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Synopsis

Motivation: Despite the crucial importance of radio-frequency coils, the practical coil design process has remained a
largely empirical one.

Goal(s): To introduce a fully automatic procedure to optimize coil design using the ultimate intrinsic signal-to-noise ratio
(UISNR) as the reference.

Approach: We developed an intuitive user interface to parameterize and mesh coils, and implemented automatic tune-
match-decoupling. We used MARIE to calculate coil SNR and the UISNR inside a head model. We optimized the size and
position of loop coils with the goal of maximizing SNR/UISNR at target locations.

Results: The optimization converged to coil configurations resembling the ideal current patterns.

Impact: Optimizing the design of receive coil arrays can improve image quality and parallel imaging performance. This
work demonstrates the first fully automatic approach to design receive coils that can approach the ultimate intrinsic signal-
to-noise ratio.

Introduction

The radiative characteristics of a radio-frequency (RF) receive coil dictate the signal-to-noise ratio (SNR) in the received
signal and hence in magnetic resonance (MR) images. Additionally, arrays of multiple receive coils enable parallel imaging,
a process whereby scan time is reduced by exploiting the spatial locality of individual coils to reconstruct MR images from
undersampled k-space acquisitions1,2. RF coils are usually designed by hand and are occasionally simulated using
commercial tools before building a prototype. This manual design process leaves room for potential performance gains that
could be achieved by optimizing programmatically over geometric parameters.
While the main obstacle to optimization is the large parameter space, other challenges have limited the exploration of this
approach. The lack of an absolute benchmark means that coil performance is assessed relative only to existing geometries.
Simulation times of days to weeks for dense arrays3 render programmatic design prohibitively time-consuming. Another
limitation is the need to remesh the geometry and to tune, match, and decouple the coils reliably while optimizing.
Despite these hurdles, techniques to facilitate programmatic coil design have been developed, not only for receive coils but
also for transmit and gradient coils4,5. In this work, we propose a novel approach for designing receive coil arrays
programmatically, with open-source simulation and meshing tools, tuning & decoupling algorithms, and the ultimate
intrinsic signal-to-noise ratio (UISNR)6 as a benchmark for performance.

Methods

We calculated the electromagnetic fields produced by RF coils inside a numerical body model using MARIE7 with our own
modifications, such as compressed VIE operators8,9 and improved SIE assembly10. We adapted the Magnetic Resonance
Green's Function (MRGF)11 approach to highly accelerate coil simulations. We parameterized loop coils using control
points, interpolating using b-splines. We developed a graphical user interface (GUI) to design and mesh coils on a two-
dimensional  plane (Fig.1). The GUI enabled us to automatically map coils onto a 3D substrate surface surrounding
the head using the Scalable Locally Injective Maps algorithm12. We attached ideal current sources at each port and parallel
capacitors at the non-port terminals to tune and decouple the coils by minimizing the reactance at each port to force each
loop to resonate. We first optimized capacitors using the Particle Swarm algorithm and then Newton's method to refine the
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solution. We calculated the UISNR with MARIE using a numerical basis over a closed surface encompassing the coil
substrate13,14. We maximized the ratio of the  norms of SNR and UISNR in a region-of-interest (RoI). We estimated
parameter derivatives using finite-differences and alternated coordinate descent and gradient descent when optimizing the
geometry.
To test our coil design optimization approach, we performed numerical experiments in which we sought to maximize the
SNR in a single-voxel RoI in the posterior region of the brain or in a two-voxel RoI with an additional voxel in the anterior
region. We increased the number of loops and qualitatively compared our solutions with the ideal current patterns
(ICP)14,15 associated with the UISNR (Fig.2).

Results and Discussion

In the first experiment, we optimized over the radius and position of one loop. The evolution of the geometry and the SNR
to UISNR ratios are shown in Fig.3. The loop minimized its distance from the RoI, achieving 46.7% of the UISNR. In the
second experiment, we optimized over parameters of three loops for the same RoI (Fig.4). The three loops migrated toward
the back of the head, achieving 83.2% absolute performance at the RoI and with the current distribution closely resembling
the combined loop and figure eight configuration seen in the ICP (Fig.2). In the third experiment, we added an anterior
voxel to the RoI and optimized over the parameters of four loops. Interestingly, three loops closely resembled the optimal
three-loop configuration, while the fourth loop migrated toward the front (Fig.5), achieving 84.2% and 59.1% absolute
performance in the back and front, respectively.

Conclusion

Maximizing the SNR of receive coil arrays improves MR image quality and enables larger acceleration factors. We
presented the first fully automatic pipeline to optimize coil design using UISNR as the performance benchmark. We
overcame the challenges associated with programmatic coil design by extending the capabilities of MARIE, implementing a
tailored meshing strategy, and automatizing tuning and decoupling using optimization. We demonstrated the effectiveness
of our approach with numerical experiments using an increasing number of loops. Each trial resulted in a higher SNR than
the previous trial, approaching the limit set by UISNR. Future work includes optimizing dense receive arrays, optimizing
transmit arrays, and using adjoint methods to accelerate the optimization and enable searching over a wider parameter
space.
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Figures

Figure 1. Graphical user interface for coil design and visualization. Coil geometries can be defined in the 2D  domain
(left) and conveniently project onto the desired coil support surface (right) via the SLIM algorithm.
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Figure 2. Realistic coil former surrounding the head model (left). All studied coils were mapped onto the same coil former.
The former also served as a current-bearing surface for the estimation of the ideal current patterns. Temporal snapshots of
the ideal current patterns yielding optimal signal-to-noise ratio at the voxel in the back of the head for two time-points are
shown in the middle ( ) and right ( ).

Figure 3. Evolution of single loop coil geometry during the optimization (top) and associated SNR to UISNR ratio map over
an axial slice containing the target voxel in the back of the head (bottom). Left-to-right: Iterations 1, 25, 50, and 100 (final)
of grid search over radius,  coordinate, and  coordinate. The SNR to UISNR ratio at the voxel of interest increased
steadily from 43% to 47% over 100 iterations.
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Figure 4. Evolution of three-loop coil array geometry (top) and associated SNR to UISNR ratio maps over an axial slice
containing the target voxel (bottom). Left-to-right: Iterations 1, 3, and 7 of initial coordinate descent, and Iteration 53 (final)
of gradient descent. The absolute performance at the target voxel increased steadily from 34% to 77% during coordinate
descent and gained an additional 6% during gradient descent, settling on 83% after the final iteration.

Figure 5. Evolution of four-loop coil array geometry (top) and associated SNR to UISNR ratio maps over an axial slice
containing two target voxels, at the front and back of the head (bottom). Left-to-right: Iterations 1, 3, and 6 of initial
coordinate descent, and Iteration 68 (final) of gradient descent. The absolute performance at the anterior voxel increased
steadily from 64% to 77% during coordinate descent and gained an additional 7% during gradient descent, settling on 84%
after the final iteration.
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