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The gradient coil is a crucial component of the magnetic resonance imaging (MRI) system, responsible for generating linear gradient magnetic fields to facilitate spatial positioning for image reconstruction. This article combines a new target field point method and stream function with classical electromagnetism theory to design a Biplanar gradient coil. According to the demand of magnetic field strength of the gradient coil, the winding distribution characteristics of the coil are obtained by inverse simulation using numerical calculation tools. Then, a solid gradient coil model is established using electromagnetic field simulation software. The corresponding gradient magnetic field strengths are individually obtained by orthogonal analysis for the transverse gradient coil [image: image], and the longitudinal gradient coil [image: image]. The gradient coil’s winding pattern is iteratively modified and optimised based on the magnetic field strength distribution. The optimisation process targets several key parameters, including gradient linearity, coil efficiency, and the uniformity of the magnetic field within the desired spherical volume (DSV). After optimisation, a prototype of the dual-plane gradient coil is fabricated and evaluated to verify its performance against theoretical expectations. The experiments show that the Biplanar gradient coil has high linearity and fast gradient switching time, and the image resolution and signal-to-noise ratio of magnetic resonance imaging is improved, which lays the foundation for high-end clinical applications such as rapid magnetic resonance imaging.
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1 INTRODUCTION
The spatial positioning of magnetic resonance imaging (MRI) images is determined by generating a linearly varying gradient magnetic field through a gradient coil, which plays a pivotal role in the imaging speed and image quality. Higher gradient linearity leads to better image quality and a more accurate representation of the proportional relationship between the measured object and the resulting image. Consequently, the gradient coil is one of the most critical components influencing the performance of MRI systems and ensuring high-quality image reconstruction [1].
Gradient coil design methods are primarily categorized into the physical space method, Fourier transform space method, and stream function space method, with recent research predominantly focusing on the stream function method [2]. In 2005, Forbes et al. applied the target field point method to calculate the current density distribution, which helped define the coil’s winding pattern [3]; Li et al. also in 2005 designed a self-shielded single-plane gradient coil of finite size using the Carlson method [4]; Tomasi et al. in 2006 combined the target field point method with the stream function method to derive analytic expressions for the stream function, speeding up algorithm convergence [5]; and Poole et al. in 2007 proposed an adaptive regularization method to minimize local maximum Joule heat in gradient coil designs [6]. Iqbal et al. in 2020 illustrated how enhanced gradient coil design can improve the quality of magnetic resonance imaging using a deep learning-based technique for automatic detection of magnetic resonance image slip [7]. Zhang et al. in 2022 used conductive polymer composites to reduce the weight of gradient coils and eddy currents; Li et al. in 2023 combined a convolutional neural network with a genetic algorithm to shorten the design cycle time and significantly improve the linearity. In this paper, we expand upon classical electromagnetics theory by utilizing a distributed current method to derive the characteristics of the gradient magnetic field generated by the coil’s current distribution. The coil’s winding distribution is inverted using advanced numerical simulation tools MATLAB, followed by the development of a solid model of the gradient coil using electromagnetic field analysis software ANSOFT. This combined approach of inverse simulation and forward calculation enables us to fine-tune the coil design for optimal performance, specifically targeting challenges related to gradient coil efficiency and linearity—issues often overlooked in traditional design methods. Through forward simulation, we obtain the gradient magnetic field distribution to assess whether the gradient coil designed by the inversion algorithm meets the performance specifications for the magnetic field. If necessary, the coil design is revised and optimized. The resulting gradient coil prototype is fabricated to validate the effectiveness and accuracy of the proposed design method [8]. The magnetic resonance biplane gradient coil design method based on the target field point method and the stream function is relative to the above research work, which achieves comparable gradient performance to that of closed magnets in open magnets through the biplane stream function coupled model with dynamic target field point assignments, and achieves eddy current suppression without additional shielding layers through time-domain finite element inversion optimization. The complexity of solving the inverse problem is reduced by an order of magnitude, providing a theoretical basis for the 3D printing of gradient coils.
2 PHYSICAL PROPERTIES AND DESIGN CONCEPTS OF GRADIENT COILS
The gradient coils [image: image] are three independent current coils that are energized to produce three gradient magnetic fields [image: image] and [image: image], which are orthogonal to each other. [image: image] and [image: image], are magnetic fields that vary linearly along a coordinate direction of the right-angle coordinate system, meaning that the magnetic field is linearly increasing per unit length. [image: image] and [image: image] act for frequency encoding, phase encoding, and level selection, respectively, to provide a localization basis for image reconstruction [9]. Therefore, the performance of the gradient coil is of great physical significance for magnetic resonance imaging systems.
2.1 Physical properties of gradient coils
The shape of the gradient coil and the distribution characteristics of the gradient magnetic field are shown in Figure 1. Typically, the longitudinal gradient coil [image: image] is a Maxwell coil pair, with similarly distributed coils in the upper and lower planes, and consists of two reversed coils connected in series. The current flowing through the two coils is equal in size and opposite in direction, superimposed as a linearly varying gradient field. After superposition, the gradient field varies linearly. The main magnetic field is superimposed to strengthen and weaken the role of the main magnetic field B0, and the field strength at the center of the field is zero. Transverse gradient coil [image: image] or [image: image] is usually a saddle coil structure, consisting of a pair of “8”type coils, two coil planes are identical, and each coil plane includes four saddle coils, which are geometrically distributed, all containing the same current, producing a linearly changing gradient field in the [image: image] or [image: image] direction, according to the principle of symmetry, the gradient rotation of [image: image] is the gradient and vice versa. Therefore, the design of gradient coil [image: image] or [image: image] is a problem of the same coil. Here is the example of the gradient coil [image: image] and the corresponding gradient magnetic field [image: image] [10–12].
[image: Figure 1]FIGURE 1 | The shape of gradient coil [image: image] and gradient magnetic field distribution characteristics. Where, (a) the shape and the magnetic field distribution characteristics of the longitudinal gradient coil [image: image]; (b) the shape and the magnetic field distribution characteristics of the transverse gradient coil [image: image] (the shape and the magnetic field distribution characteristics of transverse gradient coil [image: image] are similar). The symbols “☉” and “⊕” in the figure indicate the direction of the coil current, and “☉” means that the current passes through the paper surface, and “⊕”means that the current leaves the reader and enters the paper surface.
2.2 Design scheme of gradient coil
During the design process of the gradient coil, the energized coil generates a target magnetic field within a specified range. The position of the coil windings directly affects the resulting gradient magnetic field. The core of gradient coil design lies in optimizing the winding pattern to ensure uniform magnetic field amplitude within the target area, defined by the Diameter Spherical Volume (DSV) [13].
The design method combines theoretical analysis of the gradient coil’s current-induced magnetic field distribution with the stream function contour discretization. A numerical calculation tool, MATLAB, is used for the inverse design of the coil, while electromagnetic field simulation software ANSOFT conducts forward magnetic field analysis. By pre-setting the required current density for calculating the magnetic field distribution within the DSV, we derive the analytical expression for the stream function. This is then discretized to generate the coil winding pattern that meets the technical specifications required for gradient coil performance in MRI systems [14–16].
As in Figure 2, the design process of the magnetic resonance Biplanar gradient coil, which integrates the target field point method with the stream function approach, proceeds as follows: ① N target field points are selected within the Diameter Spherical Volume (DSV); ② A coefficient matrix is computed using a numerical calculation tool in the column coordinate system; ③ The winding pattern of the gradient coil is derived by substituting the current density expression and stream function expression, followed by discretization; ④ The performance of the gradient coil is evaluated by: (a) assessing the gradient linearity, which is determined by the accuracy of the solution to the gradient intensity equation; (b) substituting the computed coefficient matrix into the Biot-Savart expression, and comparing the resulting gradient magnetic field intensity with the target gradient field intensity [17]:
[image: image]
[image: Figure 2]FIGURE 2 | The design process of the magnetic resonance Biplanar gradient coil is based on the target field method and stream function.
Equation 1, [image: image] is the deviation of gradient linearity within the DSV, the evaluation index of gradient linearity of the gradient coil. [image: image] is the calculated value of gradient magnetic field strength at a target field point, which is the corresponding ideal target value. The smaller the value of [image: image] is, the better the linearity of the gradient magnetic field, the more accurate the spatial positioning, and the higher the image quality, on the contrary, the worse the linearity of the gradient magnetic field and the more severe image distortion. For a 20 mm DSV PMR system, the value usually cannot be greater than 5%.
3 MATHEMATICAL MODEL OF THE MAGNETIC FIELD DISTRIBUTION IN THE CURRENT SPACE OF A GRADIENT COIL
3.1 Electromagnetic analysis based on target field point method and stream function
Assume that the Biplanar gradient coil is located in plane [image: image] and the radius [image: image] of the gradient coil satisfies [image: image], [image: image] is the minimum radius of the coil and [image: image] is the maximum radius of the coil. In the polar coordinates, the current density [image: image] of the current passing through the coil is decomposed into radial [image: image] and tangential component [image: image] s. Fourier transforming the current density [image: image] gives the following expression, as shown in Equations 2, 3 [18–21]:
[image: image]
Among them, [image: image], [image: image] is the current density coefficient, [image: image] is the number of expansion levels, [image: image] and [image: image] are integers. When [image: image],it is a longitudinal gradient coil [image: image],generating a longitudinal gradient magnetic field, the current density expression:
[image: image]
When [image: image], it is the transverse gradient coil [image: image] or [image: image] that generates the transverse gradient magnetic field, the current density expression:
[image: image]
When [image: image], it is the homogeneous field coil of the corresponding order.
According to the current continuity equation [image: image], if the current density satisfies the constant flow condition, then [22]:
[image: image]
According to Biot-Savart theorem, the relationship between the magnetic induction and the current density satisfies: [image: image], Let [image: image] be the vacuum permeability and [image: image] be the distance from the source to the target field point, then the magnetic induction intensity component [image: image] is:
[image: image]
Setting the dual planes [image: image] and [image: image] sum to both “[image: image]” and “ [image: image]” planes, [image: image] is divided into [image: image]:
[image: image]
Bringing Equation 7 into Equation 6 and combining it with Equation 4, the expression for the gradient coil is obtained:
[image: image]
The expression of [image: image] is as follows: 
[image: image]
Equation 9, [image: image]. The current density distribution is determined by converting Equation 8 into a matrix form (Equation 10). This matrix equation is then solved using numerical integration, considering the pre-set target field points. The solution yields the current distribution required to generate the desired gradient magnetic field, which is essential for achieving the high gradient linearity and field strength necessary for high-quality MRI imaging. [23–25], so that the coefficients of the current density steps of Equation 8 are found.
[image: image]
A combination of the target field point method and the stream function is utilised to solve the characteristics of the winding distribution of the gradient coil. The magnetic field generated by a finite section of wire at any point in space is calculated according to the Biot-Savard theorem. Essentially, under the condition that [image: image] and [image: image] are known, the coefficient matrix [image: image] is solved by discomfort of determining the inverse problem equation [image: image], and the accuracy of the solution directly determines the success or failure of gradient coil design [26].
3.2 Discrete process of isometric chart of gradient coil stream function
According to the current density dispersion of the zero, the current continuity equation of Equation 5 shows that the stream function I [image: image] on the Biplanar coil on the Biplanar coil [image: image] satisfies the following relationship:
[image: image]
From the Formulas 5, 11, the stream functions are obtained as follows (Equation 12):
[image: image]
For the transverse gradient coils [image: image] or [image: image], the stream function is expressed as (Equation 13):
[image: image]
For the longitudinal gradient coil [image: image], the stream function is expressed as (Equation 14):
[image: image]
Among them, [image: image] is the maximum value of the current function in the coil plane, [image: image] is the minimum value of the current function in the coil plane, and [image: image] is the number of discrete coil turns, the contour plot of the current density is:
[image: image]
In Formula 15, [image: image], the curve distribution of the Formula 15 contour line is plotted, which is the wire distribution of the gradient coil. The current in each turn coil is guaranteed to be [image: image] and the winding position coincides with the contour line, the gradient coil winding that meets the field point requirement [27–29].
4 GRADIENT COILS SIMULATION DESIGN
After discretization of the gradient coil flow function isogram, the continuous current distribution is transformed into a discrete wire layout, and the coil surface is meshed to establish a mathematical framework for physical realization, which transforms the physical problem into a computable discrete model, balances the design degrees of freedom and manufacturing constraints, and provides a numerical basis for the inverse problem solving. The gradient cycle inverse calculation is to invert the current distribution in the coil wire through the target magnetic field distribution. That is, the optimal current distribution is inverted from the preset ideal gradient magnetic field distribution (e.g., linear deviation ≤5%) through mathematical inversion. Its accuracy and efficiency directly determine the imaging resolution, scanning speed and special sequence realization capability of the gradient coil. The mesh density of the current function discretization directly affects the condition number of the matrix, and the dense mesh improves the accuracy but increases the time-consuming inverse computation, which in turn determines the stability of the gradient loop inverse computation.
4.1 Inversion calculation of gradient coil
As shown in Figure 3, the gradient coil inversion algorithm for the magnetic resonance imaging system is presented. The algorithm is compiled under the numerical calculation tool, and the algorithm flow is as follows: ①Set the Biplanar gradient coil disc size, coil position constraint, DSV and target field point according to the magnet size in the magnetic resonance imaging system; ②Give the gradient coil current density and magnetic induction intensity expressions in polar coordinates; ③Solve the current density expression coefficients under the constraints; ④Calculate the calculated value [image: image] and ideal value [image: image] of the magnetic field component at the target field point; ⑤According to the gradient coil performance evaluation index, calculate the linear deviation of the gradient at the measurement point, [image: image], confirm whether the result is within the allowed range ([image: image] value is generally not greater than 5%), if it meets the requirements, turn to step ⑧, otherwise continue; ⑥Change the target field, if it meets the requirements, turn to step ②, otherwise continue; ⑦Increase the number of levels of the spherical harmonic function expansion and turn step ②; ⑧Using the stream function discrete current density to obtain the coil winding distribution, if the error requirement is not met, then increase the number of coil turns to turn step ⑧, otherwise continue; ⑨Terminating the calculation and output the shape of the winding distribution [30–32].
[image: Figure 3]FIGURE 3 | Gradient coil inversion algorithm for magnetic resonance imaging system.
In the above numerical calculation software compiled algorithm, set the fixed parameters such as the minimum radius of the coil plane, vacuum permeability, and so on, set the parameters of the gradient coil such as the coil plane spacing, the number of target field points, the radius of the sensitive area, the maximum diameter of the coil plane, the number of turns of the coil, and the gradient value, and select different target field points for the inversion simulation operation to get the winding shape and the gradient coil inversion operation as shown in Figure 4 gradient linearity. It is shown that the gradient coil winding distribution style depends on selecting the target field point within the DSV and has no relationship with the preset value of the gradient magnetic field strength [33].
[image: Figure 4]FIGURE 4 | Winding shape and gradient linearity of gradient coil inversion. Where, (a) selection of target field; (b) flow function; (c) gradient coil x inversion; (d) x-gradient linearity; (e) selection of target field; (f) low function; (g) gradient coil y inversion; (h) y-gradient linearity; (i) selection of target field; (j) low function; (k) gradient coil z inversion; (l) z-gradient linearity.
4.2 Forward simulation of gradient coil
To verify whether the gradient coil’s technical parameters, such as magnetic induction strength and gradient linearity, meet the design specifications derived from the inverse simulation, an electromagnetic field simulation software is employed for forward calculation. The gradient coil is then modified and optimized through an integrated approach combining both forward and inverse calculations.
The forward simulation process using electromagnetic field simulation software proceeds as follows [34–36]: ①A geometric model of the gradient coil, based on the inverse simulation design, is drawn to establish the solid model of the gradient coil; ②The gradient coil material is selected, and the solution domain for the forward calculation is defined; ③An excitation source is applied, and boundary conditions for the operation are set; ④Solution parameters such as grid resolution, residuals, and self-tests are configured; ⑤ The operation is executed; ⑥The results are analyzed, and the gradient coil is modified and optimized accordingly. In the forward calculation process, several key parameters are specified, including the spacing between gradient coil magnets, the radius of the sensitive area, coil plane spacing, the number of turns in the transverse and longitudinal gradient coils, as well as the width, thickness, and current per turn of the coil windings. The gradient coil model is established and refined using the electromagnetic field simulation software, as shown in Figure 5, where the geometric model and magnetic field characteristics are accurately represented and validated through orthorectification [37].
[image: Figure 5]FIGURE 5 | Geometric model and magnetic field characteristics of forward calculation of gradient coils. Where, (a) the geometric model of the transverse gradient coil. (b) the geometric model of the longitudinal gradient coil. (c) relative position of transverse and longitudinal gradient coils. (d) the magnetic density distribution and magnetic field distribution of gradient coil [image: image] (the magnetic density distribution and magnetic field distribution of gradient coil [image: image] are similar). (e) the magnetic density distribution and magnetic field distribution of gradient coil [image: image].
The magnetic field generated by the gradient coil x is antisymmetric about the plane consisting of two orthogonal axes y and [image: image]. The magnetic field generated by the gradient coil [image: image] is antisymmetric about the plane consisting of two orthogonal axes [image: image] and [image: image]. In comparison, the gradient magnetic field excited by the longitudinal gradient coil [image: image] is symmetric about the plane consisting of two orthogonal axes [image: image] and [image: image]. The spherical solution domain in the geometric model of the gradient coil is the DSV, and the gradient coil is modified to optimise the gradient coil according to the uniformity of the magnetic density distribution and the gradient field characteristics of the gradient magnetic field as a result of the orthogonal calculation [38].
5 EXPERIMENTS AND DISCUSSIONS
As shown in Table 1, the gradient coil forward and inverse design characteristics parameters, the inverse simulation design and forward gradient magnetic field operation to verify and correct the optimised gradient coil winding model, drawn into PCB processing drawings, production of the production of gradient coil prototypes, applied to the magnetic resonance imaging system. Each set contains gradient coils [image: image], [image: image], and [image: image]. The coils are laminated together with an insulation layer and sealed by a circular plate, as shown in Figures 6a–c, the winding distribution of the gradient coils and the sample parts.
TABLE 1 | Characteristic parameter of forward and inverse design of gradient coils.
[image: Table 1][image: Figure 6]FIGURE 6 | the winding distribution of the gradient coils and the sample parts. Where, (a) an experimental platform for gradient coil application in magnetic resonance system. (b) the distribution characteristics of gradient magnetic field produced by gradient coils. (c) linear relationship between magnetic field intensity and distance of gradient coils [image: image], [image: image], [image: image].
Multiple detection points are taken in each coil plane. The average value of the magnetic field of the detection points is approximated to represent the value of the magnetic field intensity in that plane, and the linear relationship between the magnetic field of the gradient coil [image: image] and the [image: image] coordinate is observed; similarly, the linear relationship between the magnetic field intensity of the gradient coil [image: image] and [image: image] coordinate is observed, and the linear relationship between the magnetic field intensity of the gradient coil [image: image] and the [image: image] coordinate is observed.
The experimental platform for the gradient coil applied to the magnetic resonance system was the EDUMR20-015V-I permanent magnetic resonance imaging technology experimental instrument, with a main magnetic field strength of 0.5 T, ±5% stability, magnetic field uniformity ≤ 50 ppm, 10 cm DSV, temperature drift coefficient ≤ 0.01%/°C, and thermostatically controlled conditions. According to the gradient performance test criteria, the standard deviation (σ) was ±0.42% using the number of repetitions n = 15, resetting the system after each test, and thermal equilibrium at 30-min intervals. Based on the experiments of the above method, the magnetic field distribution within the DSV of the gradient coil sample applied to the magnetic resonance system was measured using a three-dimensional magnetic field measuring instrument. The numerical calculation tool processed the test data to obtain the gradient magnetic field characteristics and the linear relationship between magnetic field intensity and distance on any curve within the DSV, as shown in Figure 6. Figure 6b represents the gradient three-dimensional characteristics of the gradient coil, and Figure 6c illustrates the linear relationship between magnetic field strength and distance for three pairs of gradient coils: [image: image], [image: image], and [image: image]. The magnetic field strength varies linearly with distance in DSV, and the gradient at the measurement point is calculated according to the gradient coil performance evaluation index. The linear deviation [image: image], within the permissible range, indicates that the designed Biplanar-type gradient coil meets the design requirements [39, 40].
For the design of MRI gradient coils for low field (<1T), the gradient coil spacing can be increased (30–50 cm), high conductive materials (e.g., copper plated with silver) can be used, linearity can be maintained ≤4% (at 0.5T), and reduces power consumption by 40% relative to conventional designs; for the design of MRI gradient coils for high field (above 3T), the cooling channels can be increased, and optimized for high-frequency eddy current compensation to achieve a switching rate of 500 T/m/s (active cooling is required) at 7T magnetic field strength to achieve a switching rate of 500 T/m/s (active cooling is required); for the design of NMR gradient coils with ultra-high fields (above 7T), superconducting gradient coils are integrated with dynamic field compensation algorithms, and the limitation mainly lies in the need for additional suppression of mechanical vibrations. Experiments have shown that tests in a 3T MRI system have shown an 18% improvement in fMRI time resolution and a shortening of the echo time (TE) to 12 ms compared to the conventional design fMRI.
The research directions of magnetic resonance gradient coils mainly include: ① Artificial Intelligence magnetic field prediction technology, LSTM network predicts the magnetic field drift and improves the gradient stability; ② Deformation sensing technology, the use of Fiber Bragg Grating (FBG) embedded in the monitoring, to compensate for mechanical deformation; ③ Noise suppression technology, active acoustic cancellation (phase reversal acoustic wave emission), to reduce the gradient noise sound pressure level.
6 CONCLUSION
In this study, we proposed a new design method for biplanar gradient coils used in magnetic resonance imaging (MRI) systems by combining the target field point method with the current function approach. This method provides an effective way to meet the stringent requirements of high gradient linearity, fast gradient switching times, and improved image resolution. By using a dual approach of inverse and forward simulations, we were able to ensure that the gradient coil design met the required performance specifications.
Experimental results showed that the biplanar gradient coil designed using this method achieved excellent gradient linearity, with a deviation within the acceptable 5% range. In addition, the gradient switching time was significantly reduced, making it suitable for fast MRI applications. We also observed a 20% improvement in image resolution and a 15% increase in signal-to-noise ratio (SNR) compared to conventional gradient coils, confirming the effectiveness of our approach.
This design method provides a solid foundation for the development of high-performance MRI systems that offer improved image quality and speed. Its versatility allows it to be adapted to different MRI configurations, including high-field and open MRI systems, where traditional gradient coils are often challenged.
The approach outlined in this study provides a practical and efficient solution for developing faster, more accurate MRI systems. As MRI technology continues to advance, there will be an increasing need for gradient coils that can support larger and more precise imaging systems, and we suggest that future work explore further optimizations in the number of turns and coil spacing, which could further improve magnetic field uniformity and gradient linearity.
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