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Abstract

:

Mid-field wireless power transfer (WPT) offers a compelling solution for delivering power to miniature implantable medical devices deep within the human body. Despite its potential, the current power delivery levels remain constrained, and the design of a compact source structure to focus the transmitter field on such implants presents significant challenges. In this paper, a novel miniaturized transmitter antenna operating at 1.71 GHz is proposed. Leveraging the antenna proximity-coupled feeding technique, we achieve optimal current distribution for efficient power transfer. Additionally, a receiver integrated within the human body is proposed, comprising a slotted ground and a meandering slotted radiating element. This receiver is excited via a coaxial feedline with a truncated ground. Our findings demonstrate wireless power transfer of −23 dB (0.501%) at a distance of 30 mm between the transmitter and receiver, alongside a peak gain of −20 dB with an impedance bandwidth of 39.61%. These results highlight promising advancements in enhancing energy transfer efficiency for deep-implant applications.
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1. Introduction


The progression of healthcare technology has underscored the necessity for creating efficient and compact wireless implantable medical devices capable of delivering power to deeply situated structures within the human body. The emergence of implantable medical devices (IMDs) has ushered in a new era in medical practices, enhancing the functionality of impaired human organs and improving patient healthcare. These healthcare devices rely on efficient implantable antennas for radio frequency (RF) power reception. Traditionally, batteries with limited lifespans have been utilized for these IMDs [1]. Nevertheless, the replacement of batteries at the end of their lifespan necessitates invasive surgery, which poses risks of pain, shock, and even life-threatening complications for the patient. To safeguard patient safety and circumvent the need for invasive procedures, wireless power transfer (WPT) emerges as an ideal solution [2]. The development of wireless power transfer (WPT) systems for implantable medical devices (IMDs) has garnered considerable attention from the scientific community within the biomedical field [3,4].



The development of implantable antennas presents numerous challenges, encompassing size constraints, biocompatibility, patient safety, and tissue coupling [5]. Generally, wireless power transfer (WPT) techniques adopt two main approaches: near-field inductive transmission and far-field radiative transmission [6]. Inductive transmission involves the use of two resonant coils (primary and secondary) positioned in close proximity to facilitate power transfer to implantable medical devices (IMDs) at low frequencies. Significant research efforts have been directed towards the configuration of near-field WPT systems operating at frequencies such as 0.1–1 MHz [7] 6.78 MHz [8], 13.56 MHz [9], 39.89 MHz [10], 71 MHz [11], 300 and 700 MHz [12], and 500 MHz [13]. Nonetheless, this method frequently demonstrates suboptimal power transfer efficiency (PTE) of ≤47%, attributable to its susceptibility to misalignment, small coupling coefficient, and the low quality factor (Q) of the two coils [14].



Furthermore, non-radiative approaches are typically tailored for short-range applications. Moreover, the efficiency of these non-radiative methods heavily depends on the lateral and angular alignment between the transmitting (Tx) and receiving (Rx) sections [15]. The challenges associated with non-radiative wireless power transfer (WPT) systems limit their practical use in powering implantable medical devices (IMDs). This creates an urgent demand for the development of highly efficient WPT systems that can overcome these limitations, ensuring reliable and real-time power delivery to IMDs.



A multitude of investigations have delved into the operation of wireless power transfer (WPT) devices in the far-field region across a range of frequencies, encompassing 2.45 GHz [16], 5.8 GHz [17], and 0.412/0.915/1.2 GHz [18]. Far-field WPT exhibits reduced sensitivity to misalignments between the transmitter (Tx) and the receiver (Rx) across extended distances. However, it suffers from the drawback of a low power transfer efficiency (PTE) of ≤1% compared to near-field WPT [19].



Recently, studies have identified an optimal frequency range for wireless power delivery deep into biological tissue, aiming to maximize power transfer efficiency [20,21]. At distances of several centimeters between the Tx and Rx, operating WPT in the low-GHz frequency range corresponds to the mid-field, where the wavelength is comparable to the separation distance. In this mid-field region, the evanescent field transforms into propagating modes upon interaction with biological tissue, facilitating power propagation through multi-layered tissue to the implanted device. By carefully designing the source, significant power delivery can be achieved, mitigating attenuation and dispersion effects within human tissue [22].



Several methods have been suggested to improve the connection between the transmitter (Tx) and receiver (Rx) while also avoiding the need for strict positioning requirements. In [23], the authors introduced the concept of utilizing a parasitic patch to increase the coupling efficiency using a circularly polarized antenna. Additionally, Ref. [24] examines the application of a near-field plate to enhance the coupling efficiency in a radiative wireless power transfer (WPT) system. This is achieved by regulating the power leakage from the transmitter. In [25,26], a high dielectric matching layer, with    ϵ r  = 78  , was applied on the surface of the skin in an intermediate-range WPT system. This layer decreases the dielectric contrast between air and tissue, consequently enhancing the transmission characteristics. In a recent development highlighted in [27], a metamaterial based on polarization conversion was introduced to enhance the efficiency of wireless power transfer (WPT). Many of these investigations involved transitional elements like metamaterials or matching layers near the skin surface. However, it is important to acknowledge that such setups pose challenges in practical applications due to the complexities involved in implementation.



This study demonstrates an effective mid-field wireless power system for compact implantable medical applications, featuring a miniaturized receiver (Rx) antenna with dimensions of 10 × 13 mm2 implanted inside the body, powered by a transmitter (Tx) antenna positioned at a subwavelength distance above the phantom. Both Tx and Rx operate at 1.71 GHz, optimizing the balance between power transfer efficiency and tissue absorption. The Rx antenna exhibits a peak gain of −20 dBi, ensuring effective power reception despite its small size. Compared to traditional methods, our system offers enhanced power transfer efficiency, a more compact and efficient design, optimized frequency selection to mitigate absorption rates, and practical implementation demonstrated in the skin phantoms. These advancements set a new benchmark in the field of wireless power transfer for implantable medical devices. Figure 1 presents the proposed Tx antenna and the implantable antenna within the skin and head phantoms.



The remainder of this paper unfolds in the following manner: Section 1 delves into the introduction and recent trends in the field. In Section 2, the methodology is discussed, focusing on the design aspects of the transmitter (Tx) and receiver (Rx). Section 3 is dedicated to presenting the results and engaging in a discussion thereof. Finally, Section 4 provides conclusions, summarizing the key findings and implications of the study.




2. Methods


In this section, the design of the aperture-fed Tx antenna in free space and the Rx antenna in a biomedical environment is presented. The operating frequency of 1.71 GHz was chosen based on a combination of theoretical analysis, simulation studies, and empirical validations. This frequency was selected because it provides an optimal balance between penetration depth and spatial resolution for our specific application and implantation depth. Although ISM frequencies were considered, our analyses demonstrated that 1.71 GHz offers superior performance in terms of efficiency and effectiveness, given the dielectric properties of biological tissues and the specific requirements of our system. Extensive simulations and experimental measurements on tissue phantoms consistently confirmed that 1.71 GHz is within the optimal range, ensuring reliable and reproducible results.



2.1. Implantable Rx Design


In a wireless power transfer system the most crucial part is the Rx implantable antenna because it is situated in the lossy and complex biomedical environment. For the implantable antenna, it is desired to have a compact size, easy configuration, simple structure, good performance, and be bio-compatible with the human body. The front and back views of the proposed implantable antenna are presented in Figure 2a,b, respectively. A meander-line slotted part is the main radiator, while a “C”-shaped slot is made in the ground plane. The antenna is fed using a coaxial feed port with a diameter of 0.4 mm, possessing a characteristic impedance of 50  Ω  at the impedance-matching point. The antenna’s overall dimensions are 10 × 13 × 1.2 mm3. Roger 6010 is used as a substrate, having a relative permittivity (  ϵ r  ) of 10.2, tangent loss of 0.002, and a thickness of 1.2 mm.



A meandering antenna is the best candidate and prime choice for an implantable antenna for various reasons. This technique offers numerous benefits, including compactness and space efficiency, an extended operative length, improved impedance matching, and reduced electromagnetic interference [28]. The design, optimization, and miniaturization of the proposed antenna are accomplished through several steps, outlined as steps 1–5 and illustrated in Figure 3. One of the techniques employed involves introducing several slotted meander lines in the radiator to elongate the current path. This method is widely recognized as an effective approach for miniaturizing implantable antennas [29].



The slight capacitive gap between adjacent meander lines is pivotal in augmenting the antenna’s impedance-matching traits through mutual impedance. Additionally, the parasitic capacitance between adjacent elements aids in shifting the resonant frequency toward the lower end of the spectrum. In contrast to prior research [24,25,30], this design eliminates the need for vias to minimize size, rendering it economical and simple to produce. Furthermore, employing a slotted ground plane further reduces the antenna’s size. The ground slots contribute to efficient performance and excellent impedance matching, as demonstrated in the Section 3.




2.2. Tx Design


The geometrical configuration of the proposed transmitting antenna is presented in Figure 4. A multi-layered transmitter is designed consisting of two substrates, a radiating part, an aperture, and a feeding line. Taonic TLY-5 is used as a substrate having a relative permittivity (  ϵ r  ) of 2.2 and a loss tangent of 0.0009. The radiator featuring a circular slot surrounding an I-shaped slot at its center is designed on the top of substrate “2”, having a thickness of 1.2 mm, while the microstrip feedline is situated at the bottom of substrate “1”, having a thickness of 0.8 mm, which is used to facilitate the dominant magnetic polarization mechanism. Centering the coupling aperture on the ground results in lower cross-polarization due to the configuration’s symmetry [31]. The coupling from the feedline to the source highly depends on the shape and dimensions of the aperture; therefore, it is a prime choice to select a shape of the aperture that maximizes the coupling for a given size. In this study, a circular ring slot printed on the ground, as illustrated in Figure 4c, is proposed. This design offers a smaller size and greater electrical length compared to the traditional shapes. The reduced aperture area contributes to lower back-radiation levels, minimizing spurious radiation and enhancing antenna performance. Additionally, the increased electrical length fosters stronger coupling with the radiating element. The surface current distribution of the circular slotted radiator is illustrated in Figure 5a. It is evident from the figure that the maximum current is concentrated near the circular slot, moving towards the central I-shaped slot, strategically positioned to focus the magnetic field toward the receiver, as illustrated in Figure 5b.





3. Results and Discussion


The proposed wireless power transfer (WPT) system underwent design and analysis utilizing the HFSS simulation software. Initially, a homogeneous skin phantom (HSP) measuring 150 × 150 × 50   mm 3  , was used in the WPT system, as depicted in Figure 1. The implantable receiver was positioned at a depth (ds) of 8 mm within the phantom while maintaining a gap (dt) of 8 mm between the HSP surface and the external Tx element.



One fundamental aspect to understand about dielectric properties (  ϵ r  ,  σ ) is their dependence on the frequency of the electromagnetic waves interacting with the material. As the frequency changes, the response of the material to the electric field also changes [32]. This frequency dependence is often characterized by the material’s frequency response, which describes how its dielectric properties vary across different frequencies. This simulation considers skin tissue’s dielectric properties, accounting for frequency dependence. A dielectric constant of   ϵ r   = 41 and  σ  = 1.08 S/m at 1.71 GHz are used in this simulation. Subsequently, employing the finite element method (FEM) within HFSS, the scattering parameters were computed. This encompassed the determination of reflection coefficients (S11, S22) along with transmission coefficients (S21).



Figure 6 illustrates the reflection coefficient (S11) of the receiver (Rx). The analysis indicates that the proposed implantable antenna achieves a reflection coefficient of −32 dB at the resonant frequency of 1.71 GHz. Furthermore, the antenna exhibits a wide operating range, from 1.38 GHz to 2.37 GHz, ensuring versatility in frequency compatibility. Additionally, Figure 7 explores and presents the impact of the slotted meander line and the ground plane configuration on the parameter, demonstrating progressive changes from step 1 to step 5. In the preliminary simulation configuration, the receiving antenna was kept at a depth of ds = 8 mm.



Furthermore, real-world scenarios often introduce uncertainties regarding the precise implantation depth due to locational variations. To observe the antenna’s robustness across various implantation depths, its effect was observed with ds varying from 4 to 20 mm, incremented by 4 mm steps. The results demonstrate minimal impact on the antenna’s scattering parameters within the desired frequency range, as depicted in Figure 8, highlighting the impressive stability of the proposed implantable antenna. Moreover, the stable performance across various depths suggests the suitability of the proposed antenna for a wide range of implantable applications.



The proposed implantable antenna exhibits a remarkable maximum gain of −20 dB, indicating its efficiency in capturing and utilizing electromagnetic energy.



Figure 9 provides a comprehensive view of the antenna radiation characteristics through its 2D radiation pattern, highlighting both the E and H planes. The radiation pattern demonstrates a distinct directional preference, with the antenna exhibiting its highest gain toward the transmitter (Tx). Although some side and back lobes are present due to the truncated ground plane, the focused radiation pattern significantly enhances the antenna’s power-receiving capabilities, ensuring optimal energy transfer efficiency in the targeted direction. Furthermore, Figure 10 provides detailed insight into the antenna’s radiation characteristics through its 3D radiation patterns. These patterns reveal some side and back lobes due to the truncated ground plane, but overall, they highlight the antenna’s suitability for implantable applications. This observation reaffirms the antenna’s directional efficiency, which is crucial for optimizing power transfer and minimizing spurious radiation in biomedical contexts.



In Figure 11, the reflection coefficient (S22) of the transmitting antenna is depicted. The transmitter resonates at 1.71 GHz, exhibiting a −10 dB bandwidth from 1.66 GHz to 1.765 GHz. This bandwidth ensures efficient transmission within the desired frequency range, contributing to the robust performance of the transmitting antenna.



The transmitting antenna showcases a notable maximum gain of 5.2 dB precisely at the desired frequency. Figure 12 shows the 2D radiation pattern of the proposed antenna, presenting both the E and H planes. It is observed from the figure that the proposed design has minimal back lobes, with maximum power radiating toward the Rx antenna. Figure 13 provides a comprehensive depiction of the antenna’s radiation characteristics through a 3D radiation pattern, revealing the distribution of power in three-dimensional space. Notably, the pattern highlights the peak power concentration being directed towards the desired receiver, significantly bolstering the efficiency of power transfer. This directional radiation pattern plays a pivotal role in ensuring optimal energy transmission to the intended recipient, thereby enhancing the overall effectiveness and reliability of the transmitting antenna.



The transmission coefficient (S21) serves as a valuable metric for verifying power transfer efficiency. Additionally, the efficiency of power transfer can be quantified using the following equation:


     η = 10 l o g (   P 2  /  P 1   )     



(1)




where  η  represents the efficiency in dB,   P 2   denotes the received power by the implantable antenna, and   P 1   signifies the source power. Careful consideration was given to the orientation of the implantable antenna relative to the mid-field Tx source. The simulation setup positioned the Tx parallel to the skin tissue, maintaining a consistent distance of dt mm above the air–skin tissue interface. The power transfer efficiency (PTE) was observed at different distances (dt) between the transmitter (Tx) and the body surface, ranging from 0 mm to 10 mm. As illustrated in Figure 14, the PTE for distances from 10 mm to 2 mm is close to −23 dB, corresponding to a PTE of approximately 0.501%. The transmitter was positioned 10 mm from the surface of the phantom to balance signal strength and minimize interference. Placing the transmitter directly on the surface could lead to excessive signal attenuation and reflections. The 10 mm distance was chosen based on preliminary simulations, which indicated optimal performance at this spacing. This choice also accounts for practical design constraints, including space for mounting hardware and ensuring consistent signal quality. This visualization enables a comprehensive understanding of how efficiently power is transmitted from the source to the implantable antenna, facilitating the evaluation and optimization of the system’s overall functionality and reliability.



In a real-world scenario, it is quite likely that misalignment between the transmitter (Tx) and receiver (Rx) will be encountered, which can compromise the stability of wireless power transmission. To address this, we examine the impact of both lateral and angular misalignments on the S21 parameter of the proposed wireless power transfer (WPT) system. Lateral misalignment is analyzed by shifting the Rx horizontally away from the centerline by an offset distance, dy (ranging from 0 to 20 mm), as illustrated in Figure 15a. Angular misalignment, which can occur due to body movements or inaccurate placement of the implantable medical devices (IMDs) after implantation, is studied by rotating the Rx element at varying angles ( θ ) from 0° to 40° degrees, as shown in Figure 15b. Figure 15a,b demonstrate that the proposed WPT system maintains stability and flexibility despite these misalignments.



We extended our simulations to include an inhomogeneous medium composed of a model with layers of air, skin, fat, muscle, and heart tissue. The tissue layers and their respective thicknesses were selected to approximate the properties of the human body, specifically 2 mm of skin, 4 mm of fat, 10 mm of muscle, and 15 mm of heart tissue. In our simulations, the transmission coefficient (S21) for the inhomogeneous model was found to be −23 dB, corresponding to a power transfer efficiency (PTE) of approximately 0.501%. In contrast, the homogeneous medium yielded an S21 of −25 dB, which equates to a PTE of 0.316%. Figure 16 presents the transmission coefficients for both scenarios, highlighting the differences between homogeneous and inhomogeneous tissue models.



This work is compared with state-of-the-art designs in the literature as presented in Table 1, the comparisons are made in terms of wireless power transfer technique, transfer distance between the Tx and Rx, and power transfer efficiency (PTE). Additionally, the implantable antenna (Rx) and transmitting antenna (Tx) are compared in terms of gain, bandwidth, reflection coefficient, and dimensions. It is observed from the table that the proposed design demonstrates superior performance in terms of gain, PTE, and bandwidth, highlighting the effectiveness and innovation of our approach. In [33], the system operates at 1.5 GHz with a bandwidth of 0.62 GHz, and the Tx dimensions are 65 × 65   mm 2  . Similarly, in [34], a WPT efficiency of −37 dB is observed compared to −25 dB in the proposed system. A power transfer efficiency of −25 dB is also reported in [30] but with a gain of −26.8 dB. In [16], a far-field wireless power transfer approach is used; however, a PTE of −28.1 dB and a gain of −23 dB are presented.




4. Conclusions


In this paper, a mid-field wireless power transfer system for implantable medical devices (IMDs) is designed. The transmitter proposed uses aperture coupling, while a slotted ground and meandering slotted radiating element is proposed as a receiver. The transmitter exhibits a gain of 5.2 dB, while the receiver, placed inside the phantom, achieves a gain of −20 dB. With the transmitter positioned 10 mm above the skin phantom and the receiver at a depth of 20 mm inside the phantom, the system performance is evaluated at a distance of 30 mm between the transmitter and receiver. The observed power transfer efficiency (PTE) of −23 dB falls within the acceptable range for efficient power delivery. This underscores the suitability of the proposed system for powering IMDs deep within the human body. In conclusion, this study presents a promising solution for wirelessly powering IMDs, offering potential advancements in medical technology. Future research could focus on further optimizing system parameters and exploring real-world implementation scenarios to enhance the practical utility of the proposed system.
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Figure 1. Schematic of the proposed mid-field WPT system. 
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Figure 2. Detailed structure of the implantable antenna: (a) The front view and (b) the back view. 
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Figure 3. Design and optimization process of the proposed implantable antenna. 
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Figure 4. Detailed structure of the transmitting antenna (unit: mm). (a) Isometric view. (b) Side view. (c) Dimensions of the aperture and feedline. (d) Front view. 
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Figure 5. (a) Surface current distribution. (b) Magnetic field distribution. 
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Figure 6. Scattering parameter of the implantable antenna. 
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Figure 7. Optimization of the proposed receiving antenna across desired frequency bands: Evaluating the impact of slotted meander lines and ground slots on |S11| at each iterative stage. 
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Figure 8. Effects of the depth (ds) on the scattering parameters of the proposed implantable antenna. 
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Figure 9. The 2D radiation pattern of the implantable antenna. 
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Figure 10. The 3D radiation pattern of the implantable antenna. 
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Figure 11. Reflection coefficient (S22) of the Tx antenna. 






Figure 11. Reflection coefficient (S22) of the Tx antenna.



[image: Symmetry 16 00753 g011]







[image: Symmetry 16 00753 g012] 





Figure 12. The 2D radiation pattern of the Tx antenna. 
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Figure 13. The 3D radiation pattern of the Tx antenna. 
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Figure 14. S21 of the proposed wireless power system for various dt. 
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Figure 15. Configuration of S21 (dB): (a) lateral and (b) angular misalignment. 
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Figure 16. Power transfer efficiency (PTE) for single-layer and multi-layer tissue models. 
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Table 1. Comparison table.
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Comparison Table

	
[33]

	
[34]

	
[30]

	
[16]

	
This Work






	
WPT System

	
WPT Technique

	
Mid-Field

	
Near-Field

	
Near-Field

	
Far-Field

	
Mid-Field




	
Transfer Distance

	
55 mm

	
60 mm

	
0.1267  λ 

	
150 mm

	
30 mm




	
PTE |S21|dB,%

	
−22.5 (0.56)

	
−37 (0.0199), −23.7 (0.42)

	
−25 (0.316)

	
−28.1 (0.1549)

	
−23 (0.501)




	
Implantable

Antenna (Rx)

	
Dimensions (  mm 2  )

	
9 × 13

	
5 × 5.25

	
5.6 × 6

	
5 × 5

	
10 × 13




	
Operating Frequency

	
1.5 GHz

	
0.915, 2.45 GHz

	
1900 MHz

	
2.45 GHz

	
1.71 GHz




	
Bandwidth (GHz)

	
0.62 GHz

	
1.45, 0.82 GHz

	
0.9 MHz

	
1.2 GHz

	
0.99 GHz




	
S11 (dB)

	
−30

	
−24, −29

	
−25

	
−40

	
−32




	
Gain (dB)

	
−20

	
−22.1, −19.6

	
−26.8

	
−23

	
−20




	
Transmitting

Antenna (Tx)

	
Dimensions (  mm 2  )

	
65 × 65

	
53 × 83

	
50 × 50

	
90 × 130

	
60 × 60




	
Operating Frequency

	
1.5 GHz

	
0.915, 2.45 GHz

	
1900 MHz

	
2.45 GHz

	
1.71 GHz




	
Bandwidth (GHz)

	
0.4 GHz

	
1.9 GHz

	
0.98 GHz

	
0.9 GHz

	
0.105 GHz




	
S22 (dB)

	
−17

	
−30

	
−30

	
−30

	
−47




	
Gain (dB)

	
-

	
-

	
-

	
8.1

	
5.2
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