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This study found that the inter-coil spacing (H) of a coreless transformer, the operating frequency (f0), 
the load (RL) on the transformer’s secondary circuit, and the actual operating frequency (f) all affect the 
transmission efficiency (η) of the transformer. To address this, a random forest regression model was 
used to predict the transmission efficiency (η) as a function of the parameters (f0, H, RL, f). A genetic 
algorithm was employed to optimize the parameters (f0, H, RL, f) in order to maximize η. Based on 
the optimization results, efficient transformer and circuit designs were developed. After simulation 
verification, a prototype circuit was fabricated and tested. The results showed that the transmission 
efficiency of the planar coreless transformer, optimized using the genetic algorithm, reached 71.7%, 
a 54.8% improvement over the unoptimized circuit and a 17.7% increase compared to the directly 
designed transformer circuit without optimization. This demonstrates the effectiveness of the 
proposed optimization approach.
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 In high-density circuit design applications, such as those in the aerospace sector, there are stringent requirements 
on circuit miniaturization and performance. Employing low-profile magnetic components arranged in planar or 
pancake-type configurations can significantly reduce the overall device size1, thereby facilitating system weight 
reduction. In the field of magnetically or near-field coupled Wireless Power Transmission (WPT), extensive 
research has been conducted on planar coil design2–4. Our previous research investigated the influence of coil 
design parameters, including trace width, spacing, and the number of turns (N), on key performance metrics 
such as self-inductance (L), quality factor (Q), coupling coefficient (k), and power transfer efficiency5. Building 
on these findings and further analysis based on wireless power transfer theory, it becomes evident that the 
maximum transmission efficiency of the transformer circuit may not reach its theoretical limit if the design 
process fails to comprehensively account for the effects of coil coupling strength, impedance matching, and coil 
losses. Relying solely on a single-stage impedance matching approach may hinder the circuit from achieving 
optimal transmission efficiency, thereby falling short of the maximum efficiency attainable with the designed 
transformer configuration. Consequently, such circuits exhibit low power transfer efficiency, particularly in gate 
driver applications. After rectification and filtering, the signal received by the transformer secondary is typically 
fed into a push–pull circuit. The resulting low transmission efficiency reduces the secondary circuit’s load-
driving capability, which may lead to functional instability or circuit failure. Therefore, this paper proposes an 
algorithmic optimization framework that jointly optimizes four key parameters—f0, H, RL, and f—to accelerate 
circuit design toward achieving the maximum transmission efficiency attainable with the designed transformer 
configuration. The proposed approach streamlines the design process by reducing complexity while maintaining 
high transmission efficiency.

In this paper, a coil model is established in Ansys Maxwell, considering the coil area constraints in practical 
circuit applications, with design parameters including line width, line spacing, line thickness, and the number 
of turns. The coil model is co-simulated with the external circuit in Ansys Simplorer. The simulation results 
indicate that the energy transmission efficiency varies with different combinations of parameters (f0, H, RL, f). 
Therefore, under a specific set of coil design parameters, an initial population is generated by defining different 
combinations of these four parameters. The corresponding transmission efficiency data are obtained through co-
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simulation. Based on genetic algorithm (GA) principles, the fitness of each parameter combination is evaluated 
in MATLAB. The optimal combination is then determined via selection, crossover, and mutation operations, 
corresponding to the highest achievable transmission efficiency. Thus, the data analysis and optimization process 
is accomplished. The optimization results enable more efficient design of circuits with higher transmission 
efficiency. This approach has been validated through simulation, and both the prototype circuit design process 
and experimental results further verify the feasibility of the proposed method. For ease of reference, a glossary 
of symbols is provided at the end of this paper.

Coupling analysis of planar coreless coil
The coupling coefficient k between the planar primary and secondary coils can be expressed in terms of the 
mutual magnetic flux Φ linking the coils.

	
k = Φ21

Φ1
= Φ12

Φ2
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Φ =

ˆ
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In the equation, B denotes the magnetic flux density, and A represents the infinitesimal area element of the coil. 
Φ21 and Φ12 denote the magnetic flux in coil 2 induced by the current I1 in coil 1, and the flux in coil 1 induced by 
the current I₂ in coil 2, respectively. Φ1 and Φ2 represent the total magnetic flux linking coils 1 and 2, respectively. 
According to Faraday’s law of electromagnetic induction and the definitions of self-inductance L and mutual 
inductance M, the following relations can be derived:
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The expression for the coupling coefficient k in terms of self-inductance L and mutual inductance M is derived 
as follows:

	
k = M√

L1L2
� (4)

Furthermore, in terms of the coil’s physical parameters, the self-inductance L of the planar coil is equivalent to 
the sum of the self-inductance Li of each individual turn and the mutual inductance Mij between any two turns. 
T﻿his can be mathematically expressed as:
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Here, µ0 is the permeability of free space (≈ 4π × 10− 7 H/m), ri and rj are the radii of the i-th and j-th coil turns, 
d is the wire diameter, and Dij denotes the distance between the i-th and j-th turns. Theoretically, from Eqs. (5) 
and (6), it follows that the self-inductance of the coil is governed by the coil design parameters, and once the 
coil is constructed, its self-inductance becomes fixed. However, in practical high- and medium-frequency 
operating environments, the skin and proximity effects of the coil conductor become significant. In such cases, 
the increased parasitic capacitance of the coil counteracts the inductive reactance, resulting in a change in the 
coil’s self-inductance. Figure 1 shows the variation in the primary coil’s self-inductance LT and the coupling 
coefficient k as the operating frequency increases, obtained from the eddy current field simulation in Maxwell 
using the parameters in Table 1.

As the operating frequency increases, both self-inductance LT and the coupling coefficient k of the coil decline. 
This highlights the limitations of using only parameters such as line width W, line spacing S, and number of 
turns N to determine self-inductance. In the simulation, when coil spacing H is fixed, varying H while keeping 
W, S, and N constant leads to significant changes in k, as shown in Fig. 2.

When the coil’s W, S, N and wire thickness LZ are held constant, a smaller H increases the mutual inductance 
M, which in turn affects the self-inductance L. This results in tighter magnetic flux coupling and an increase in k. 
Although this is a complex process involving interacting variables, it can be simplified as a variation in coupling 
transmission efficiency due to changes in H, thus enabling H to directly characterize the coupling efficiency.
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Planar coreless coil matching transmission and loss analysis
Wireless power transfer systems employ techniques like electromagnetic induction and magnetic resonance 
coupling for wireless power transmission6. Magnetic resonance coupling, in particular, leverages the resonance 
between the transmitter and receiver coils, ensuring minimal energy loss and high transfer efficiency. This study 
primarily investigates magnetic resonance coupling for wireless power transmission. In the practical circuit, 
the primary coil (TX) of the coreless transformer is connected to a cross-coupled resonant circuit, allowing it to 
resonate and transfer the resonant signal to the secondary circuit through coupling with the secondary coil (RX). 
In the simulation, the resonant circuit is modeled as a signal source, with the compensation capacitor C_in in 
series with the transmitter (Tx) for frequency matching with the input signal. This simulates the process of the 
transmitter resonating and transmitting the signal. The secondary circuit is modeled as a series combination of 
the load RL and compensation capacitor C_out, representing the resonant signal reception by the secondary coil. 
To account for resistive losses in the coil wiring, the coil model simulated with Maxwell using the eddy current 
field and the corresponding simulation data are used. The model is subsequently imported into Simplorer, where 
it is integrated with the circuit, as shown in Fig. 3.

Fig. 2.  Variation of the coupling coefficient k with different values of H in the frequency domain.

 

Parameter N1:N2 W (mm) S (mm) H (mm) LZ (mm)

Values 6:11 0.1 0.1 0.1088 0.0152

Table 1.  Coil design parameter table.

 

Fig. 1.  The coupling coefficient k and self-inductance LT as a function of frequency.

 

Scientific Reports |        (2025) 15:43801 3| https://doi.org/10.1038/s41598-025-27671-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Here, both C_in and C_out serve the purpose of frequency matching to achieve resonant power transfer and 
maximize the power transmission efficiency. The capacitance C of both components is determined by the signal 
source frequency f0 and the self-inductance L of the coil at that frequency:

	
f0 = 1

2π
√

LC
� (8)

After conducting an eddy current simulation in Maxwell, the coil’s magnetic field distribution at various 
operating frequencies can be analyzed. Figure 4 shows the magnetic field distribution and the corresponding 
contour plot of the coil at a frequency of 24 MHz.

Simplorer offers two types of simulations: Transient Analysis (TA) and AC Analysis. After performing 
the transient analysis, the current or voltage waveforms at the secondary output can be directly observed by 
representing C_out and RL as a combined “load,” as shown in Fig. 5. As shown in the figure, the output voltage 
slightly lags behind the output current, which is consistent with the simulation, where the load consists only of 
the capacitor C_out and pure resistor RL, exhibiting a capacitive load characteristic. This validates the correctness 
of the combined simulation.

This study conducts AC analysis to obtain the frequency response of the circuit. In the simulation, the 
transmission efficiency η curve in the frequency domain is computed and plotted, and the optimal operating 
frequency f0 is determined from its peak. Once the coil model parameters (W, S, LZ, and N) are defined, and a 
target operating frequency of f0 = 24 MHz is specified, an appropriate H value is selected. Subsequently, the eddy 
current field simulation is performed to extract the coil inductances LT and LR at f0, from which C_in and C_out 
are derived using Eq. (8). This approach ensures that the transmission efficiency η achieves its maximum at the 
target frequency f0 or close to it. The choice of H and RL directly affects the transmission efficiency η. For a fixed 
load RL, if H is too large, the coupling coefficient k decreases, resulting in low efficiency. Conversely, a smaller H 
increases k, improving efficiency.

Once H and the other coil parameters are fixed, transmission efficiency η is significantly affected by the 
load RL. In practical applications, the magnitude of the load resistance RL dictates the maximum achievable 
transmission efficiency. Both excessively large and small values of RL will prevent the transmission efficiency 
from reaching its maximum value (aside from unavoidable losses). Moreover, since the load resistance RL is a 
key impedance parameter in the circuit, an improper choice alters the circuit’s impedance matching, causing 
the efficiency peak to shift away from the resonant frequency f0, as shown in Fig. 6. Additionally, if the load 

Fig. 4.  Coil magnetic flux density vector field plot and contour plot.

 

Fig. 3.  Field-circuit coupled simulation schematic.
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resistance is set too low, a resonant frequency splitting phenomenon may occur, causing the efficiency curve to 
exhibit double or multiple peaks, as shown by the RL=10Ω curve in the figure.

During the simulation, regardless of whether H or RL is varied, due to the intrinsic losses in the coil, the 
maximum transmission efficiency at the resonant frequency f0 can never reach the ideal value. The coil losses 
are primarily attributed to two factors: first, the direct current resistance (DCR) of the coil, which causes the DC 
loss (PDC) in the circuit’s DC bias.

	

PDC = Irms
2 · DCR

= Irms
2 ·

ρ ·
(∑N

i=1 π · di

)
dwidth · dt

� (9)

In this equation, Irms is the root-mean-square (RMS) current through the coil, ρ is the resistivity of the conductor, 
di is the diameter of the i-th coil turn, dwidth is the wire width, and dt is the wire thickness. The second type of loss 
is the alternating current (AC) loss PAC, which corresponds to the eddy current loss Peddy in a coreless coil under 
high-frequency AC excitation. This loss can be computed by adding the skin effect loss Pskin and the proximity 
effect loss Pprox, which are orthogonal in space7,8. Coil winding losses can be analyzed using the Bessel function 
and the one-dimensional Dowell model (as shown in Fig. 7)9–11.

The Macvicar’s equations (10), upon applying the boundary conditions, reduce to (11):

	

{
∇ × ∇ × H = ∇ × J

∇ × E = −µ · ∂H
∂t

J = σ · E
� (10)

Fig. 6.  Comparison of energy transfer efficiency of the coil under different load resistance conditions.

 

Fig. 5.  Output voltage and current waveforms in transient analysis.
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{
∇2Hz(y) = Hz(y) · jωµσ

Hz(y=0) = H1
Hz(y=dwidth) = H2

� (11)

where HZ represents the magnetic field intensity, µ is the permeability of the conductor, and σ is the resistivity 
of the conductor. From Eq. (11), the expression for the current density distribution J of the conductor can be 
further calculated, which in turn allows for the calculation of the conductor’s loss per unit depth, as shown in 
Eq. (13).

	
Jx(y) = λ

H1 · cosh [λ · (dwidth − y)] − H2 · cosh (λ · y)
sinh (λ · dwidth) � (12)

	
Peddy = h

2 · σ

ˆ dwidth

0

∣∣Jx(y)
∣∣2

dy� (13)

where λ = √
ωµσ. The calculation of AC losses is complex, but electromagnetic simulation software can be used 

for finite element analysis to estimate the AC losses in a coreless coil model. Figure 8 shows the variation of eddy 
current loss with different wire widths dwidth. By determining the operating frequency f0, the eddy current loss 
Peddy can be approximated.

In conclusion, owing to the presence of these losses, maintaining a sufficiently high transmission efficiency 
requires not only the proper selection of H, RL, and f0, but also a comprehensive consideration of factors such 
as the conductor material, thickness, and trace width. Therefore, under fixed conditions of material, thickness, 
and trace geometry, the optimal combination of the three operating parameters—H, RL, and f0—should be 
determined to maximize the transmission efficiency and ensure high-efficiency operation of the circuit.

Fig. 8.  Variation in eddy current loss (Peddy) for coils with different wire widths (dwidth).

 

Fig. 7.  One-dimensional eddy current simulation model.
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Optimizing algorithm design
From the preceding analysis, it is evident that the transmission efficiency of the coil is influenced by multiple 
variables. Considering practical design constraints, when the coil area is fixed (i.e., W, S, and N are predetermined), 
the transmission efficiency η is primarily governed by three key variables: the coil spacing (H), circuit load (RL), 
and operating frequency (f0). Figure 9 illustrates the smooth 3D surface plot of transmission efficiency η as a 
function of frequency (f) and load resistance (RL) when H = 0.1088 mm and f0 = 24 MHz.

As illustrated in the figure, under a fixed coil spacing H, different combinations of load resistance (RL) and 
operating frequency (f) correspond to distinct transmission efficiency (η) values. To achieve the maximum 
possible transmission efficiency for the given coil, it is necessary to identify the optimal combination of these 
three variables. Following the principles of genetic algorithms (GAs), the process of selecting the optimal variable 
combination is essentially a parameter optimization procedure. Each combination of H, RL, and f is treated as an 
individual, while the entire set of combinations constitutes the population. The transmission efficiency η serves 
as the fitness function for evaluating each individual. By comparing randomly generated combinations and 
iteratively selecting the most efficient ones, individuals undergo inheritance, mutation, and natural selection, 
ultimately yielding the optimal solution.

Fitness evaluation model
A parameterized eddy-current field analysis was performed in Maxwell with respect to the coil spacing parameter 
H. After completing this analysis, the coil model was imported into Simplorer for circuit-level co-simulation. 
In Simplorer, each value of H was evaluated sequentially, and a parameterized simulation was carried out with 
respect to the load resistance RL. Specifically, H was assigned five representative values corresponding to typical 
PCB interlayer spacings. The frequency-domain analysis was conducted over the range of 5–46 MHz with a 
step size of 1 MHz. Meanwhile, RL was determined through multiple comparative simulations to select twelve 
representative values that ensured adequate transmission efficiency. To facilitate a more comprehensive analysis 
of the specific coil model, it is also essential to vary the operating frequency f0 of the signal source. In this study, 
f0was varied within the range of 5 to 45 MHz, with a step size of 1 MHz. For each simulation, the capacitance 
values on both sides of the circuit model were adjusted according to the self-inductance simulation results of the 
Maxwell coil. Subsequently, the simulation data, including f0, H, RL, f, and η were exported and consolidated to 
generate the final dataset data.

As established above, the transmission efficiency (η) can be regarded as a function of the operating frequency 
(f0), coil spacing (H), load resistance (RL), and signal frequency (f), which can be mathematically expressed as 
follows:

	 η = F(f0, H, RL, f)� (14)

In this equation, F(f0, H, RL, f) denotes an implicit functional relationship that cannot be analytically expressed. 
A regression model must therefore be developed to serve as a black-box predictor capable of estimating η for 
various combinations of (f0, H, RL, f). The dataset comprises approximately 84,000 samples. Employing Gaussian 
Process Regression (GPR) would result in a computational complexity of O(n3) ≈ 48 GB, which far exceeds 
the computational capacity of a typical workstation. In contrast, Random Forest Regression (RFR) has a lower 
complexity of O(n log n) < 1 GB and is inherently parallelizable. Hence, the Random Forest model was thus 
adopted for implementation. The number of trees in the ensemble was set to 300, and simple averaging of tree 
predictions was used, thereby maintaining a nearly constant bias while effectively reducing model variance.

During cross-validation, the computational cost for an ensemble of 300 decision trees can be roughly 
estimated as 80,000 × 300 × 5 operations. This configuration required approximately 1–2  min on a standard 
laptop, which is acceptable for the given dataset size. However, the computational cost increases approximately 
linearly with the number of folds K. As shown in Fig. 10, when K increased from 5 to 10, the average cross-

Fig. 9.  Variation of η as a function of RL and frequency (f) when H = 0.1088 mm.
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validation error decreased slightly from 2.75% to 2.66%, while the computation time rose from 84.2 s to 174.9 s. 
Therefore, arbitrarily increasing K yields diminishing returns in accuracy relative to computational cost.

In this study, a 5-fold cross-validation was utilized to assess the model’s performance. The pseudocode 
outlining the model training procedure is presented below.

Figure 11 illustrates the average validation error and total training time of the final model trained using 
5-fold cross-validation. The results show that the mean validation error is 2.745%, and the entire training process 
was completed within 93 s, which demonstrates satisfactory performance.

Optimization design parameters of genetic algorithm
In MATLAB, the Genetic Algorithm (GA) function can be directly called, however, it is first necessary to 
define the fitness function. In this study, the transmission efficiency η serves as the optimization objective, 
with the trained model used to predict the η value corresponding to each individual in the population. It 
has been observed, both in simulation and experimental validation, that η reaches its maximum when the 
operating frequency f is close to the resonant frequency f0. This indicates the existence of a hard constraint in 
the optimization process, requiring that the chromosome variable f satisfy |f - f0|<1. This constraint must be 
explicitly enforced when defining the fitness function. In this study, the genetic algorithm was configured with a 
maximum number of generations set to 150 and a population size of 100. The iteration process was terminated 
early if the improvement in the best fitness value over 50 consecutive generations was less than 1 × 10− 4. To 
prevent premature convergence, a multi-start GA strategy was adopted, in which multiple independent runs 
were initialized with different random populations. After each run, the maximum efficiency η′ was compared 

Fig. 11.  Training time and average cross-validation error of the random forest regression model.

 

Fig. 10.  Mean error and computational time for model training with different numbers of folds (K).
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with the current best efficiency h to determine whether to update the best individual. A total of five independent 
runs were performed. The pseudocode of the GA implementation is provided below:

The optimization framework implemented in this study is designed to perform parameter optimization for 
the coupled coil system. Given a fixed H parameter and predefined coil geometry parameters (W, S, LZ), the 
algorithm searches the design parameter space (f0, H, RL, f) to determine the configuration that maximizes 
system performance. Specifically, the algorithm aims to determine the optimal parameter set (f0, H, RL) that 
yields the highest power transfer efficiency (η). During the optimization process, the η-f response was not verified 
to confirm whether it exhibited a single-peak characteristic under the given parameter combination (f0, H, RL). 
Consequently, frequency splitting may still occur in the coil’s operation under this parameter configuration. 
Figure 12 shows the convergence process of the algorithm with H set to 0.2 mm. Figure 13 presents the optimal 
individual combination obtained after optimization, along with the total computation time. Based on the 
optimization results, a coupled electromagnetic simulation was conducted in Maxwell to generate the η-f curve 
shown in Fig. 14. Analysis of the graph shows that the efficiency (η) at 43 MHz is 88.6%, closely matching the 
predicted efficiency of 86.3%. The simulation results confirm the feasibility of the proposed scheme.

As shown in the figure, under this parameter combination, frequency splitting appears in the η-f curve of 
the coil’s operation. This necessitates dynamic impedance matching in practical applications to ensure the coil 
operates precisely at f0 = 43 MHz, avoiding the ‘valley’ between the two peaks. The algorithm can be further 
improved by incorporating ‘unimodal’ detection following the GA algorithm, such that the refresh condition for 
the best individual is not only that η′ > η, but also that the η-f curve is unimodal. It is worth noting that running 
a single instance of the improved genetic algorithm (GA) requires at least 7 hours, even after halving parameters 
such as population size and convergence criteria. Adopting this enhanced algorithm would require increasing 
the number of independent runs, which would extend the total runtime well beyond 24 hours—resulting in a 
significant time overhead. Given these considerations, dynamic impedance matching is more efficiently achieved 

Fig. 13.  Visualization of genetic algorithm optimization results and computational time.

 

Fig. 12.  Convergence behavior of the optimization algorithm throughout the entire execution process.
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by directly adjusting component parameters, such as the load RL, based on the optimized results of the current 
algorithm. In other words, the existing optimization algorithm adequately addresses the research objectives, and 
further refinement of the algorithm will not be pursued here.

Application of optimization algorithms
Since the primary coil (TX) of the coreless transformer participates in resonance within the cross-coupled 
resonant circuit, there is no need to consider additional capacitive compensation for the primary coil. To achieve 
frequency matching and enhance transmission efficiency12, suggests using finite element analysis (FEA) software 
for port excitation analysis to obtain the coil model’s equivalent impedance curve. This method facilitates the 
estimation of the coil’s equivalent inductance, capacitance, and internal resistance. During this process, it is 
crucial to compare the static parameters of the actual coil with those of the simulated model, refine the simulation 
conditions, and adjust the model to better match the actual coil characteristics. This ensures accurate prediction 
of the coil’s dynamic parameters based on port analysis results.

A Coil model is developed using the actual design parameters, and a fitness evaluation model is trained 
based on the parameter combinations (f0, H, RL, f). The trained model is then employed to predict the optimal 
combination for the specific H value, with selection carried out using genetic algorithm optimization. In the 
circuit design process, the compensation capacitor and other parameters are adjusted based on the optimization 
results to achieve resonant operation with maximum transmission efficiency. This approach ensures optimal coil 
performance under the desired operating conditions.

Sample verification
After reducing the coil’s cross-sectional area (approximately 28.3 mm²), to ensure that the transformer, designed 
under the area constraint, achieves a certain level of transmission efficiency, a “sandwich” structure is employed 
for the coil. The structure comprises secondary coils on the top and bottom layers, with the primary coil in the 
middle, as shown in Fig. 15.

The actual sample is designed as a planar coil based on the parameters in Table 2. A corresponding model is 
built using electromagnetic simulation software to obtain data on different combinations and their transmission 
efficiencies. The data is optimized using the proposed algorithm. Figure 16 shows the comparison of transmitted 
and received signals of the coil before and after circuit matching, based on the optimization results. At this point, 
the series load (RL) is 7 kΩ, and the parallel compensation capacitor (CP) is 105 pF.

Fig. 15.  Structure of the planar transformer coil.

 

Fig. 14.  η-f curve of the transformer based on optimization simulation results.
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In the figure, (a) shows the voltage waveforms before matching, and (b) shows them after matching. The 
red waveform represents the primary transmitted signal, and the blue waveform represents the secondary 
received signal. The circuit load remains constant throughout the process. The signal transmission efficiency is 
approximated by comparing the peak-to-peak ratio (a) of the secondary received signal to that of the primary 
transmitted signal.

	
α =

VR_P P

VT_P P
� (15)

The maximum value of amax before matching is 0.75, and the maximum value of asmax after matching is 1.62, 
which corresponds to an improvement of approximately 2.16 times.

Figure 17 illustrates the circuit diagram of the sample. Based on the algorithm’s analysis, the matching and 
filter circuits are designed, and the output voltages of the secondary rectified and filtered signal before and after 
matching are measured, with the results shown in Table 3. A DC voltage is applied to the primary circuit of the 
transformer, and after resonance, the signal is magnetically coupled from the primary coil to the secondary 
side. By optimizing the parameters of the secondary rectifier and filter circuits for maximum efficiency, a ± 15 V 
control voltage is ultimately output through the push-pull circuit, after being stepped up by the converter.

In the table, Vin represents the peak-to-peak voltage of the input at the primary coil, Vout represents the 
peak-to-peak voltage of the output at the secondary load, and η represents the transformer energy transfer 
efficiency. The sample circuit testing process and its measurement results clearly show that for transformers 
with identical coil design parameters, the circuit can be frequency-matched to achieve the maximum transfer 
efficiency. However, differences in operating frequency and circuit load conditions may result in variations in 
the maximum transmission efficiency. According to the measurement results, when the current flowing through 
the load is 13.8 mA, the transformer transmission efficiency increases by 54.8% compared to the unmatched 
circuit. Under these conditions, the maximum transmission efficiency η2 reaches 71.7%, which is significantly 
higher than the maximum efficiency achievable through frequency matching alone. In other words, although the 

Fig. 17.  Circuit diagram of the actual sample.

 

Fig. 16.  Comparison of transmitted and received signal waveforms before and after matching.

 

Parameter Value Parameter Value

H[N21-N1] (mm) 0.21 H[N22-N1] (mm) 0.25

LZ[N21-N1] (mm) 0.0152 LZ [N22-N1] (mm) 0.035

W (mm) 0.1 S (mm) 0.1

Table 2.  Sample plane coil design parameter table.

 

Scientific Reports |        (2025) 15:43801 11| https://doi.org/10.1038/s41598-025-27671-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


frequency matching circuit can achieve the maximum transmission efficiency η1 for the current load condition, 
the magnitude of the load also affects the transmission efficiency. If the load is improperly selected, η1 will not 
equal the maximum transmission efficiency achievable by the transformer.

Conclusion
This paper presents an approach for optimizing the parameters of a planar coreless transformer using a genetic 
algorithm, followed by designing the transformer and circuit based on the optimization results. This study 
first explores the coupling characteristics of planar coreless coils, identifying the key parameters influencing 
transmission efficiency during energy transfer. Additionally, it analyzes the unavoidable losses inherent in the 
transmission process. After analyzing the factors, the paper proposes a genetic algorithm-based approach for 
optimizing transformer and circuit parameters. The feasibility of the proposed approach is validated through the 
design and testing of a sample circuit. This approach effectively reduces the time-consuming process of manually 
adjusting circuit components during design, improves design efficiency, and ensures the transmission circuit 
performance remains unchanged.

Symbol glossary
See Table 4.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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