter for decoupling a 7T MRI planar loops array, based on miniaturized self-resonant spiral resonators, has been presented. We have shown through numerical simulations that the careful design and placement of SRs can achieve excellent decoupling (better than -20 dB) between both adjacent and next-neighbors coil pairs. The advantage of the proposed technique relies on the use of a two step-approach, a fast analytical lumped parameters analysis followed by a full-wave simulations to achieve fine tuning and optimization of the spiral resonators filter performance. Moreover, this design avoids the use of lossy lumped elements to decouple the MRI coils, accomplishing a mechanically robust and versatile design. Further developments will be devoted to fine tune the filter at the desired working frequency and to extend the analytical model to the presence of residual interactions between the elements composing the filter.  
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