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Wireless power transfer (WPT) is a promising solution for implantable
biomedical devices, offering an alternative to traditional implanted batteries
and percutaneous connections, which are limited by short lifespans and high
infection risks. Existing capacitive power transfer (CPT) systems for
biomedical implants often utilize media such as animal meat or liquids to
validate power transfer across the human body, but these materials exhibit
inconsistent and inaccurate dielectric properties. To address this limitation,
this study proposes a CPT system designed to operate with a single-layer
tissue phantom that closely mimics the dielectric characteristics of human
tissue. The system is integrated with a class-E LCCL resonant topology to
enhance power transfer efficiency. In addition to evaluating performance,
this work also investigates safety aspects in terms of electric field emission
and specific absorption rate (SAR). Simulations using MATLAB Simulink
and ANSYS HFSS reveal that at a 1 mm tissue gap, the electric field reaches
298.09 V/m and the SAR is 1.14 W/kg, which are both within established
safety limits (614 V/m and 2 W/kg per 10 g of tissue). Furthermore, a5 W,
1 MHz system operating across a 2 mm tissue gap demonstrates power
transfer efficiencies of 40.61% for skin tissue and 20.53% for muscle tissue.
These results validate the system’s safety and efficiency for powering deeply
implanted biomedical devices.
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1. INTRODUCTION

Wireless power transfer (WPT) is a technology that enables the transmission of electrical energy
from a power source to an electrical load without using wires. It involves the transfer of power across a
medium, allowing for the wireless transmission of energy. In the WPT system, the transmitter acts as the
source of electrical power, receiving it from the power supply. It generates a time-varying electromagnetic
field, which serves as the carrier for transmitting power across the medium. This electromagnetic field
propagates wirelessly to the receiver, which captures the energy and supplies it to the intended load or
device. Wireless power transfer technology is widely utilized across a diverse range of applications. These
applications span from advanced low-power biomedical implants [1]-[3] to high-power electric vehicles [4],
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[5] and everyday consumer products [6], [7] like electric toothbrushes and mobile phones. The versatility of
WPT enables its use in various industries, providing convenient, safe, and efficient power delivery for a wide
array of devices. A general WPT system has a transmitter unit and a receiver unit, which are separated by a
medium that transfers energy between them, as illustrated in Figure 1. The transmitter and receiver units of
the WPT system are not electrically connected, allowing for free movement in both linear and rotational
modes. This provides flexibility, mobility, and safety for the loads being powered.
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Figure 1. General block diagram of WPT system [8]

WPT has become a preferred technology in replacing conventional approach such as implanted batteries
and percutaneous leads, that have several limitations as a long-term power supply for implantable biomedical
devices (IBD), eliminating the use of wired power sources [9]. However, designing and implementing a high-
efficiency WPT system in a biomedical implant is challenging. In the application of implanted biomedical
devices, inductive power transfer (IPT) is the most common type of WPT due to its high-power level and ability
to work with various gap distances. However, the presence of metallic shielding components makes it
challenging to satisfy biocompatibility and hermeticity requirements in applying IPT, as the metal will shield the
magnetic field from the receiver coil, leading to power losses [10], [11]. Moreover, miniaturization can lead to
higher power densities, which can cause high field strengths and circulating currents [12]. These make it difficult
to meet specific absorption rate (SAR) limits, which are concerned with human safety.

WPT technology can be classified into two categories, which are far-field and near-field. Near-field
uses magnetic fields (inductive coupling) or electric fields (capacitive coupling) over short distances.
Meanwhile, far-field uses electromagnetic radiation such as microwaves or lasers (acoustic radiation, optical
radiation, microwave radiation) over longer distances. Among these technologies, near-field WPT is the most
suitable in supporting implanted biomedical devices due to its ability in short transmission distance, which
can guarantee the acceptable efficiency and power level [13], [14]. The proximity of energy medium transfer
used in near-field results in high-power transfer efficiency (PTE).

For instance, the authors in [15]-[18] used an IPT system to supply power for IBD with a maximum
transmit power ranging from 174 mW to 0.5 W, obtaining efficiency ranging from 36-63%. The authors in
[19]-[21] used the CPT system to supply power for IBD with a maximum transmit power ranging from
150-287 mW, obtaining efficiency ranging from 54-70%. Moreover, a class-E amplifier has been used with
an LCL impedance matching network for CPT in powering IBD, achieving up to 96.34% at 13.56 MHz with
a maximum power of 5 W [1].

Hence, this paper focuses on the design of CPT in biomedical implants due to its ability to minimize
power losses due to eddy current losses, cost-effectiveness, lightweight, and excellent performance even in
cases of misalignment between transmitter and receiver plates. CPT systems can also transfer power through
metallic shielding components using the electric field [22], addressing the challenge of IPT systems. The
designed CPT system incorporates a class-E resonant inverter along with LCCL impedance matching networks
to attain a power transfer efficiency of 100% theoretically by applying soft-switching conditions and
compensating for the power losses caused by load and coupling variation. The class-E inverter, with a single
switching element, efficiently handles high power and generates large currents at kilohertz to megahertz
frequencies while minimizing switching losses. Besides that, integrating LCCL impedance matching with
capacitive coupling plates can ensure uniform current flow into tissue, resulting in safer voltage stress.

The contribution of this paper can be explained as: i) Analysis of the CPT system for biomedical
implants, integrating a class E resonant inverter with an LCCL impedance matching network. The system is
experimentally validated using a single-layer tissue phantom configuration, providing a compact and realistic
platform for investigating power transfer to biomedical implants; and ii) Comprehensive safety assessment of
the proposed CPT system, including electric field emission and SAR evaluation through finite element
method (FEM) simulations. The study considers different biological tissues, such as skin, fat, and muscle,
within a single-layer phantom to ensure compliance with biomedical electromagnetic exposure standards.
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2. SYSTEM OVERVIEW AND METHODOLOGY
2.1. Block diagram and system description

Figure 2 presents the overall architecture of the proposed CPT system for biomedical applications.
The system consists of two main sections: the transmitter and the receiver, separated by a biological medium
represented by a human tissue phantom. On the transmitter side, a DC power supply drives a class-E resonant
inverter, which generates a high-frequency AC signal. This signal is then passed through an LC
compensation network, which ensures impedance matching and maintains resonance, thereby improving
power transfer efficiency. The energy is wirelessly transmitted across the tissue phantom via a four-plate
capacitive coupling structure. In this structure, the transmitter forward plate and the return plate are
positioned externally on the body surface, while the receiver forward plate and return plate are intended to be
implanted inside the body. On the receiver side, a CL compensation network is used to further ensure
resonance and proper impedance matching at the load interface. The received high-frequency AC signal is
then converted back to DC using a full-bridge rectifier, which supplies power to an RL load representing the
actual IBD load. The proposed CPT system is designed to evaluate both power transfer efficiency and
biological safety, particularly by analyzing electric field distribution and SAR within the tissue during
operation. These assessments are critical to ensuring that the system not only delivers sufficient power but
also adheres to biomedical safety standards.
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Figure 2. Proposed CPT system block diagram for IBD

2.2. Class-E LCCL topology design

The design specifications and circuit parameters of the class-E LCCL circuit are summarized in
Table 1. Detailed calculations are not included here, as they have been thoroughly presented in our previous
publication [23]. The component values are derived mathematically, following the methodology in [23], but
recalculated based on new design specifications tailored for IBD applications. Figure 3(a) shows the
schematic of class-E LCCL topology, which combines a class-E z1b circuit for transmitter compensation
with an additional LC matching circuit for receiver compensation, forming a double-sided LC impedance
matching circuit. This topology enhances efficiency by maintaining zero-voltage switching (ZVS), thereby
reducing load sensitivity.

Table 1. Design specifications and circuit parameters of the class-E LCCL circuit

Design specification Circuit parameter  Design value of
Parameter  Unit  Design value  Parameter Unit  Class-E LCCL
P, w 5 Ly pH 500
f MHz 1 C, pF 1759.048
Vae \% 12 Ly pH 26.439
D 0.5 C, pF 948.284
Q. 10 C; pF 241.701
R, Q 50 C, pF 843.45
L, uH 27.75

In the class-E LCCL circuit, the capacitor C; serves as the mlb matching component and coupling
capacitance for the CPT system. Figure 3(b) shows Capacitor C; is modified into coupling plates, separating
the class-E LCCL into transmitter and receiver parts. By referring to Table 1, Cs = 241.701 pF. Therefore, by
assuming that C;; = Cs,, it can be calculated by using (1).

_ GaXCzp _ (€31)* _1 -1c (1)
Ca1+Csz  2Cag 2 732

3
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Figure 3. Class-E LCCL circuit: (a) class-E LCCL circuit with a single capacitor
(b) transformation of a single capacitor into coupling plates

From (2) and (3), the capacitor C3; and C5, are twice the value of a single capacitor €5 and will be
replaced with circular copper plates. Capacitor C;; corresponds to coupling plates 1 and 2, while the
capacitor C3, corresponds to coupling plates 3 and 4. The size of the coupling plates is determined using the
area formula A = nr? where A is the plate area, and r is the plate radius. Thus, the capacitance can be
analytically calculated as (2).

Agp.Er
¢ =2 2
Therefore:
2
(31 =C5, =203 = zgogTrm 3)

where g is the permittivity of free space, & is the relative permittivity of the dielectric material, and d is the
separation distance between the plates. By rearranging the equation, the plate radius r is expressed as (4).

_ ,ZC3><d
r= 2805y (4)
Based on the calculated plate radius from (4), the physical design of the coupling structure is
determined while considering practical constraints such as alignment accuracy and fabrication tolerances. To
prevent misalignment errors, the transmitter plate is larger than the receiver, but capacitance is calculated
based on the overlapping area, aligning with theoretical analysis. From [24] the dielectric properties of

human tissues at 1 MHz varied for each layer of skin, fat, and muscle. Hence, the average relative

permittivity of the layered tissue can be analytically calculated as (5).
di

— yN=1 ; _
Eavg = Di=1 Ti& Withr =

dtotal (5)
2.3. Safety modeling using ANSYS FEM
The capacitance of the coupling plates must first be determined before performing the safety
analysis in ANSYS Electronics Desktop. Both the forward and return plates are configured to have a
capacitance of 478.63 pF. Based on (1) and the dielectric properties provided in Table 2, the designed four-
plate coupler features a plate radius of 2.7 mm (corresponding to a 5.4 mm diameter) and a 1 mm initial tissue
gap. The 1 mm separation is chosen to simulate a representative deep tissue scenario, where strong coupling
is required under constrained spacing. Figure 4 illustrates the geometry setup used in the simulation
environment, where the blue plate represents the transmitter, the red plate represents the receiver, and the
yellow layer represents the human tissue phantom. Once the plate structure is simulated agreed well with the
theory, then the analysis for electric field emission and SAR will be conducted based on the geometry setup.
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Forward Plate

Return Plate

Figure 4. FEM geometry setup model

Table 2. Thickness and dielectric properties of tissues

Tissue Maximum thickness & o(s/m) Tissue Maximum thickness & o(s/m)
(mm) (mm)

Dry skin 3 990.76 0.0132 Fat 10 27.222 0.0251

Wet skin 3 1832.8 0.2214 Muscle 20 1836.4 0.5027

2.4. Experimental setup with tissue phantom

The tissue phantom utilized in this experiment was not developed specifically for this study; it was
supplied by our research collaborator, who specializes in the fabrication of biomedical materials. Their work
involves the design and validation of tissue phantoms that accurately replicate the dielectric characteristics of
human tissue through precise formulation and rigorous testing procedures. All fabricated tissue phantoms
must ensure that their dielectric properties align with the values specified in Table 2 to maintain biological
accuracy and simulation reliability. Table 2 summarizes the thicknesses and dielectric properties of each
tissue layer at 1 MHz, as defined by the Institute for Applied Physics [24]. For evaluation purposes, tissue
phantoms with varying thicknesses will be fabricated. According to [25], the typical thicknesses of skin, fat,
and muscle layers in the chest of an average adult male are 3 mm, 10 mm, and 20 mm, respectively.

The fabricated tissue phantom is then utilized in our research to examine the efficiency of
capacitive coupling for wireless power transmission. The measurement setup, illustrated in Figure 5,
measures the coupling capacitance across the tissue phantom layer. The capacitive coupling structure is
configured in a sandwich arrangement, with a single-layer tissue phantom placed between two pairs of
conductive plates. In this arrangement, the transmitter and return electrodes are placed externally, while the
forward and return receiver plates are placed on the opposite side of the tissue layer, replicating a realistic
transcutaneous energy transfer scenario for implanted biomedical devices. The capacitance of this structure is
measured by using the KEYSIGHT E4990A impedance analyzer, which delivers a 1 MHz AC test signal to
the coupling plates and calculates the resulting complex impedance. The effective capacitance is determined
from this data. The system is set to achieve a target capacitance of 478.63 pF, consistent with the theoretical
design values derived from (1). This experimental method accurately validates the capacitive coupling
model, ensuring that the physical implementation matches the electrical characteristics needed for efficient
power transfer and biomedical safety. Lastly, the class-E LCCL circuit is integrated with the verified
capacitive coupling structure, allowing further experimental investigation of power transfer efficiency and
performance across different tissue phantom thicknesses.

Impedance Analyzer

Tissue Phantom
(Skin/Muscle/Fat)

Figure 5. Impedance measurement setup for coupling capacitance with a single-layer tissue phantom

3. RESULTS AND DISCUSSION
3.1. Safety analysis

Initially, capacitance was simulated to ensure the plate's capacitance was accurate and within the
expected range before proceeding with the electric field emission and SAR simulation. The simulated
capacitance values are 478.48pF for the forward plate and 478.63 pF for the return plate, while the calculated
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value using (1) is 483.4 pF. Table 3 shows error percentages of 1.02% and 0.99%, respectively, both under
5%, indicating high simulation accuracy in ANSYS Maxwell.

Table 3. Comparison of calculated and simulated capacitance values

Parameter Unit Calculation Simulation Error percentage (%)
Capacitance of TX and RX forward plate, C5, pF 4834 478.48 1.02%
Capacitance of TX and RX return plate, C;, pF 483.4 478.63 0.99%

3.1.1. Electric field emission

Figure 6 illustrates the simulated electric field emission in ANSYS HFSS at varying human tissue gap
distances. At 1mm, the highest E-Field reaches 298.09 V/m, with a uniform peak of 263.90 V/m in the central
region tissue. At 5 mm, the maximum E-Field is 267.65 V/m, but the distribution is less uniform, with a
central region dropping to 178.70 V/m. At 10 mm, the maximum E-Field is 267.70 VV/m, with the lowest value
at 50.64 V/m, showing a 72% and 81% reduction compared to 5 mm and 1 mm gaps, respectively. These
results indicate that as the separation between electrodes increases, the electric field not only weakens in
intensity but also becomes increasingly non-uniform across the tissue region. Despite these variations, all
simulated electric field values remain well below the IEEE C95.1 human exposure limit of 614 V/m, ensuring
that the system complies with established electromagnetic safety standards for biomedical applications.
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Figure 6. Electric field (e-field) emission analysis: (a) e-field distribution plot: 1 mm,
(b) e-field vs distance: 1 mm, (c) e-field distribution plot: 5 mm, (d) e-field vs distance: 5 mm,
(e) e-field distribution plot: 10 mm, and (f) e-field vs distance: 10 mm
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3.1.2. Specific absorption rate

Figure 7 illustrates the simulated SAR distribution in human tissue at gap distances of 1 mm, 5 mm,
and 10 mm using ANSYS HFSS. As the gap increases, the maximum SAR decreases, with values of
1.14 W/kg (1 mm), 0.77 W/kg (5 mm), and 0.62 W/kg (10 mm), aligning with theoretical expectations. In the
central tissue, SAR values range from 0.86W/kg to 0.59 W/kg (1 mm), 0.71 W/kg to 0.08 W/kg (5 mm), and
0.56 W/kg to 0.02 W/kg (10 mm), showing significant reductions as distance increases. The peak SAR at
10 mm is notably lower than at 1 mm and 5 mm, confirming that SAR decreases with distance from the
transmitter plate. All values remain well below the ICNIRP safety threshold of 2 W/kg for 10 g of tissue,
ensuring compliance with safe exposure levels. In relation to the class-E LCCL topology, the resonant
network reduces the voltage across the coupling capacitor (Cs), which lowers the electric field intensity,
E = V/d. Since the SAR depends on the square of the electric field (SAR = 6E?/p) where o is the material
conductivity and p is the density of the material, a lower field results in a significant reduction in SAR. This
shows that the proposed circuit not only maintains efficiency through ZVS but also enhances safety by
minimizing tissue exposure.
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Figure 7. SAR analysis: (a) SAR distribution plot: 1 mm, (b) SAR vs distance: 1 mm,
(c) SAR distribution plot: 5 mm, (d) SAR vs distance: 5 mm, (e) SAR distribution plot: 10 mm,
and (f) SAR vs distance: 10 mm
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3.2. Performance analysis of wireless CPT system based on class-E LCCL topology
3.2.1. Class-E LCCL

The class-E LCCL system integrated with a full-wave rectifier was validated and evaluated in the
laboratory, as shown in Figure 8. A TC4422 MOSFET gate driver, capable of delivering up to 9 A output current,
was used to drive the IRF740 MOSFET in the transmitter circuit. The IRF740 was selected for its high-speed
switching capability, 400 V breakdown voltage, and 10 A current rating, which meet the design requirements.
Current and voltage measurements were obtained using a Keysight oscilloscope DSO-X 2012A and a Keysight
current probe N2783B. The switching voltage waveforms are presented in Figure 9. A summary of the output
performance from theoretical calculation, simulation, and experimental results is presented in Table 3. The V¢
and Vps waveforms were analyzed for both simulation and experimental conditions. In the simulation, the
maximum V¢ during MOSFET turn-off, it reached 44.45 V, approximately three times V4 while during turn-on,
it dropped to O V, consistent with theoretical expectations. Experimentally, the peak turn-off voltage
Vps(pear)OFF was 50.7 V, 14.1% higher than the simulation, and the turn-on voltage was 1.6 V, about 3.2% of
the peak turn-off voltage. These results confirm that the class-E LCCL circuit with a full-wave rectifier achieved
the ZVS condition, with no overlap observed between Vs and V¢ in either simulation or experiment.
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Figure 8. Circuit configuration of class-E LCCL with full-wave rectifier
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Figure 9. ZVS waveform of class-E LCCL circuit: (a) simulation: MOSFET switching voltage and
(b) experiment: MOSFET switching voltage

Table 3. Output performance of class-E LCCL circuit

Parameter Unit Calculation Simulation Experiment

Input voltage, V. \Y% 12 12 11.96

Input current, I, A 0.42 0.42 0.4

Input power, Py, W 5 5 4.8

Output voltage, Vg, (rms) \Y 15.81 15.49 14.3

Output current, Ip; (rms) A 0.32 0.31 0.26

Output power, P, W 5 4.8 3.7
Efficiency, n % 100 94.77 76.33
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Figure 10 shows the input power measurement waveforms for the class-E LCCL circuit. Figure 11
shows the output power measurement waveforms for the class-E LCCL circuit. For the input and output
power analysis, simulation results showed that an input current of 0.42 A at 12 V yielded 5 W input power,
matching the calculated value. The output current of 0.31 A at 15.5 V produced 4.8 W output power, 4%
lower than calculated, corresponding to an efficiency of 94.77%. Experimentally, the input current of 0.40 A
at 11.96 V produced 4.8 W input power, 4% lower than the simulation. The output current of 0.26 A at
14.3 V resulted in 3.7 W output power, 22.9% lower than calculated, giving an efficiency of 76.33%. The
experimental efficiency was 19.46% lower than the simulation results, primarily due to conduction,
switching, and gate-drive losses, with additional contributions from the parasitic resistance of passive
components further reducing the overall efficiency.
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Figure 10. Input power measurement for the class-E LCCL circuit: (a) simulation: input current and voltage
and (b) experiment: input current and voltage
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Further validation was carried out by testing different gap distances between the capacitive plates at
a fixed operating frequency of 1 MHz. This was achieved by adjusting the value of Cs to represent the change
in plate separation. At a 1 mm gap, the simulated efficiency was 94.77% with a calculated capacitance of
241.701 pF. The human tissue between the plates was modeled with a relative permittivity e of 1211.3. As
the gap increased to 20 mm, the capacitance decreased exponentially, leading to higher reactance Xcs reduced
output current and voltage, and consequently lower efficiency, as shown in Figure 12(a). Overall, efficiency
declined with increasing plate separation. Figure 12(b) presents the efficiency variation with different load
resistances. The efficiency decreased from 95.9% to 74.4% as the load increased from 50 Q to 658 Q. This
reduction is attributed to the impedance-matching nature of the class-E LCCL topology, which makes the
efficiency less sensitive to load variations compared with non-matched systems.
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Figure 11. Output power measurement for the class-E LCCL circuit: (a) simulation: output current & voltage,
and (b) experiment: output current and voltage
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3.2.2. Wireless CPT system with single-layer tissue phantom

Figure 13 shows the experimental setup for the proposed wireless CPT system, featuring a class-E
LCCL topology and capacitive coupling plates. Artificial agar-based human tissue is used as a phantom to
mimic electrical properties and assess ZVS conditions, output power, and efficiency. Table 4 shows the
output performances of the proposed system tested with a skin and muscle layer tissue phantom. Efficiency
differences arise due to variations in input power (P;,) and output power (P,,.). The skin tissue phantom
achieves 40.61% efficiency, nearly 50% higher than the muscle tissue phantom (20.37%) at 1 MHz, likely
due to differences in electrical properties. The initial class-E LCCL configuration yielded 76.33% efficiency,
but testing with higher permittivity tissues and larger capacitive plates significantly reduced efficiency,
impacting power transfer performance.
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Figure 12. Analysis of efficiency with gap distance and load variation: (a) plot of efficiency with varied gap
distances and (b) plot of efficiency with varied load
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Figure 13. Experimental setup for the CPT system with a single-layer tissue phantom

Table 4. Output performances of the wireless CPT system tested with a skin and muscle tissue phantom

Parameter  Unit  Experimental results ~ Experimental results ~ Parameter ~ Unit  Experimental results  Experimental results

(skin layer) (muscle layer) (skin layer) (muscle layer)
Vae \% 11.8 11.96 Irprms) mA 12.3 47
Lac mA 154 111 Pt mw 73.58 27.26
P;, W 0.18 0.13 n % 40.61 20.37
VrLGms) \Y 6.0 5.8
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Figure 14 presents the switching voltage waveforms obtained from experiments using skin (as shown
in Figure 14(a)) and muscle tissue phantoms (as shown in Figure 14(b)). In both cases, the switching voltage
results confirm successful ZVS, as indicated by the absence of any overlap between Vgs and Vps. Figure 15
shows the input current and voltage waveforms obtained using skin and muscle tissue phantoms. For the power
measurements, the skin tissue phantom test recorded an input current of 15.4 mA and an input voltage of 11.8
V, corresponding to an input power of 181.72 mW, which is notably lower than the theoretical 5 W.
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Figure 14. ZVS waveforms with tissue phantom: (a) skin: MOSFET switching voltages and
(b) muscle: MOSFET switching voltages
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Figure 16 depicts the output current and voltage waveforms obtained using skin and muscle tissue
phantoms. The output current and voltage were 12.3 mA and 6.0 V, respectively, resulting in an output power
of 73.8 mW and an efficiency of 40.61%. In the muscle tissue phantom test, the input current and voltage
were 11.1 mA and 11.96 V, yielding an input power of 132.76 mW. The output current and voltage measured
4.7 mA and 5.8 V, producing an output power of 27.26 mW and an efficiency of 20.53%. The skin tissue
phantom demonstrated higher efficiency compared to the muscle tissue phantom, likely due to its lower
relative permittivity, which reduces dielectric losses at the operating frequency of 1 MHz, allowing a greater
proportion of the transferred energy to reach the load.

Finally, the coupling gap distance between the plates with skin and muscle tissue phantoms was
adjusted from 2 mm to 24 mm, representing the maximum human arm tissue thickness. This was achieved by
adding layers to increase the phantom’s thickness. As shown in Figures 17(a) and 17(b), the efficiency for
both skin and muscle tissue phantoms steadily decrease with increasing gap distance. The decline occurs
because a larger separation reduces the coupling capacitance exponentially, which raises the reactance Xcs
and consequently lowers the output current, output voltage, and overall efficiency.
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Figure 16. Output (current and voltage) power measurement with (a) skin and (b) muscle tissue phantom
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4., CONCLUSION

This study presented the design and evaluation of a wireless CPT system, emphasizing both safety and
efficiency in biomedical applications. The proposed system, which integrates a class-E resonant inverter with an
LCCL impedance matching network, was validated through simulation and experimental testing. Results
demonstrated a high-power transfer efficiency of 94.77% in simulation and 76.33% in practice, delivering 3.7 W
output power. Safety assessments confirmed that electric field emission and SAR remained within permissible
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limits for separation distances ranging from 1 mm to 10 mm. When tested using a tissue phantom, the efficiency
decreased to 40.61% for skin and 20.53% for muscle, primarily due to changes in coupling capacitance caused by
the dielectric properties of the tissue materials. These findings highlight the trade-off between safety and
efficiency, where increased separation improves safety but reduces efficiency due to lower coupling capacitance.
Compared to existing CPT systems, the lower efficiency observed is attributed to differences in the effective
capacitive coupling introduced by the tissue phantom. To further enhance the system's performance and
robustness, several research directions are currently being pursued. First, the modelling of an equivalent
multilayer tissue is planned to accurately predict power transfer characteristics and energy losses across the tissue
phantom. Second, a frequency-dependent analysis of tissue phantom properties will be conducted to identify the
optimal operating frequency for biomedical implants. Third, the system will be enhanced with Al-based adaptive
tuning algorithms capable of dynamically adjusting parameters such as impedance matching and switching
frequency in response to real-time variations in tissue properties or alignment, ensuring consistent and reliable
power delivery. These future improvements aim to optimize the performance, adaptability, and clinical viability
of capacitive wireless power transfer systems for next-generation implantable medical devices.
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