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Abstract: This paper reviews recent research on wireless power and data transfer (WPDT) systems for 

implanted medical devices (IMDs). Focusing primarily on inductive WPDT systems, the review 

incorporates theoretical analyses and discussion of link optimization strategies. These strategies target 

power transfer efficiency (PTE) degradation caused by impedance mismatch, coil misalignment, inter-coil 

distance, and coupling angle-induced magnetic field inhomogeneity, summarizing referable solutions to 

mitigate such performance losses. The review also details key WPDT system components: in the power 

path, it covers power amplifiers, rectifiers, and voltage regulators; in the data path, it involves modulation 

schemes such as Amplitude-Shift Keying (ASK), Phase-Shift Keying (PSK), Frequency-Shift Keying (FSK), 

and Load-Shift Keying (LSK). Addressing the core challenge of balancing high PTE (typ. 50%) and 

data rate (typ. 0.1–2Mbps) under dynamic coupling and load variations, it summarizes the circuit 

innovation directions of each component, extending to integrated innovation paths at the system level. 

Finally, future directions are outlined, focusing on miniaturization, efficiency optimization via advanced 

circuits, biosafety, and robust modulation to enhance data reliability and speed, as well as the deep 

integration of machine learning for performance improvement. 

Keywords: wireless power and data transfer; implanted medical devices; inductive WPDT systems; 

power transfer efficiency; link optimization; modulation schemes; system miniaturization 

1. Introduction 

In recent years, implanted medical devices have been widely applied in the medical field. IMDs can detect 

physiological parameters, stimulate affected sites, and exert therapeutic effects on various diseases, such 
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as cochlear implants to restore hearing for the deaf [1], cardiac pacemakers to regulate heart rhythm for 

patients with arrhythmia [2], spinal cord stimulators to alleviate chronic pain in the body [3], intraocular 

pressure sensors to monitor glaucoma progression in patients [4] and so on. However, packaged batteries 

are only capable of providing power to IMDs for a finite period, with this duration being jointly determined 

by the functional requirements of the IMDs and the battery’s own capacity. Each battery replacement 

necessitates surgical intervention, posing safety hazards. Therefore, wireless power transfer (WPT) 

methods have been extensively developed to avoid surgery and thereby mitigate the risk of infection. 

WPT refers to a power delivery method that transfers energy to implanted devices without physical 

contact, utilizing air or other material media as the transmission path. There are various methods of wireless 

power transfer, including electromagnetic coupling-based WPT, electromagnetic radiation-based WPT, 

and mechanical wave-based WPT. 

Notably, IMDs require data reception and feedback for real-time monitoring to enable precise 

therapy, so a system that only transmits energy is insufficient, and it must transfer data simultaneously. 

Figure 1 depicts the basic configuration and components of a WPDT system. It incorporates a power 

path and an additional data path. For the power path, it contains transmitter (TX in Figure 1), wireless 

power link and receiver (RX in Figure 1), commonly consists of a power amplifier (PA), a couple of 

coils, a rectifier and a voltage regulator. Electric energy is output from the source to the PA and then 

transferred to the RX through the link coupled coils. The RX receives energy and outputs a stable voltage 

to the load through the rectifier and voltage regulator. For the data path, modulation techniques are 

employed to safeguard transmitted and received data from disturbances, demodulator is required to 

recover data. 

PTE is the end-to-end efficiency that is the product of efficiencies of all power stages including PA (ηPA), 

coupling coils (ηCC), rectifiers (ηREC) and regulators (ηREG) [5]. PTE is the crucial indicator of the power 

path. When the system faces various changes such as coil coupling position or different loads, it is 

necessary to maintain high PTE. Data rate is the core indicator of the data path, representing the 

capability of data transmission. The transmission of data also affects the efficiency of power transfer [6]. 

Achieving high data rates while maintaining efficient energy transmission remains a key challenge for 

WPDT systems. 

 

Figure 1. Basic structure of WPDT system for biomedical IMD. 

This review systematically introduces the mainstream methods and core principles of wireless 

power transfer, and summarizes referable solutions for impedance mismatch and PTE degradation 

caused by magnetic field inhomogeneity resulting from coil misalignment, inter-coil distance, and 
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coupling angle in Section 2. Section 3 focuses on inductive WPDT systems, emphasizing the circuit 

implementation schemes of key components including power amplifiers, rectifiers, voltage regulators, 

modulation and demodulation modules in the WPDT system. Furthermore, it summarizes the circuit 

innovation directions of each module, and extends to the integrated innovation paths at the system level. 

The challenges and future outlook are summarized in Section 4. Section 5 concludes the review. 

2.Wireless power transfer methods 

Currently, WPT technologies are divided into three different types based on their core energy carriers 

and transmission principles. They are (1) electromagnetic coupling-based WPT, (2) electromagnetic 

radiation-based WPT, and (3) mechanical wave-based WPT.  

2.1. Electromagnetic coupling-based WPT  

This category relies on electromagnetic fields for energy transfer and mainly includes two sub-types: 

inductive power transfer (IPT) and capacitive power transfer (CPT). 

2.1.1. Inductive power transfer 

IPT mainly relies on the electromagnetic induction effect between the primary coil and the secondary 

coil. From the perspective of operating principles, IPT can be mainly categorized into the non-resonance 

IPT and resonant IPT. The schematic diagram of the non-resonance IPT system is shown in Figure 2. 

 

Figure 2. Non-resonance IPT system. 

When the current passes through the transmitting coil, a magnetic field is generated around it. Two 

magnetically coupled coils create a mutual magnetic flux linkage. The mutual inductance coefficient 

from the transmitting coil to the receiving coil is defined as: 

 (1) 

here, RX_TX represents the mutual magnetic flux linkage between the transmitting and receiving coils, 

iTX denotes the current flowing through the TX, and MRX_TX signifies the mutual inductance between the 

two coils. Similarly, when a current iRX flows through the RX, it induces a mutual magnetic flux linkage 

in the transmitting coil. The mutual inductance coefficient between two coils is defined as 

 (2) 

_

_

RX TX

RX TX

TX

M
i




_

_

TX RX

TX RX

RX

M
i






Neuroelectronics  Review 

 4 

here, TX_RX denotes the mutual magnetic flux linkage between the transmitting and receiving 

coils, iRX represents the current flowing through the receiving coil, and MTX_RX indicates the mutual 

inductance from the transmitting coil to the receiving coil. Due to the reciprocity of mutual inductance 

between the two coils, it follows that 

 (3) 

Considering the self-inductance effect of the coils themselves, the circuit equations between the 

transmitting coil and the receiving coil can be expressed as 

   (4) 

   (5) 

Where uTX represents the transmitting-end voltage, uRX represents the receiving-end voltage, LTX represents 

the inductance of the transmitting coil, LRX represents the inductance of the receiving coil, iTX represents 

the current inside the transmitting coil, and iRX represents the current inside the receiving coil. 

The schematic diagram of the resonant IPT system is shown in Figure 3. It consists of coupling coils 

and resonant caps. 

 

Figure 3. Electromagnetic resonance wireless power transfer system. 

When the system is in resonance, the loop impedances of the transmitting-end inductive coil and the 

receiving-end inductive coil are expressed as follows 

   (6) 

   (7) 

Where Z1 represents the transmitting-end impedance, Z2 represents the receiving-end impedance, L1 

represents the inductance of the transmitting-end coil, L2 represents the inductance of the receiving-end 

coil, C1 represents the transmitting-end resonant capacitor, C2 represents the receiving-end resonant 

capacitor, R1 denotes the internal resistance of the transmitter coil, R2 denotes that of the receiver coil, 

and ω is resonant frequency. The equivalent impedance of the transmitting-end input is 
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Where Z3 represents the equivalent resistance of the transmitting-end input, Z1 is the transmitting-end 

impedance, Z2 is the receiving-end impedance,  is the resonant frequency and RL is the load resistance. 

In a non-resonance IPT system, a small separation distance should be maintained between the 

primary and secondary coils, and precisely aligned to transfer energy effectively, acting as a tightly 

coupled air-core transformer [7]. The strict spatial positioning requirement limits its application in medical 

WPDT systems. In a resonance IPT system, however, efficient power transfer is still achievable even when 

the coils are loosely coupled, making resonant IPT a better choice for medical WPDT systems. Resonant 

frequencies are typically chosen from the ISM band, such as 6.78 MHz or 13.56 MHz [8], though this is 

not a strict requirement. The primary coil is driven by the PA to create magnetic flux, resulting in an 

induced AC voltage in the secondary coil. The secondary coil can be tuned to series-resonant or  

parallel-resonant configurations via resonant capacitors. The theoretical analysis above only covers the 

more widely used series-resonant structure. The choice between the 2 types of secondary tanks 

depends on the load conditions of the secondary circuit [9]. Generally, parallel-resonant is preferred 

for mW-range power transmission scenarios [10,11], while the series-resonant one is more advantageous 

for W-range power transmission [12]. However, in different medical WPDT systems, the specific resonant 

structure to use should be determined by the load conditions of the secondary coil. The output 

characteristics of the two resonant structures differ: the parallel-resonant secondary exhibits voltage-source 

characteristics, whereas the series-resonant secondary exhibits current-source characteristics [13]. The 

parallel-resonant configuration produces a distorted sinusoid at the output, while the series-resonant 

configuration maintains a sinusoidal output current. Different output characteristics affect the structure 

of the active rectifier used in the subsequent stage. From the primary side, the secondary appears as a 

reflected equivalent resistance. The overall reflected equivalent resistance is determined by the resonant 

structure, the corresponding active rectifier, and the subsequent load. According to the maximum power 

transfer principle, system PTE can be improved by maximizing this reflected equivalent resistance, thus 

requiring theoretical analysis of impedance matching to guide WPDT system design. The coupling 

coefficient k depends on the coils’ geometry, distance, and alignment. For loosely coupled coils, k can 

be lower than 0.1 [14]. Larger transmission distances or lateral misalignments reduce coupling, leading 

to impedance mismatch and subsequent PTE degradation. Targeted efforts to address the misalignment 

problem will be discussed in the following sections. 

Inductive WPT systems suffer from inherent problems, including a sharp drop in PTE induced by 

inter-coil displacement and impedance matching imbalance. Therefore, the optimization of the geometric 

shape of the coils along with the alternative fabrication materials, the construction of a multi-coil structure 

by additionally inserting coils for bridging to optimize impedance matching, and the optimization of the 

overall WPT link, have been involved in numerous works.  

Planar coils can be utilized in either internal or external devices of WPDT systems. Based on the above 

fundamental principle of electromagnetic induction, in the context of implantable bioelectronics, a recent 

work focusing on optimizing the geometric shape of coils is proposed [15]. By utilizing S-parameter 

analysis, a unique systematic design approach for optimizing PTE (applicable to all transmitting and 

receiving coils) is put forward in [15]. It presents both theoretical and experimental test results, offering 

guidelines for the design of inductive implant links with spatial or area constraints. Resources related to 

inductive link optimization have been shared on GitHub by the authors. 
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To be specific, the design method in [15] is not restricted by the following conditions: (1) coupled coils 

can be symmetric or asymmetric; (2) the type and parameters of the impedance matching network (IMN) are 

unknown; (3) port impedances may be unequal. The trade-off between coil area and PTE is a critical 

design constraint for implantable systems. In general, the area of the transmitting coil is larger than that of 

the receiving coil to transmit more energy. Starting from the standard double-coil system, with the area of 

the receiving coil equal to that of the transmitting coil, a simplified theoretical analysis is presented in [15]. 

Due to the existence of intrinsic frequency, the optimum frequency and optimum inductance (Lopt) are 

determined by the constraints of coil design, and the coupling configuration of asymmetric transceiver 

coils is further introduced. Meanwhile, in addition to the structural optimization of double-coil 

configurations, dividing the coils into multiple parts and then recombining these parts in a certain way 

constitutes a new optimization strategy, which will be discussed in Section 2.2.1. This divide-and-merge 

method corresponds to multi-coil structures. Determining the optimum coil geometric shape is a 

prevalent challenge in WPDT. Planar spiral coils have various geometric shapes, such as circular, 

octagonal, hexagonal, and square ones.  

After determining Lopt, the next step is to switch it into approximate physical geometry. For the 

planar spiral coil, targeted theoretical analysis is provided in [16]. Lopt can be formulated as follows. 

   (9) 

Where, davgj is the average diameter, and φj is the filling ratio. The coefficients C1, C2, C3, and C4 are all 

defined by geometric shapes of coils. The coefficients mentioned above can be extracted from the models 

by EDA simulation software (HFSS) using finite element method (FEM) tools, and FEM is applicable to 

arbitrary geometric shapes. Different geometric shapes of coils exhibit distinct characteristics. In brief, for 

circular coils, the magnetic field is uniform and coupling robustness is strong, but space utilization is 

relatively low; for square coils, space utilization is high and manufacturing is simple; for the hexagonal, a 

good balance between magnetic field uniformity and space utilization; for octagonal ones, performance is 

close to that of circular ones. The specific choice of geometric shape should be determined by 

comprehensively considering room constraints and the series or parallel resonant topologies used. In 

general, many researchers prefer to use PCB coils with highly customizable shapes. Besides the commonly 

used rigid FR4 material, some flexible advanced materials are also employed for coils fabrication. The 

flexible packaging enables planar coils to be better applied in implantable systems. In [17], the planar coil 

of the implantable unit is fabricated using silver-plated copper conductors insulated with polyvinylidene 

fluoride. The coil, together with the PCB of the external control circuit, is used to build a complete 

implantable system. In [18], polydimethylsiloxane flexible packaging is used to fabricate in vivo implants 

and head-mounted components, while planar relay coils are manufactured on polyimide boards. 

Misalignment between the RX and TX coils, along with inconsistencies in magnetic field uniformity 

induced by distinct coupling angles, can result in a marked decline in PTE. This represents a fundamental 

challenge that inductive WPDT systems are required to address. For example, in animal experiments, 

WPDT is adopted to eliminate the behavioral constraints imposed by wired connections, thereby 

minimizing stress to test subjects and enhancing the accuracy of experimental data. In medical WPDT 

applications, internal systems and external devices can also maintain stable data transmission while receiving 

power via coils, which reduces the sensitivity of PTE to distance. Accordingly, several targeted WPDT 

architectures, typically incorporating multi-coil configurations, have been proposed. These can be broadly 
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classified into 3 approaches, with 5 corresponding works taken as examples for illustration respectively. 

(1) The first topology involves arranging multiple TX coils in an omnidirectional layout [19–24]. This design 

enables the TX to deliver nearly uniform power regardless of the RX position and orientation. However, 

this approach requires increasing the size of TX coils, and system functionality depends on the mutual 

inductance between those multiple coils. The incorporation of multiple coils inevitably introduces 

additional complexity to the transmission system. (2) The second topology is based on a single TX coil, 

with RX coils arranged in an omnidirectional manner [25–28]. If the system is designed to generate a 

sufficiently strong magnetic field for WPDT, the TX power will be less affected by angular variations 

of the RX end. Increasing the number of coils, however, significantly increases the size and weight of the 

RX. (3) The third approach employs embedded coils or coil reconfiguration, such as anchor, butterfly, 

bowl type coils or sub-coils, 3-D antenna [29–31]. This approach facilitates the generation of a uniform 

magnetic field, even when the RX is positioned arbitrarily or subjected to rotational misalignment. 

However, the coils feature unique structures that pose significant manufacturing challenges, and there may 

be a considerable discrepancy between the fabricated coils and the electromagnetic simulation results. 

For the first topology, in [19], a headstage and homecage based WPT system is proposed, which is 

applied in animal experiments for LED-optogenetic stimulation of mice. The system is generally 

composed of a transmitter, cage resonators, and a headstage module affixed to the animal's skull. The TX coil 

is positioned above the cage. Resonator coils are typically wound around the cage to establish a uniform 

magnetic field distribution within the entire volume. The modeling is shown in Figure 4. The TX (L1) is a 

double-layer coil with dimensions of 23.4 cm × 19.7 cm. The cage dimensions are 28.5 cm × 18 cm × 13 cm, 

allowing mice to move freely inside. Six single-turn coils (L2–L7) are used to wind around the cage for 

magnetic field generation, and the resonators operate at 13.26 MHz to augment the total magnetic flux 

and strengthen the coupling between the TX and RX coils. The measured results indicate that the PTE 

of the WPT system ranges from 34% to 42%. Multiple TX coils deliver power supply to the headstage 

module, while the resonators around the cage contribute to uniform power distribution across the entire 

cage volume. Similarly, a system designed for mouse medical experiments is proposed in [20]. This 

multi-EnerCage-Homecage system is improved from the EnerCage-HC and comprises multiple standard 

rodent cages. Each cage is wrapped with overlapping high Q-factor LC resonators fabricated from 

copper foil. The strong mutual coupling between these coils, in conjunction with their specific spatial 

arrangement, enables automatic magnetic field focusing onto the small headstage or implant, thereby 

covering the entire 3-dimensional volume within the cage. A closed-loop system is formed by multiple 

cages and TX coils driven by a Class-E PA operating at a resonant frequency of 13.56 MHz. Closed-loop 

power control guarantees that the headstage or implant receives the desired power, irrespective of 

misalignment caused by animal movement. WIFI and Bluetooth connections enable the PC-GUI to 

monitor multiple experimental subjects simultaneously. HFSS simulation results and measured power 

delivered to loads (PDL, ~60mW) show that the system reduces the sensitivity of the RX-side’s PDL to 

spatial position. 

For the second topology, a reconfigurable-coil-array (RCA) is proposed in [25] to compensate for the 

drop in PTE caused by misalignment between coils in resonant WPT systems. By adjusting multiple 

variable capacitors of the coils to regulate the value of induced current in the coil array, the 

reconfiguration effect of coil size or shape can be achieved. A comparison was conducted between the 

traditional dual-coil WPT system and the proposed prototype WPT system with a reconfigurable coil array. 
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Measurements were conducted at 6.78 MHz for vertical distances of 10 mm and 30 mm, corresponding to 

16.7% and 50% of the maximum coil dimension, respectively, in short- range and mid-range WPT system. 

For short-range operation, the system achieves a PTE exceeding 46.3% even under full misalignment 

(the Tx coil is completely shifted from the Rx coil). However, the PTE of the conventional dual-coil 

system degrades rapidly to 0% when misalignment exceeds 81.7%. In the midrange one, with 100% 

misalignment, the PTE of the traditional system is significantly enhanced from 6.8% to 37.1% 

following the incorporation of the proposed RCA. With a practical structure, the RCA serves as a 

viable solution to the misalignment problem. The coil has a length and width of approximately 60 mm, 

and the prototype holds potential for medical implantable WPDT applications. 

 

Figure 4. Equivalent modeling of the headstage and homecage based WPT system [19]. 

Reprinted with permission. Copyright 2020 IEEE. 

For the last approach, a modified coil structure, consisting of multiple oppositely oriented sub-coils, 

is proposed in [29] for use as the TX end. This configuration maintains relatively constant coupling 

across a wide range of transmission distances. Microwave filters based on coupled resonators utilize 2 

fundamental coupling mechanisms: electric and magnetic. The mutual cancellation of these two 

couplings results in a stable overall coupling coefficient across a wide range of distances [32]. Therefore, 

by determining the optimal coupling coefficient then allowing appropriate reverse currents to flow 

through the multiple sub-coils included in the modified TX coil, the sensitivity of PTE to misalignment 

can be reduced. This work provides theoretical analysis of the mathematical model and designs a 

prototype for measurement. In contrast to conventional dual-coil WPT systems, the proposed design 

maintains stable mutual inductance across varying distances and misalignments, thereby obviating the 

requirement for impedance tracking or active control circuits. The proposed TX coil has a maximum 

radius of 84.6 mm, with the RX coil being smaller in size. When the transmission distance d = 0–70 mm, 

a PTE of 88%–70% can be achieved; when the d = 40 mm and the misalignment ranges from 0–80 mm, 

a PTE of 85%–60% can be achieved. In [30], an anchor-shaped coil with a simple design, ease of 

fabrication, and planar structure is proposed. Derived from the loop antenna, this structure integrates a 

central bar element into the conventional loop antenna to yield dipole-like characteristics, while two 

notches are added to introduce an electrical coupling effect that strengthens the fringing field and thereby 

enables miniaturization of the antenna. Measurements and simulations were performed on the traditional 

loop antenna and the proposed anchor coil separately, with their diameters set to 9 cm or 15 cm. The 

results indicate that the PTE of the anchor-shaped coil is slightly lower than that of the loop antenna under 

small lateral misalignment scenarios, but it maintains more stable PTE across the full angular range. 

Therefore, in higher frequency scenarios than the conventional 13.56 MHz (e.g., 410 MHz), the prototype 

demonstrates advantages in PTE enhancement and robustness against coil misalignment and angular 

variations, thereby rendering it suitable for medical implantable systems. 
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The works corresponding to the above 3 methods provide reference solutions for the PTE degradation 

caused by coil position offset and magnetic field uniformity problems. Some are suitable for medical 

WPDT systems, while others are more applicable to animal experiments. For example, the multi-TX coil 

WPT system used in animal experiments in [19] would require constructing a massive "cage" if the 

experimental subject is switched from mice to human patients, resulting in high costs. In contrast, the 

approach in [29] that achieves insensitivity to offsets within the coil alignment range using sub-coils, and 

the modified coils similar to the planar special-shaped coil in [30], are more practically meaningful. 

Overall, considering the size constraints and power transfer requirements of medical WPDT systems, coil 

reconfiguration may have greater potential in addressing coil misalignment and enhancing PTE. 

The rapid development of portable and implantable electronic devices has promoted extensive 

research on WPT methods. Coils are divided into two forms: the external and the implanted. The 

inductance of internally implanted coils is usually lower than that of external counterparts. In [33], the 

implanted coils are analyzed and optimized to achieve a high Q-factor. Besides the dual-coil structure, 

the multi-coil structure represents a new option for building WPT systems. It not only offers greater 

potential for achieving better impedance matching but is also employed to further explore link coupling 

modes, thereby enhancing PTE. 

A WPT system constructed with a relatively traditional double-coil structure is introduced in [34]. 

It utilizes two parallel and opposing Helmholtz coils, which are specifically designed to power 

biomedical implants such as gastrointestinal capsules. Although the double-coil is a traditional 

transmission method, in recent years, many works related to WPT still adopt this transmission method 

to build systems. 

A 6.78 MHz 3-coil WPT system, composed of a TX coil, a reconfigurable relay coil (RRC), and a 

RX coil, is introduced in [35]. Compared with the traditional 2-coil architecture, the addition of an RRC 

enables more effective impedance matching, significantly improving both transmission efficiency and 

load power compared to systems without impedance matching. In wireless power transfer, the load 

power delivered to the receiver-side resistor is affected by several factors, including changes in the 

coupling coefficient k caused by distance variations or lateral misalignment from the TX side, as well as 

the receiver-side RL and battery charge-levels. The frequency splitting behavior in the strong coupling 

region of the 3-coil system (TX coil, a relay coil, and RX coil) is deeply analyzed in [35], where the 

critical coupling boundary and impedance matching conditions are also derived. To maximize the 

efficiency of the transmitting end, a Class-D amplifier is utilized. For system feasibility verification only, 

a testbench is built but has not been truly applied to actual implantable devices. 

Another 3-coil configuration featuring 2 TX coils and a single RX coil (excluding a relay coil) is 

presented in [36] for use in mouse brain stimulation experiments. The system exhibits insensitivity to changes 

in position and orientation, with improved performance achieved through the proposed crown-type 3-coil 

structure based on magnetically coupled resonant WPT. The coils are wound with copper wire to achieve 

miniaturization, allowing experimental mice to move freely while ensuring the chip works normally and 

generates stimulation signals for most of the time. According to the researchers’ actual measurements, 

compared with the traditional 2-coil system, the proposed system can extend the experiment duration by 

approximately 7 times. 

In addition to the aforementioned optimizations for coupled coils design, the entire system link can 

also be optimized. Machine learning (ML) is utilized to optimize the WPT link. In [37], the power supply 
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for the WPT system’s Class-E PA is derived from a commercial Buck-Boost DC-DC converter 

(LTC3129, Analog Devices). The coil current and voltage are sampled and sent back to the 

microcontroller unit, which regulates the output voltage of the DC-DC to control the transmitted power: 

the greater the distance between the coils, the higher the transmitted power, and vice versa. Different 

coupling coefficients are set for the coils, and the transmitted power of the PA under different supply 

voltages is measured. The acquired dataset is utilized to train a backpropagation (BP) neural network, 

thereby developing a model that correlates coupling coefficients with transmitted power and facilitating 

the implementation of the closed-loop system. 

In summary, for implantable WPT, energy is transferred through magnetic coupling between the 

TX and RX coils, where the latter is implanted inside the body. The strength of coils coupling directly 

affects WPT efficiency, and optimizing it is key to improving the wireless PTE. Multi-coils have relative 

advantages in impedance matching. Combined with the aforementioned coil-modification for coils 

misalignment problem, multi-coil configurations enable the WPDT systems to maintain high PTE over a 

large spatial range. When paired with a closed-loop system, this configuration helps enhance the stability 

of both energy and data transfer. 

2.1.2. Capacitive power transfer 

The CPT, as an emerging wireless power transfer method, uses two pairs of biocompatible insulating 

plates for energy transmission. The receiving plates can be made thin, suitable for implantable devices. 

In general, compared with traditional IPT, CPT usually operates at a higher frequency, while being 

smaller in size and SAR-friendly and EMI-friendly, making it a new option for building WPT systems. 

Low transmission distance, low PTE, and high sensitivity to tissue and environmental changes are 

disadvantages of CPT. 

A summary of a CPT link intended for biomedical implants, along with methods (for tuned and 

uncompensated links) to optimize design for improved PTE, is offered in [38]. As shown in Figure 5, 

two different equivalent circuits share the same series-resonant link, corresponding to two kinds of CPT 

links: a tuned link that makes use of external inductors to eliminate parasitic capacitance, while the 

uncompensated link doesn’t use external inductors. Compared with electromagnetic induction 

transmission, CPT links can enhance the power with load while maintaining biosecurity constraints 

(Electric-field, and specific absorption rate, SAR).  

 

Figure 5. Equivalent circuit model of CPT link. (a) Cross-section, two pairs of coated 

Cu plates wrapped around body tissue (as dielectric); (b) Front view, series-resonant link 

driven by an external voltage source, delivering power to the implanted load [38]. 

Reprinted with permission. Copyright 2022 IEEE. 
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Another CPT design in [39], which uses parallel thin-film electrodes as coupling plates, employs 

resonant and non-resonant circuits to improve PTE and PDL. The optimization mechanism lies in reducing 

the impedance of insulating layer capacitors in the CPT link, effectively addressing the low PTE 

disadvantage of traditional CPT. Specifically, resonant circuits enhance energy transfer capability by using 

series inductors, while non-resonant circuits reduce CPT link impedance by increasing frequency. 

2.2. Electromagnetic radiation-based WPT 

This type of technology converts electrical energy to radio waves via a transmitter and propagates them, 

then a receiver turns waves to stable electricity for IMDs. Compared to IPT, electromagnetic radiation-based 

WPT has advantages like flexible transmission (no coil alignment), miniaturized receivers, and low 

electromagnetic interference. However, its transmission efficiency is very low, and this efficiency 

depends on the design of the antenna. Parameters like operating frequency, impedance bandwidth, and 

radiation pattern significantly impact the power received, making efficient antenna design essential to 

achieving effective power transfer [40]. 

To address the low PTE of IMD antennas, Ma et al. [41] proposed a combined receiving rectenna 

integrating a 30 × 10 × 0.456 mm³ magnetoelectric heterostructure antenna and a 60-turn 30 × 12 × 3 mm³ 

RF inductive coil (operating at 54 kHz). The magnetoelectric antenna’s high-permeability Metglas 

focuses magnetic fields to boost coil inductance, while the coil provides a bias field enhancing 

magnetoelectric coupling. Simulations and measurements demonstrate that the combined antenna achieves 

a PTE of 2.82% at a distance of 15 mm from the TX coil, which is far higher than that of a single 

magnetoelectric antenna or a conventional coil. Similarly, Jing et al. [42] proposed a compact, circularly 

polarized implantable antenna operating at 2.4 GHz, which exhibits robust axial ratio and impedance 

bandwidths, and compact dimensions validated in human-mimicking materials. Zhang et al. [43] 

introduced a compact implantable rectenna for vascular devices, achieving miniaturization and notable 

conversion efficiency through optimized design. 

2.3. Mechanical wave-based WPT 

This type of technology uses mechanical waves as the energy carrier, and ultrasonic-based WPT (UWPT) 

is a typical representative. Electrical energy is converted into ultrasonic waves via transducers, after the 

ultrasonic waves propagate through solid or liquid media, they are converted back into electrical energy 

at the receiving end.  

Ultrasonic waves exhibit efficient penetration through human soft tissues, possessing an energy 

attenuation rate significantly lower than that of electromagnetic waves. Furthermore, ultrasonic waves 

are free from electromagnetic interference (EMI), rendering them compatible with the sensitive electronic 

components utilized in implants. Although UWPT is highly sensitive to misalignment, its advantages make 

it suitable for powering implantable devices. And another limitation of UWPT is that this transmission 

method complicates the system design. 

In [44], a hybrid magnetic-ultrasonic interrogation scheme is realized using a monolithic 

magnetoelectric transducer integrated within the implant. This transducer is capable of both generating 

and receiving magnetic fields and ultrasonic waves. The magnetoelectric transducer operates in two 

distinct modes (ultrasonic and magnetic field). By combining the advantages of these two modes, the 
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approach creates a favorable platform for millimeter-scale implants. Specifically, the platform can 

receive energy through one mode (either magnetic field or ultrasound) while using the other mode to 

transmit uplink data. 

Similarly, in [45], ultrasonic waves are additionally employed to serve as the carrier for both energy 

and data transmission. This approach allows for precise and selective recording and stimulation of deep 

nerve fascicles. It features deep penetration, little influence from biological tissues, and no 

electromagnetic interference, making it suitable for implantable medical devices. For energy 

transmission, the full wave bulk-biased passive rectifier in the implant-integrated internal receiver 

converts the alternating current output by the ultrasound receiver into direct current.  

Overall, IPT stands as the mainstream solution for IMDs. Relevant research addresses the degradation 

of PTE caused by misalignment through optimizing coil geometry, adopting multi-coil configurations, and 

introducing relay coils. Meanwhile, ML is integrated to optimize the link, enhancing stability and 

efficiency. CPT, as well as electromagnetic radiation-based and mechanical wave-based WPT, serve as 

supplementary technologies. Despite their respective limitations, they adapt to specific biomedical implant 

scenarios by virtue of their unique advantages, all three types of technologies focus on overcoming 

bottlenecks including transmission efficiency, size, and stability to meet application requirements. 

3. Wireless power and data transfer systems 

This section presents the basic concepts and innovation designs of each module in the power and data 

path, the innovation designs of WPDT systems will also be explained below. 

3.1. Power path 

The power path is responsible for transmitting the electrical energy from the external unit to the 

implanted device and providing a stable DC voltage for the IMD loads. 

3.1.1. Power amplifier 

At the energy-emitting terminal, a power amplifier is required to convert DC energy into amplified AC 

energy, which is then coupled to the secondary receiving terminal via a couple of coils. Traditional linear 

amplifiers have low efficiency and are not suitable in implantable medical devices; power amplifiers 

such as Class-D and Class-E, with an ideal efficiency of 100%, are needed as power-transmitting 

modules [46]. However, Class-E amplifiers rely on resonant networks, and their high load sensitivity 

makes it difficult to maintain high efficiency under wide-load conditions. In contrast, Class-D amplifiers, 

with lower load sensitivity, are widely used in wireless power transmission systems [47]. In order to 

improve the transmission efficiency and adapt to the changes in coil coupling and load conditions, the 

design of the PA should incorporate loss elimination and power adjustment technologies [48]. 

A Class-D PA with 1X/2X operation modes is proposed in [49]. By detecting the phase changes 

caused by load variations, the PA can switch between two modes to transmit different powers, thereby 

improving the system efficiency over a wide load range. A reconfigurable power amplifier is introduced 

in [50]. The PA is adjusted by the duty ratio of the control signal, which is tuned based on the load 

current, and the overall PTE is significantly improved by over 20%. 
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3.1.2. Rectifier 

WPDT systems demand the conversion of AC input signals into unregulated DC signals. Rectifiers 

are employed to supply operating voltages for IMDs. Given the low power transmission efficiency 

inherent in magnetic or electromagnetic coupling mechanisms, the integration of high-efficiency and 

low-power-consumption rectifiers is critical for IMDs. This is primarily to mitigate device heating and 

the consequent risk of adjacent tissue damage induced by excessive power dissipation 0.Therefore, 

voltage conversion ratio (VCR) and power conversion efficiency (PCE) are key parameters for rectifiers. 

The relative displacement between the TX coil and the RX coil often leads to variations in the coupling 

condition, resulting in voltage fluctuations at the RX side [52], as depicted in Figure 6a. 

Voltage-doubler (VD) is proposed to enhance the VCR and improve RX performance under variable 

link conditions. In [52], a single-stage dual-output regulating VD is proposed, which has a theoretical 

VCR of 2 and uses only one power transistor in each output path, optimizing the PCE-VCR trade-off in 

a single-stage dual-output RX structure. A dual-output regulating rectifier with VD topology is proposed 

in [53], which achieves a VCR twice that of the full-bridge topology and only requires 2 power 

transistors, thus saving on-chip area. 

Traditional rectifiers with diodes suffer from large conduction voltage drops, resulting in low 

conversion efficiency. In contrast, active diodes controlled by comparators have lower conduction 

resistance and voltage drops, which are widely used in IMDs. A key challenge faced by active rectifiers, 

especially at high frequencies (such as 40.68 MHz, 13.56 MHz), is handling circuit delays (comparator 

delays, buffer delays). These delays will lead to a shortened switch conduction time, an increase in 

reverse current, and significant conduction losses of the body diode, all of which will reduce PCE and 

VCR. Various techniques have been adopted in the research to compensate for these delays and optimize 

the switching timing. Luo et al. [54] developed a 40.68 MHz active rectifier featuring a cycle-based 

delay compensation mechanism that dynamically tracks both turn-on and turn-off delays at each AC 

cycle. This mechanism utilizes internal delay cells and a ripple-based calibration loop to align the 

rectifier’s timing edges with the zero-crossings of the input waveform, improving conduction window 

accuracy. Lee et al. [55] propose a 13.56 MHz active rectifier with a digital feedback-based adaptive 

delay control (DFDC) loop that optimizes both turn-on and turn-off switching timing. It combines analog 

comparators and envelope detectors by using fully digital delay logic and polarity detection circuits, 

significantly reducing area and power overhead. In [56], an adaptive delay-compensated active rectifier 

with 94.1% PCE is proposed, as shown in Figure 6b. This rectifier eliminates switching delays under 

PVT variations and device mismatches, ensuring stable high PCE. 

Additionally, there are also researchers studying the regulation of rectifiers. This type of rectifier 

integrates rectification and voltage regulation functions into a single stage, eliminating the need for an 

independent voltage regulator, thereby potentially reducing cascade power losses. They can be designed 

with single output or dual output voltages. Eom et al. [57] presents a single-input multi-output resonant 

regulating rectifier capable of generating three distinct output voltages with 90.8% peak PCE to 

efficiently support multiple supply domains in implantable devices. A single-input dual-output (SIDO) 

rectifier that generates regulated output of 1.2 and 2.5 V is proposed in [50]. The measured maximum 

PTE at coil separation of 6 cm is 62.7%. A rectifier with sequential pulse frequency modulation control 
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is proposed in [58]. The rectifier outputs regulating voltages at 2.5 V and 3.3 V, each operating phase 

occupies an independent rectification cycle to avoid channel conduction problems.  

  
(a) (b) 

 

 
(c) (d) 

Figure 6. Variable VCR and innovative rectifier architecture. (a) VCR and VRX change with the 

coupling conditions, different IMD loads require specific VRX for power supply [52]. Reprinted 

with permission. Copyright 2024 IEEE.; (b) adaptive delay-compensated active rectifier [56]; 

(c) active rectifier; (d) The combination of PWM control mode and active rectifier enables  

single-stage voltage regulation and an improvement in VCR, an improved VM on-delay 

compensation method is proposed to address the large voltage pulse occurred on the RX [59]. 

3.1.3. Voltage regulator 

The output voltage of rectifiers usually contains ripples and fluctuates with the AC input signal, thus 

requiring a voltage regulator to provide stable voltage for the electronic components in the subsequent 

modules. Commonly used regulators include Buck converters, Boost converters, and Low drop out (LDO) 

regulators. With a relatively simple circuit structure and few external components, LDO facilitates system 

integration and miniaturization, making it the preferred choice for medical implantable devices. Medical 

implantable devices feature sensitive circuits and variable loads with power supplies prone to noise, and 

LDO need high PSRR to suppress interference and fast transient response to maintain stable voltage [60]. 

Voltage regulators typically consist of three essential parts: (1) a reference generator, (2) an error amplifier, 

and (3) a power transistor [5]. The key performance indicators of LDO include linear regulation, load 

regulation, differential voltage, and power supply rejection ratio (PSRR). Among them, a good PSRR is 

particularly important for suppressing noise from the power supply, especially at higher frequencies. 

In [61], a power supply ripple cancellation technique is proposed to improve the PSRR at high 

frequency. The proposed LDO achieves −71.8 dB of PSRR at 6.78 MHz and a 30 dB improvement in 
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PSRR at 126 MHz. In [62], the compensation capacitor cancels out the poles generated by the resistive 

feedback and broadens the loop bandwidth. With the input voltage of 1 V, the settling time is within 

71.8 ns for a 50 mV overshoot and 63ns for a 47 mV undershoot. A load-tracking fast feedforward path 

for bandwidth extension is proposed in [63]. The LDO reaches a 38.5 MHz bandwidth with an active area 

of 0.0074 mm2. In [64], an adaptive biasing, dynamic biasing technique is proposed to improve the load 

transient response, and a current mode feed-forward amplifier is used to compensate for the non-dominant 

pole. A 41 dB PSRR is achieved at 100kHz and the loop gain bandwidth product is 1.9 MHz. 

In addition to the core voltage regulation function, the power management unit usually contains 

some auxiliary modules, which work closely with the voltage regulator to ensure the safe and stable 

operation of the system. A power feedback control unit is implemented in [65]. The system monitors the 

rectified voltage and regulates the delivered power within 20 μs by sending two control bits to the 

external unit through the inductive link.  

3.2. Data path 

IMDs require bidirectional data communication with external units, including downlink and uplink 

communications. Downlink communication is responsible for transmitting commands, parameters, and 

other data from the TX to the RX for controlling and configuring IMDs. It is achieved by modulating 

the wireless power carrier that supplies energy to the implant. Common modulation methods include 

ASK, PSK, and FSK, as shown in Figure 7. The implant receives the modulated signal and restores the 

original data through a demodulator. Uplink communication transmits physiological signals, device 

status, and other information from the RX to the TX, typically using LSK as the modulation method. 

The data communication can generally be categorized into single-carrier transmission and multi-carrier 

transmission. Single-carrier transmission uses a set of coils to transmit energy and data simultaneously 

and enables straightforward implementation at the circuit and coil levels, ensures reliable data 

transmission, and contributes to the compactness of IMDs. However, it suffers from low data rate.  

To achieve higher data rate, a multi carrier communication scheme independent of the power carrier 

is adopted. Typically, three separate coils are used for power supply, downlink and uplink data 

transmission, but this approach entails increased system design complexity and link interference risks. 

This section mainly focuses on single-carrier transmission, whose technical details and recent research 

will be introduced below. 

 

Figure 7. Modulation schemes. (1) ASK; (2) PSK; (3) FSK. 
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3.2.1. ASK 

For ASK, signal transmission is achieved through amplitude modulation. The modulation and demodulation 

of ASK are characterized by straightforward implementation and low power consumption. Nevertheless, this 

modulation scheme is relatively susceptible to external perturbations, including noise, coupling fluctuations, 

and interference, these factors that can alter the carrier amplitude and thus result in low-rate data 

transmission [5]. The modulation depth (MD)) in ASK is defined as MD = (VH − VL) / (VH + VL), where 

VH denotes the maximum voltage amplitude and VL represents the minimum voltage amplitude. 

Specifically, the ASK-modulated signal with 100% MD is referred to as On-Off Keying (OOK) 

amplitude modulation. Employing amplitude modulation schemes with low MD can reduce the 

interference of data communication on energy transmission [66], facilitating efficient and stable energy 

transfer. However, this approach also makes demodulation more challenging. 

A novel ASK demodulator is proposed in [67]. Leveraging the switching characteristics of the core 

digital shaper under varied bias voltages, this structure enables a data rate of approximately 2.7 Mbps at 

13.56 MHz. In [68], an envelope-detector-less (EDL) ASK demodulator is proposed, which replaces both 

the envelope detector and analog comparator in traditional ASK demodulators with a digital controller. 

With a silicon area of merely 0.023 mm², the EDL ASK demodulator can attain a maximum data rate of 

500 kbps. 

3.2.2. PSK 

PSK encodes information by changing the phase of the carrier signal [69]. In binary PSK, 0° and 180° 

phases represent “0” and “1,” while higher-order versions like Quadrature PSK use multiple phases to 

transmit more bits per symbol. PSK can offer strong noise resistance, high spectral efficiency, and constant 

average power for efficient power amplification, but it requires strict carrier and phase synchronization at 

the receiver and has higher power consumption and complexity in design than ASK [70]. 

A multitone PSK modulation approach is introduced in [71]. This method demonstrates a reduction 

in voltage ripple at the diode output compared with ASK. 

3.2.3. FSK 

FSK conveys information by shifting the frequency of the carrier signal. In binary FSK, two distinct 

frequencies represent “0” and “1” [69]. FSK is less susceptible to amplitude-based noise, ensuring 

relatively stable data transmission, and its implementation is simple, reducing hardware complexity.  

The basic structure of FSK demodulator is shown in [72], including a comparator to recover the clock, 

a frequency to voltage converter to convert the FSK clock into different voltages, and a hysteresis comparator 

to recover the data. An innovative three-tone FSK modulation technique is proposed in [73], which improves 

the PTE through waveform design without adversely affecting the transfer performance. The FSK 

modulation enhances the rectifier PCE by up to 9.04% and reduces the total harmonic distortion (THD) 

by 6.23%. 
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3.2.4. LSK 

LSK is widely applied to transmit data from biological implantable devices to the outside of the body. 

It encodes digital information by altering the load impedance of the RX, which is reflected to the TX as 

a larger current amplitude change [73]. It demands minimal additional hardware components to 

implement and can also prevent the reduction of energy transmission efficiency during data transmission. 

However, LSK typically suffers from a low data rate. The process of changing load impedance has 

inherent speed limitations, which restricts the amount of data that can be transmitted in a given time 

frame. Additionally, LSK is quite vulnerable to environmental interference. External factors can easily 

disrupt the load impedance, causing signal distortion and potential data errors. 

In [74], LSK data is transmitted by disrupting the resonant condition of the inductive link through 

controlling switches with off-chip capacitors. A maximum data rate of 0.678 Mbps is reached.  

However, changing the resonant frequency for data transmission will reduce the amplitude of the 

signal received by IMDs and decrease PTE. Chen et al. [59] propose an LSK modulation circuit based 

on a dual-mode ramp generator. The rectifier switches between rectifier mode and VD mode, and the 

switching duty cycle loop is controlled by a PWM loop. It generates two types of ramp signals 

(increasing and decreasing) via the dual-mode ramp generator to encode the phase of PWM modulation, 

thereby integrating upstream data transmission into the mode switching of the voltage-stabilized rectifier 

and reducing the impact of the upstream data link on the power link. 

3.2.5. Other modulation schemes 

In addition to traditional modulation schemes, new modulation techniques have also been proposed. A 

novel modulation strategy is proposed in [75], which enhances the ratio of data rate to carrier frequency 

without significant degradation of power transfer efficiency. For a delivered load power of 32.3 mW and 

a data rate of 0.5 Mbps, the transmitter power efficiency reaches approximately 61%. Yao et al. [76] 

introduce a Delay-Shift Keying (DSK) technique for forward transmission through adjusting the 

deactivation time duration of the power amplifier, which enables voltage regulation while maintaining 

high PTE when transferring data. 

3.3. Innovative WPDT systems and comparison table 

Several innovative representative WPDT systems are introduced as follows. Table 1 provides a 

comparative review of the systems; the comparative indicators include modulation, CMOS technology, 

power link frequency, data rate, PCE, PTE, BER, and circuit area. 

Huang et al. [56] proposed a high efficiency WPDT system, and the system architecture is shown 

in Figure 8. To resolve the trade-off between PTE and data rate, a frequency splitting inductive link 

operating in the strong coupling region is adopted, which extends the coil separation distance to 1.45 cm 

and ensures consistent link gain at dual carrier frequencies. An active rectifier integrated with adaptive 

delay compensation loops is adopted to minimize turn-on/off delays and reverse current loss, achieving 

a PCE of 94.1%. For low power demodulation, injection locked ring oscillators realize FSK to ASK 

conversion, and shifted limiters boost the modulation depth from 4.7% to 10.9%. The PTE of the 
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proposed design is 76.5%, the PDL is 40 mW, the data rate is 1.11Mbps, and this system exhibits 

excellent performance. 

 

Figure 8. Overall architecture of the WPDT system [56]. 

Table 1. Comparation of the proposed WPDT systems. 

Ref Year 

Tech 

(nm) 

Link 

Power 

fpower(MHz) 

Downlink Uplink d 

(mm) 

PCE 

(%) 

PTE 

(%) 

BER 

PDL 

(mW) 

Area 

(mm2) fdown(MHz) Data(Mbps) Modulation fup(MHz) Data(Mbps) Modulation 

[6] 2023 180 Single 13.56 - - - 13.56 1 ER-BT 10 83 - <2.10E-06 - 2.50 

[48] 2025 180 Single 13.56 13.56 - LSK - - - 12 92.4 54 - 145 7.81 

[50] 2023 65 Single 13.56 - - - 13.56 0.423 LSK 20 88 50.8 <2.00E-05 20 0.58 

[68] 2025 180 Single 2 2 0.5 ASK - - - 10 - 36.1 <1.00E-02  92 0.52 

[74] 2024 180 Multi 13.56/6.78  13.56/6.78 0.1 ASK 13.56/6.78 0.678 LSK 20 80.1 31.2 - - 0.82 

[76] 2024 180 Single 6.78 6.78 0.35 DSK - - - - 86.10 - <1.000E-03 - 4.99 

[77] 2025 180 Single 6.8/7.2 6.8/7.2 1 FSK - - - 5 - 60.2 <1.00E-07 43.4 12.49 

[78] 2022 180 Single 13.56 - - - 13.56 1 LSK 10 - - <9.10E-10 1.19 2.72 

[79] 2022 180 Single 2 2 0.8 FSK 2 0.014 LSK 10 - 14 <3.12E-05 140 - 

[80]  2021- 180 Single 6.5/7.5 6.5/7.5 2.5 FSK - - - 5 - 56.7 <4.00E-07 115 2.32 

[81] 2020 180 Single 10 10 1.66 CWM - - - 10 - 30 <4.02E-07 29.7 3.25 

[82]   2018 180 Single 13.56 13.56 0.21 PSK 13.56 0.105 LSK 10 81 48 - 54 25 

[83] 2021 180 Single 13.56 13.56 0.34 PSK 13.56 0.34 LSK 8 73.7 - - 50 12.00 

[84] 2025 180 Multi 4/5 4/5 0.25 FSK - 0.067 LSK 5 - 49 <1.00E-06 120 2.85 

Traditional WPDT systems suffer from issues such as significant energy loss in short-coil back 

telemetry (SC-BT) and the inability to perform forward telemetry (FT) during BT operations. To tackle 

these issues, Kim et al. proposed a 13.56 MHz WPDT system integrating current-modulated energy-reuse 

back telemetry (ER-BT) and an energy-adaptive dual-input LDO [6]. The conceptual block diagram of 

the WPDT system is shown in Figure 9. The ER-BT employs current modulators to draw instantaneous 

current from the secondary coil during BT, storing the energy in a storage capacitor instead of 

dissipating it; this stored energy is then boosted and reused through the dual-input LDO, which 

adaptively combines energy from the rectifier and the stored BT energy to supply the load. 

Additionally, an active rectifier is incorporated to minimize power losses by optimizing switching and 

conduction losses. The system achieves a maximum BT data rate of 1 Mb/s, reduces energy consumption 

by as much as 42% in comparison with SC-BT at an input power of 3.05 mW, and enables FT 

demodulation during BT operations. 
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Figure 9. Overall block diagram of the WPDT system with the proposed ER-BT [6]. Reprinted 

with permission. Copyright 2023 IEEE. 

Karimi et al. [74] propose a WPDT system leveraging a single inductive link with dual-band coils 

and frequency-division multiple access to enable independent powering and communication with each 

implant. The schematic diagram of proposed WPDT system is illustrated in Figure 10. It integrates a 

digitally aided active rectifier with latch-based comparators to reduce delay time, achieving a 90.2% 

VCR and 80.1% PCE. A voltage reference outputs 1.2 V, which powers the implant and serves as a 

reference for other modules. A LDO has been designed to deliver a 1.8 V supply voltage to other 

components, thus enabling power supply to multiple implants. A power control unit ensures safe operation 

through feedback mechanisms (with a 2–2.45 V control range), a power-on-reset function (triggering at 

1.75 V), and a voltage limiter (activating at 3.53 V). For data transmission, bidirectional half-duplex 

communication is supported via ASK modulation for downlink using a self-sampling separated-biasing 

demodulator, while LSK modulation is utilized for uplink transmission by adjusting the load of the LC 

resonant tank. The achieved data rates are 0.678 Mbps and 0.1 Mbps for downlink and uplink 

respectively, with a bit error rate lower than 10⁻⁶. 

 

Figure 10. Block diagram of WPDT system with global power control for the 

closed-loop IMDs [74]. Reprinted with permission. Copyright 2024 IEEE. 

In summary, this section focuses on the core composition and innovative directions of WPDT 

systems, systematically elaborating on the key technologies of the power path, data path, and system 

level integration schemes. For the power path, technologies such as reconfigurable topologies, delay 
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compensation, high-efficiency voltage regulation, and feedback control are adopted to optimize energy 

transfer efficiency and output stability, adapting to dynamic coupling and load variation scenarios. The 

data path is based on classic modulation scheme, balancing low power consumption, anti-interference 

performance, and data rate requirements, while exploring emerging modulation technologies like DSK 

to further enhance bidirectional communication performance. System level innovations cover SIDO 

architectures, energy-reuse back telemetry and dual-band coil designs, achieving a dynamic balance 

between PTE, data rate, and system miniaturization. These technological innovations and integration 

schemes provide critical technical support for IMDs. 

4. Challenges and future outlook 

The core challenges in the field of biomedical implant wireless power transfer and data communication 

lie in achieving high miniaturization and improving overall system power efficiency. Simultaneously, 

strict adherence to bio-safety standards is paramount. Furthermore, ensuring reliable and efficient 

bidirectional data communication capability in dynamic biological environments is a critical task.  

To address these challenges, future optimization directions will primarily focus on enhancing the balance 

between size and efficiency, with research continuing to explore smaller receiver coil and transducer 

designs—for example, successful implementations include a 4 mm diameter receiver coil [54] and a 9.5 mm 

ultra-miniature receiver coil [77], along with 5 × 2 × 0.2 mm magnetoelectric transducers [85], all tailored 

to meet minimally invasive implantation requirements. Concurrently, advanced circuit designs such as 

adaptive rectifiers utilizing cycle-based timing control [54] or DFDC [55], coupled with dynamic voltage 

supply [55] techniques and optimized power management units, will be crucial for achieving higher PTE 

and extended device lifespan.  

WPDT systems confront core safety challenges including tissue heating, SAR limits, and 

biocompatible encapsulation. Tissue heating arises from the deposition of electromagnetic energy in 

biological tissues, potentially causing burns or abnormal stimulation. Moreover, the constraints imposed 

by SAR limits on transmission power exacerbate the dilemma of balancing efficiency and safety [86]. 

In [87], a near-field deep tissue transmission system based on a slot antenna array can overcome 

transmission distance limitations, yet high-frequency electromagnetic radiation tends to accumulate in 

deep tissues, leading to local temperature elevation and the risk of exceeding SAR thresholds. A 

circularly polarized implantable antenna operating in the 915 MHz ISM band exhibits a SAR value of 

0.17 W/kg over 1 gram of tissue [88], which complies with standards, but increasing transmission gain 

may cause power to exceed SAR limits. A dual-band implantable rectenna system achieves power 

conversion efficiencies of 79.9% (0.915 GHz) and 72.8% (2.45 GHz) [89]; however, individual 

variations in the dielectric properties of human tissues can induce fluctuations in SAR values, increasing 

the uncertainty of tissue heating. Meanwhile, the packaging of implants must achieve a precise balance 

between electrical conductivity, in vivo stability, and biosafety. Firstly, packaging must adapt to the 

physiological environment of the implantation site. The hydrogel-based intraocular pressure monitoring 

sensor developed by Xu et al. [90], which is in direct contact with the inner eyelid, requires its packaging 

materials to balance wireless signal penetration and tissue comfort, making the biocompatible 

replacement of conductive materials a core challenge. Secondly, the biological stability of packaging is 

insufficient for long-term implantation scenarios. In [91], although the proposed bioresorbable 

intracranial pressure (ICP) monitoring sensor avoids the risk of secondary surgery, its packaging 
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materials must maintain structural integrity in the body for an extended period to ensure reliable data 

transmission. Thirdly, there is a prominent contradiction between flexible packaging and functional 

integration. While the implantable ICP monitoring antenna based on a polyimide (PI) substrate [92] 

achieves complex circuit integration by virtue of PI’s excellent thermal stability, the substrate’s limited 

flexibility makes it difficult to adapt to the deformation of in vivo tissues after packaging, easily leading 

to damage to the packaging layer and signal attenuation. 

Developing systems with high tolerance to implant position and orientation changes is also vital, 

exemplified by proposals for three-dimensional resonant current-mode wireless receivers that enable 

real-time link adaptivity to ensure stable charging irrespective of position, angle, or time variations [93]. 

Notably, magnetoelectric transducers themselves also exhibit tolerance to angular offset [85]. 

Furthermore, data communication reliability and speed will see significant advancements through the 

integration of more robust and low-power modulation and demodulation schemes, including ASK, 

which is widely adopted for low-power implants and has recent demodulator designs achieving data 

rates up to 2.7 Mbps at low power consumption [67] and supporting ultra-low modulation depths as low 

as 0.03% [66]. FSK and PSK are being explored to optimize the trade-off between power transfer 

efficiency and data rate. PWM is also being applied to data transmission [59], particularly when 

combined with magnetoelectric transducers, facilitating efficient backscatter communication with 

demonstrated data rates of 17.73 kbps [85]. Key technologies for enhancing performance also include 

DSK for downlink communication [76], which enables simultaneous voltage regulation without 

affecting efficiency. In terms of achieved data rates, current systems demonstrate uplink speeds of 

423.75 kb/s [50] and downlink speeds of up to 1 Mb/s [77]. Efficient backscatter communication 

technologies like LSK remain a crucial direction for improving uplink performance.  

In recent years, ML has been increasingly deeply integrated with WPDT systems. ML algorithms are 

capable of optimizing the geometric and structural configurations of WPT coils, forecasting the optimal 

parameter combinations of inductive couplers, and improving the coupling efficiency in dynamic operating 

environments. In addition to these performance-oriented optimizations, ML techniques are also applied to 

foreign object detection (FOD) systems, where they identify interfering metallic and biological objects to 

safeguard the stability and safety of power transmission processes. In terms of geometric and structural 

design optimization, the combination of neural networks and meta-heuristic algorithms directly predicts 

power transfer efficiency by training on 35,000 sets of Finite Element Method simulation data, reducing 

the coil optimization time from months to seconds [94]. A convolutional neural network (CNN) based 

model can convert magnetic field intensity into grayscale images to quickly predict optimal coil 

parameters, shortening the optimization time from 23.74 s to 3.2 ms [95]. For the prediction of inductive 

coupler parameters, a feedforward neural network establishes a mapping relationship between equivalent 

load impedance and optimal matching capacitor values by learning 220 datasets, dynamically selecting 

the optimal transmitting coil and increasing the coupling efficiency to 95% [96]. In terms of coupling 

efficiency optimization, the synergy of CNN and Particle Swarm Optimization completes the 

localization of the receiver coil’s position and orientation within 731.86 µs, compensates for 

misalignment losses through magnetic beamforming, and simultaneously controls the SAR within a safe 

range [97]. A backpropagation neural network learns the mapping relationship of coupling coefficients 

through the voltage and current data at the transmitting end, dynamically adjusting the supply voltage of 

the Class-E power amplifier to maintain stable coupling within a transmission distance of 18 mm [98]. 
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In FOD detection, neural networks, Support Vector Machines and other algorithms accurately identify 

metallic foreign objects such as empty aluminum cans by analyzing input impedance trajectories in the 

75–85 kHz frequency band, achieving a classification efficiency of 85%–100% [99]. YOLOv4 and its 

lightweight version realize real-time detection of foreign objects on the surface of charging pads by 

training FOD datasets through transfer learning, with an average precision of over 97.74%, effectively 

avoiding interference risks [100]. These applications significantly break through the computational 

bottlenecks and adaptability limitations of traditional methods by mining nonlinear relationships in data, 

providing technical support for addressing challenges such as coil alignment, high efficiency and safety 

of WPT systems. 

In summary, the core challenges of WPDT systems focus on miniaturization, high PTE, biosafety, 

and reliability of bidirectional data communication in dynamic environments. Future optimizations will 

center on hardware miniaturization and circuit design upgrades to improve PTE, strengthen safety and 

robustness through thermal management and packaging material optimization, and improve data 

communication performance by leveraging low-power modulation and demodulation technologies. The 

deep integration of machine learning will provide efficient solutions for coil design optimization, 

parameter prediction, misalignment compensation, and FOD, further promoting the evolution of WPDT 

systems toward a more efficient, safe, and intelligent paradigm. 

5. Conclusion 

The review focuses on WPDT systems, conducting a systematic collation targeting the link optimization 

of IPT, the implementation and innovation of WPDT system circuits in recent years, as well as the core 

challenges and future outlooks of WPDT systems. 

In terms of IPT link optimization, the review collates solutions to address PTE degradation caused 

by impedance mismatch, coil misalignment, and magnetic field inhomogeneity, including coil geometric 

and material optimization, multi-coil configurations, relay coil introduction. Additionally, the 

integration of ML algorithms for link optimization has emerged as a promising approach, enabling 

dynamic adjustment of system parameters to compensate for misalignment and load variations, thereby 

improving the stability and efficiency of power transfer. 

For circuit implementation and innovation, the review elaborates on technological advancements in 

the power path (PA, rectifiers, voltage regulators) and data path (modulation and demodulation schemes 

such as ASK, PSK, FSK, LSK, DSK). System level innovations like SIDO architectures and energy-reuse 

back telemetry achieve a dynamic balance between PTE, data rate, and miniaturization, providing solid 

technical support for IMDs. 

Additionally, the review identifies core challenges including miniaturization, high PTE, biosafety, and 

reliable bidirectional data communication. Future directions will focus on miniature component design, 

advanced circuit optimization, biosafety enhancement through packaging and thermal management, and 

deep integration of ML for coil design, parameter prediction, and misalignment compensation. 
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