Ultrathin Metasurface Design for Enhanced Wireless Power Transfer to Deep Tissue Implants
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Abstract—This paper introduces a destructive interference-based metasurface design that innovatively addresses multilayer tissue impedance mismatch for wireless power transfer (WPT) to implantable medical devices. Departing from conventional rigid cascaded structures or oversimplified single-layer models, our approach combines a flexible PDMS substrate with a Jerusalem cross resonator to unify air-skin-fat-muscle interface matching through phase cancellation. The key innovation lies in transforming complex multilayer into a single-layer interference problem via composite substrate equivalence, enabling near-zero reflection and near-ideal impedance (0.98 - 0.003j) at lossless condition. This methodology establishes a new paradigm for miniaturized, biocompatible IMD powering systems.
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I. INTRODUCTION
T
HE rapid advancement of biomedical engineering has led to the widespread adoption of implantable medical devices (IMDs), including pacemakers[1], [2], biosensors [3], gastric stimulators [4], and insulin pumps for various clinical applications. Traditionally, these devices rely on batteries or wired power sources. However, wired connections and batteries pose significant challenges, such as infection risks, limited capacity, and the need for invasive replacement surgeries, which may compromise patient health [5], [6]. To address these limitations, wireless power transfer (WPT) technology has emerged as an innovative solution for powering IMDs [7], [8]. WPT enables contactless energy delivery to implanted devices, facilitating device miniaturization, improving system reliability, eliminating the need for repeated surgeries, and significantly reducing infection risks. Collectively, these advantages contribute to enhanced patient outcomes and improved quality of life.
Among WPT methods, radiative WPT, based on antenna radiation principles, offers extended transmission range, high directivity, and reduced displacement sensitivity. However, practical challenges remain, including diminished antenna gain due to miniaturization and substantial reflection losses (exceeding 80% of total transmission loss) at the tissue-air interface, which severely limit power transfer efficiency [9], [10]. Recent research has focused on employing metasurfaces or impedance-matching layers at the tissue surface to enhance energy transfer efficiency. For example, [11] utilized a 3D-printed slow-wave impedance matching layer to achieve impedance matching at the interface, while [12] leveraged the zero-refractive-index property of a metasurface array to improve system efficiency. However, both approaches were validated using a single-layer skin model, neglecting deeper implantation scenarios and thus deviating from realistic conditions. Some studies have considered multilayer human tissue models, for example, [5] employed a metasurface array to focus energy and improve WPT efficiency for deeply implanted IMDs but did not address impedance mismatch at the tissue-air interface. Meanwhile, [10] applied transmission line theory and matrix analysis to a multilayer tissue model, proposing a cascaded metasurface design to achieve near-zero reflection at the interface. However, this analytical method is computationally complex, and the resulting metasurface is bulky and non-flexible, limiting its practicality in medical applications.
To overcome the limitations of existing approaches, this work proposes a novel flexible metasurface based on destructive interference theory, specifically tailored for three-layer human tissue models. Unlike prior studies limited to single-layer validation or bulky designs, our solution combines an ultrathin PDMS substrate with a Jerusalem cross resonator to achieve simultaneous impedance matching and miniaturization. Simulation results confirm near-zero reflection and near-ideal impedance matching, addressing both reflection losses at the air-skin interface and practical constraints for biomedical applications. This advancement paves the way for efficient WPT in deep-tissue implants while maintaining patient comfort and safety.
II. Design strategy and analysis
The proposed flexible metasurface is designed to conform to the human body, minimizing reflection losses at the critical air-skin interface to enhance wireless power transfer efficiency. The design operates in the 2.4 – 2.48 GHz ISM band, avoiding the need for larger dimensions required at lower frequencies and eliminating the necessity for additional spectrum licensing [13].
As shown in Fig. 1(a), each unit cell adopts a planar sandwich structure consisting of a top-layer Jerusalem cross resonator and a bottom-layer cross-shaped grid surrounded by a square ring, separated by a  PDMS substrate (εr = 2.8, tan δ = 0.003) with  a thickness of 3.4 mm (λ/36). Compared with conventional flexible materials such as polyimide or silicone, PDMS offers significant advantages, including excellent adaptability to body movements, enhanced abrasion resistance, and proven biocompatibility, ensuring safe and prolonged skin contact [14]. The geometric parameters are carefully optimized to achieve the desired electromagnetic performance, with a unit cell period of p =15.2 mm, Jerusalem cross dimensions of a = 6 mm, b = 5.25 mm and w1 = 1.5 mm, and bottom grid line width w2 = 0.5 mm.
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Fig. 1. (a) Top and bottom view of the proposed flexible metasurface unit. (b) Simplified model of wireless power transfer with and without the flexible metasurface unit.

The metasurface design and analysis were performed using CST Microwave Studio. To investigate impedance matching across multilayer human tissues, we employed a simplified human tissue model  representing the energy transfer process from external devices to implantable medical devices, as shown in Fig. 1(b). The simulation model consists of an air layer (50 mm), followed by uniform skin (4 mm), fat (4 mm), and muscle (8 mm) layers, approximating realistic anatomical conditions. This modeling approach has been extensively validated in previous implantable antenna studies [15], [16].
At the operating frequency of 2.45 GHz, the electromagnetic properties were assigned with relative permittivity εr and conductivity σ of 38 and 1.46 S/m for the skin layer, 5.3 and 0.1 S/m for the fat layer, and 52.7 and 1.74 S/m for the muscle layer, respectively [16]. Waveguide ports were positioned at the upper air layer surface and lower muscle layer surface along the z-direction to simulate energy transmission. Electric and magnetic boundary conditions were applied in both x- and y-directions to properly confine electromagnetic fields within the metasurface structure.
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Fig. 2. Illustration of the interference model of the flexible metasurface on the composite substrate.

The flexible metasurface unit positioned at the air-skin interface was designed and optimized using destructive interference theory [17], [18], as illustrated in Fig. 2. The total reflectivity and transmittance are achieved through complex interactions of multiple reflections and refractions at various interfaces. Although the metasurface only directly contacts the skin layer (without interacting with the fat and muscle layers), the impedance matching must account for all three tissue layers' collective effects. To simplify analysis, we model the multilayer tissue structure as an equivalent single composite substrate layer, effectively reducing the complex multilayer problem to a single-layer transformation problem.
Under this framework, the overall reflection and transmission characteristics of the system can be equivalently represented by the superposition of infinite reflections and transmissions at two key interfaces: (1) air-metasurface and (2) metasurface-composite substrate. For lossless media conditions, this multiple-reflection interference process can be mathematically described as [17]:

		


where the subscript "ij" denotes the incidence from medium "i" to medium "j", where "1", "2", and "3" correspond to air, the spacer layer, and composite substrate, respectively. The spacer layer introduces a round-trip propagation phase delay of 2β, which is calculated as  , where k0 is the free-space wave number and  for arbitrary incident angle αi. The phase delay 2β plays a critical role in destructive interference, ensuring that the reflected waves cancel each other to achieve perfect transmission.
From (1), the realization of perfect transmission requires the simultaneous fulfillment of two fundamental physical conditions. First, the partial reflection coefficients at all interfaces must maintain equality (r12 = r21 = r23), which ensures energy conservation during electromagnetic wave propagation across boundaries. Second, the phase matching condition φ21 + φ23 + 2β = 2mπ (where m denotes any integer) must be satisfied to guarantee destructive interference among multiply reflected waves.
To implement this theoretical framework, the air-metasurface interface characteristics, including reflection coefficient r21 and phase φ21, are precisely extracted by strategically removing the bottom metasurface structure and composite substrate. Similarly, the metasurface-composite substrate interface parameters r23 and φ23 are accurately determined by eliminating the top structure and air layer. This innovative approach not only enables independent and precise characterization of electromagnetic properties at each interface but, more importantly, establishes a quantitative relationship model between interface parameters and overall system transmission performance. 
Fig. 3 and 4 provide a visual representation of the destructive interference process, validating the metasurface's performance under lossless conditions and within the ISM frequency band.   The reflection coefficients in the ISM band demonstrate exhibit approximately equal magnitudes, with phase conditions aligning closely to the theoretical conditions required for destructive interference. The controlled reflection magnitude and phase alignment ensure enhanced transmission efficiency within the target ISM band. This mechanism minimizes reflection losses at the skin-air interface, thereby optimizing energy transmission, which is critical for biomedical applications such as powering IMDs.
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Fig. 3. The amplitude of the reflection coefficients at the individual interface.
[image: ]
Fig. 4. The phase of the reflection coefficients at the individual interface.

Fig. 5 presents the simulated S-parameters of the system with and without the metasurface. The simulation results reveal that the impedance mismatch at the skin-air interface leads to pronounced reflection in the absence of the metasurface. With the integration of the metasurface, the system achieves improved impedance matching, as evidenced by a notable increase in the transmission coefficient |S21| at the air-skin interface, from -4.90 dB to -0.003 dB, while the reflection coefficients |S11| and |S22| are substantially reduced. The WPT system's transmission efficiency (η) is fundamentally characterized by the squared magnitude of the S-parameter |S21|, representing the power ratio between the receiving and transmitting ports (η = Pr/Pt = |S21|2) [12]. Without the metasurface, the air- skin transmission efficiency is limited to merely 32.36%, demonstrating significant energy reflection due to inherent impedance mismatch at the tissue interface. Through the integration of our optimally designed metasurface, the system achieves an exceptional transmission efficiency of 99.93%. This remarkable improvement confirms the capability of the metasurface to establish near-perfect impedance matching, effectively eliminating reflection losses at the air-composite substrate boundary. 

[image: ]
Fig. 5. Simulated S-parameters of the system with and without the metasurface.
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Fig. 6. Normaliazed equivalent input impedance with or without metasurface loading.

To quantitatively evaluate the metasurface's capability in mitigating interface reflections, we perform equivalent impedance analysis using the S-parameter inversion method [19], expressed as:

[bookmark: _Hlk193838906]		
where Zre and Zim denote the real and imaginary components of the equivalent impedance, respectively. Perfect impedance matching between the metasurface and free space requires these components to approach the ideal values (Zre = 1, Zim = 0). Fig. 6 presents the comparative equivalent impedance characteristics with and without the metasurface, derived from the S-parameters in Fig. 5. The results demonstrate that at 2.45 GHz, the air-composite substrate interface exhibits significant impedance mismatch (Z1 = 0.21 + 0.30j) without the metasurface. By introducing the metasurface, the interface attains near-ideal matching (Z2 = 0.98 - 0.003j) at 2.45 GHz, validating its effectiveness in achieving near-ideal impedance matching at the skin-air interface.
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Fig. 7. Normalized electric field energy density distribution with and without the metasurface.

To provide a more intuitive visualization of the enhanced transmission capability of the metasurface, the normalized electric field energy density distribution with and without the metasurface is analyzed, as shown in Fig. 7. In the absence of the metasurface, a substantial fraction of the incident energy is reflected back to port 1, resulting in reduced transmission efficiency. Upon introducing the metasurface at the skin-composite substrate interface, a greater proportion of the electromagnetic energy penetrates through the interface into the human body, effectively mitigating energy reflection at the interface and thereby enhancing energy transfer efficiency. This redistribution of electromagnetic energy underscores the role of the metasurface in optimizing impedance matching, thereby facilitating efficient energy transfer in biomedical applications.
III. CONCLUSION
This study presents an innovative ultrathin flexible metasurface design based on destructive interference theory, effectively addressing the critical challenge of impedance mismatch in multilayer tissues for wireless power transfer to implantable medical devices. Our approach achieves near-zero reflection and near-ideal impedance matching under lossless conditions, demonstrating significant advancement in the field. For future research, we recommend optimizing the metasurface array's unit periodicity and resonant structure according to the dimensions of specific implantable devices. This adaptive optimization strategy would enable customized performance for varying implantation depths, while further validating the system's robustness in complex biological environments and its practical applicability. Such investigations would provide direct guidance for clinical translation and facilitate the development of patient-specific WPT solutions.
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