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Abstract

:

This study investigates wireless power transfer for deep in-body receivers, determining the optimal frequency, power budget, and design for the transmitter and receiver. In particular, the focus is on small, in-body receivers at large depths up to 20 cm for obese patients. This enables long-term monitoring of the gastrointestinal tract for all body types. Numerical simulations are used to investigate power transfer and losses as a function of frequency and to find the optimal design at the selected frequency for an obese body model. From all ISM-frequencies in the investigated range (1 kHz–10 GHz), the value of 13.56 MHz yields the best performance. This optimum corresponds to the transition from dominant copper losses in conductors to dominant losses in conductive tissue. At this frequency, a transmitting and receiving coil are designed consisting of 12 and 23 windings, respectively. With a power transfer efficiency of   2.70 ×  10  − 5    , 18 µW can be received for an input power of 0.68 W while still satisfying exposure guidelines. The power transfer is validated by measurements. For the first time, efficiency values and the power budget are reported for WPT through 20 cm of tissue to mm sized receivers. Compared to WPT at higher frequencies, as commonly used for small receivers, the proposed system is more suitable for WPT to large depths in-body and comes with the advantage that no focusing is required, which can accommodate multiple receivers and uncertainty about receiver location more easily. The received power allows long-term sensing in the gastrointestinal tract by, e.g., temperature, pressure, and pH sensors, motility sensing, or even gastric stimulation.
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1. Introduction and Objectives


1.1. Long-Term Monitoring with Implants and Ingestibles


For more than a century, investigations of the gastrointestinal tract (GI tract), or organs in the abdominal cavity in general, have become more and more accessible with the rapid evolution of endoscopic techniques [1]. A trend toward increasingly less invasive methods can be noticed, starting with the more flexible fiber-optic endoscopes [2], to even swallowable devices for Wireless Capsule Endoscopy (WCE) [3]. These evolutions significantly increased the comfort of the patient and allowed for the examination of the complete GI tract. As a result of normal, peristaltic movements, mean total transit times for WCE are around 24 h, with a small bowel transit time varying from 45–240 min [3,4]. This eliminates the possibility of long-term monitoring. However, pH, temperature, and pressure measurements in the GI tract can provide valuable insight into (patho-)physiology, e.g., in the case of delayed gastric emptying [5].



Similarly to wearables, which have been measuring vital signs and tracking sleep for years now, ingestible, implantable, or injectible devices could be of high value, linking parameter sensing in the GI tract to health and disease [6,7]. Temperature measurements by in-body devices have the highest accuracy, least delay, and most comfort for the patient. They can be used to detect GI bleeding [8], menstrual disorders [9], polycystic-ovary syndrome [10], depression [11], or infection [12]. Measurements of pH value in the stomach can be used to diagnose gastroesophageal reflux disease [13]. Pressure sensors can detect intra-abdominal hypertension [14]. Devices for microbiome and biomolecule sensing in the GI tract allow us to elucidate their yet largely unknown relation with the etiology of many diseases, including Crohn’s disease, ulcerative colitis (a chronic inflammatory bowel disease), or Menetrier disease [7,15,16,17,18]. Sensing biomarkers, such as thiosulfate and acyl-homoserine lactone, could indicate inflammation or infection of the gut [15]. The opportunities for long-term monitoring in the abdominal cavity are not limited to inside the GI-tract: electrophysiological signal measurements with a miniature sensor from [19] in the adrenal gland were correlated with elevated cortisol and chronic stress. Implants for functional electrical stimulation along the GI tract exist as well, e.g., [20]. Gastric stimulation can improve health for morbidly obese patients, intestinal stimulation is used for post-operative ileus management, and colon stimulation can control the movement of solid content in the bowel [20,21]. In order to keep the device at a certain location in the body, a retention mechanism is needed. Implants such as in [20] can be fixed, but need a more invasive procedure. A tissue attachment mechanism (TAM) was developed by [22], which allows a sensor to clip on the inner intestine wall. This is done using a capsule robot with its only task being to install the sensor at a specific location. Autocapsule [23] is a similar example of a device meant to stay in the GI-tract for prolonged monitoring. Ghosh et al. [24] developed a multi-clawed gripper, inspired by the hookworm parasite, that can latch onto the mucosal tissue for prolonged stay in the colon. The intervention is conducted via the anus in a minimally invasive way.




1.2. Powering Miniature Medical Devices


One of the biggest challenges for these miniature devices is providing power for long monitoring durations [25]. In particular, for obese people, for who the separation between transmitter (Tx) and receiver (Rx) can be up to 20 cm, providing power to the hardware can be difficult.



Batteries are suitable for applications such as WCE, since regular silver-oxide button cells fit in a typical capsule, having dimensions of 32 mm × 11 mm diameter [26,27]. Nonetheless, batteries come with some serious disadvantages. They can be toxic, have a finite capacity, limited shelf life, poor disposability, and could cause mucosal injury [28,29,30,31]. But most importantly, the specific energy density of batteries decreases drastically for small form factors: a 16 mm   3   battery comes with an energy density of only 26 mWh/cm   3   [6], which makes batteries unsuitable for long-term use in miniature devices.



Supercapacitors have even lower energy densities at around 2.5 mWh/cm   3   [32].



Ultrasound (US) power transfer, on the other hand, could be a viable option for implanted and ingestible medical devices. Due to the lower speed of US waves, the wavelength becomes smaller at lower frequencies already, compared to electromagnetic waves, and also losses are lower, enabling a relatively efficient power transfer, particularly for small receivers [29,32]. From a practical point of view, the need for gel to provide good contact between transmitter and body tissue is rather inconvenient. The concept of focusing also implies that only a small spot inside the body will be ideal for maximum power transfer, and tighter tolerances are applicable for the placement of the transmitter. This makes US power transfer less desirable for deep implants in obese people, where the relative position of transmitter and receiver can already be influenced by the posture of the patient. Lastly, power transfer efficiencies reported in the literature can be an overestimation since often only a single tissue type is considered, while the interfaces between different tissue types might induce inefficiencies during power transfer [32,33].



Capacitive coupling power transfer is also known to be inapplicable for large separation and small device size [25,34,35].



Energy harvesting from the surroundings is a third option, next to local storage and wireless power transfer. Unfortunately, the power harvesting mechanism might be specific to a certain anatomical location, or power values could become too low [36]. For example, energy is successfully harvested by a miniature receiver in the stomach in [31], but the received power drops significantly to the order of a few nW/mm   2   once the receiver enters the intestine. Power can be harvested from body movements as well [37]. This obviously means that power is received only when the body is in motion, which is not always the case, both for the general population and for obese people [38].



Considering the shortcomings of the mechanisms discussed above, this study will investigate electromagnetic wireless power transfer for deep, miniature medical devices, which is arguably the most common type of WPT.




1.3. Novelty and Objective


This study aims to determine an optimal frequency and design for wireless power transfer to a small, in-body receiver for obese people by means of numerical simulations, aiming for maximum power transfer efficiency for the given application. The general concept is illustrated in Figure 1. We explicitly aim for a power transfer distance of   200  mm  . This distance can cover the whole body for an abdominal circumference of up to 130 cm, corresponding to BMI-values of over 40 [39]. A maximum radius of 2 mm by a thickness of 2 mm is imposed as the maximum dimensions of the receiver. This allows the total device to be small as well and stay in the body for prolonged durations. The dimensions of the transmitter are constrained to   100  mm   for the diameter and   10  mm   thickness. An overview of the geometric constraints is shown in Table 1. While the main objective is maximum power transfer efficiency, also the received power is important with regard to the range of possible applications. The maximum received power is a result of the limitations on input power at the transmitter, for reasons of safety in terms of exposure of the body to electromagnetic fields. The first step will consist of determining the optimal frequency, without excluding near-field, mid-field, or far-field beforehand. This will be based on mapping the main loss mechanisms during power transfer and, most importantly, how they change with frequency. In a second step, the design for the transmitter and receiver will be defined, with the goal of optimal power transfer efficiency.



The novelty of the paper lies in the following three main points:




	
Ultra-deep, miniature receivers: For the first time, mm sized receivers are investigated at depths up to 20 cm in the body, for the inclusion of all body types. Existing studies either focus on smaller depths, <10 cm, for deep implants [36,40,41,42,43,44], target larger receivers [45,46,47], or include tissue only for a small part of the Tx-Rx distance [48].



	
Frequency methods and value: The approach of starting from the complete electromagnetic spectrum, from near-field inductive methods to far-field radiation and identifying the main losses at each frequency, allows us to find a maximum efficiency point. For the first time, this study explicitly focuses on the optimal efficiency for a depth of 20 cm. Interesting studies searching for the optimal frequency have been conducted already [40,49,50,51,52], although tissues are considered homogeneous, a far-field approximation is used, only tissue losses are considered for the efficiency, or the depth is limited to 10 cm while the optimal frequency for WPT significantly depends on depth and tissue characteristics.



Secondly, the frequency of 13.56 MHz that will ultimately be used for the Tx and Rx design, has benefits compared to the more common mid-field and far-field approaches, as no focusing with the feedback loop is needed, the fields and power transfer are almost insensitive to variable tissue properties, and losses in electronics will we lower. The large wavelength gives this approach the benefit of transferring power to multiple receivers in the abdominal cavity more easily, undoubtedly a benefit for the application of long-term monitoring.



	
User comfort: The limitations on Tx dimensions ensure that the hardware has a convenient form factor: A 10 cm coil can easily be worn on the body without hindering. A coil worn around the body as in [45,46] would be more cumbersome, needs an electrical connection to close the loop, and would require individual sizing. No need for contact gel as for US WPT also improves the user experience.
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Figure 1. Application goal: Wireless power transfer to in-body receivers for obese people. Adapted from [53]. 
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2. Models and Methods


The study consists of two main steps. In the first step, the optimal frequency for the use case will be determined, considering the intended distance for power transfer and typical tissue characteristics. Using this frequency, the optimal transmitter and receiver will be designed in a second step, taking into account the geometric constraints of the system.



2.1. Simulation Software and Models


The simulations are run using the COMSOL Multiphysics v5.6 simulation software [54]. Both the low-frequency (ACDC) and high-frequency (RF) modules are used. This software allows simulating both 2D- and 3D-domains, at virtually all frequencies. The material properties are taken into account as a function of frequency as well, as opposed to the more limited magnetic simulators.



The power transfer was simulated using 3D numerical models of the transmitter, receiver, and tissue layers in between. This model is shown in Figure 2a,b. The thickness of the tissue layers was such that they sum up to   200  mm  , and electrical properties from Gabriel et al. were used [55]. The thickness of each layer is listed in Table 2. The layers were cylindrical (Figure 2a), with the axis along the line Tx–Rx, and the diameter of   400  mm   was chosen to be large compared to the Tx–Rx distance. A second model with modified layer thickness was composed as well. This enables us to assess the influence of the body model and variations of the electrical properties of the body on the power transfer. In this modified model, also listed in Table 2, the amount of visceral fat is reduced, and the thickness of other layers is increased, taking into account the fixed total depth of   200  mm  . These changes are random and will be used to compare the influence of tissue properties between frequencies in a relative manner. At low frequencies, the cylindrical symmetry allows much faster simulations for finer parameter steps and for validation of the 3D-model.




2.2. PTE in a Two-Port Network


The power transfer efficiency (PTE) is quantified by considering a general, reciprocal two-port network between the transmitter and the receiver, as illustrated in Figure 3 and Equation (1). The efficiency (PTE) can be expressed as a function of the Z-parameters, Equation (2), and is defined in this study as the ratio of the maximum power consumed by a matched load to the input active power provided by the source.


       V 1       V 2      =      Z 11     Z 12       Z 21     Z 22           I 1       I 2       



(1)






  P T E =     |   Z 21    |  2    4  R 1   R 2      



(2)






   R 1  = Re  (  Z 11  )   ,   R 2  = Re  (  Z 22  )   











Equation (2), derived from [56], is valid when the coupling is low, i.e., when the mutual impedance is much lower than the real parts of both input impedances, and is, therefore, valid for low values of the PTE. Due to the large separation of   200  mm   between Tx and Rx, this approximation is justified. This equation clearly shows the influence of each of the Z-parameters. For the input impedances,   Z 11   and   Z 22  , only the real part is of importance. This corresponds to the fact that the reactive power has no influence on the PTE, being the ratio of active powers. For the mutual impedance   Z 21  , only the magnitude should be considered. The expression for PTE can be derived from the ratio of output to input power as well.



For the case of low coupling, the voltage and current at the receiver port will be very small compared to the transmitter port. As a result of this very low output power, the input power equals, in good approximation, the sum of all the losses and is represented by     1 2     |  I 1  |  2  ·  R 1   . Low coupling also allows us to consider the receiver port as a voltage source with voltage    I 1  ·  Z 21    and internal resistance   Z 22  . The maximum power that can be drawn, considering a matched load    Z  l o a d   =  Z  22  *   , equals     1 8       |   I 1    |  2  ·   |  Z 21  |  2    R 2     . The ratio of the powers corresponds to Equation (2).




2.3. Optimal Frequency


The first step of this study consists of finding the optimal frequency for this use case. To compare values of the achievable efficiency at a wide range of frequencies, a model with a single-loop coil for Tx and Rx is used. The diameter of the Tx coil is set to   10  cm  , which represents a reasonable size for a device to be worn on the body. The Rx coil diameter is fixed at   3.3  mm  .



All parameters in Equation (2) can be determined using 2 simulations for each frequency point. A first simulation with a current of   1  A   in Tx and open Rx will provide   R 1   and   Z 21  . A second simulation with   1  A   in Rx and open Tx provides   R 2  , and can act as a check for   Z 21  , which is equal to   Z 12  .



The first simulation suffices to investigate the different loss mechanisms: for a fixed input current,   R 1   represents the total input power. Due to the small coupling, a small Rx current is expected, and corresponding losses will be small as well. However, the role of   R 2   is equally important, illustrated by the symmetry of Equation (2), representing the internal resistance of the magnetically induced voltage source at Rx. Since the load should be matched to this impedance, the received power is inversely proportional to its real part.



2.3.1. Maximum Efficiency


Multiple causes of losses can be distinguished. The frequency sweep serves to investigate these different mechanisms and, more importantly, their change with frequency. The most important loss mechanisms include copper losses in the transmitter and receiver and tissue losses due to induced currents and dielectric relaxation.



The range of investigated frequencies varies from   1  kHz   up to   10  GHz  . At low frequencies, the PTE is expected to increase with the square of the frequency since the induced voltage in Rx is proportional to the frequency of the magnetic field. The rate of increase will be attenuated by an increased resistance of the Tx coil as a result of the skin effect. At even higher frequencies, tissue losses will become increasingly important. Due to the non-zero conductivity of biological tissue, the associated losses caused by induced currents will limit the power transfer efficiency proportionally to the square of the frequency [57]. The power lost due to each of these loss mechanisms can be identified during the simulations, providing insight into the trend for the final PTE as a function of frequency.




2.3.2. Robustness


The PTE and corresponding optimal frequency are highly dependent on the design of the transmitter and receiver, including type, size, and orientation, as well as the electrical properties and dimensions of the tissue layers. A model with modified tissue layer thickness, as explained above, is used to assess the influence of tissues with varying conductivity and permittivity. This is shown in Figure 2b. Additionally, multiple orientations of the Tx- and Rx-antenna are simulated. This accounts for the fact that the radiation pattern of a loop varies with frequency: a small loop will radiate with maxima in the plane of the loop, while a loop near resonance will radiate maximally along its axis. This is shown in Figure 2b as well.





2.4. Transmitter and Receiver Design


In the second step of this study, a coil is designed for the Tx- and Rx-side for WPT at a frequency of   13.56  MHz  , as found in Section 3.1. At this frequency, the wavelength in tissue is in the order of meters, depending on the exact tissue type. The largest wavelength is found in fat, which covers the largest part of the   20  cm   separation between Tx and Rx, with a value of   6.4  m  . In the small intestine, the value for the wavelength is the smallest at   1.2  m  , but the distance that the field has to travel through the small intestine is only a matter of millimeters to centimeters as illustrated in Figure 2a. Since the typical dimensions of the simulation domain are considerably smaller than the wavelength, the low frequency solver is used to optimize the Tx and Rx coil. The AC/DC module of the COMSOL Multiphysics v5.6 software [54] is used for this step in combination with the 2D axisymmetric solver.



2.4.1. Optimization Methodology


The designs of the Tx and Rx coils are defined by 5 independent parameters, in addition to the fixed outer dimensions of both coils.



	
  N a  , the number of windings in the axial direction;



	
  N r  , the number of windings in the radial direction;



	
d, the winding diameter;



	
  i a  , the winding spacing in the axial direction;



	
  i r  , the winding spacing in the radial direction.






The role of these parameters is also illustrated in Figure 4. The optimization consists of a grid-search algorithm. This can be used due to the very fast simulation time of the axisymmetric solver. If the time allows for a grid-search algorithm, it will always be the most complete optimization algorithm. Furthermore, the parameter spaces are well confined as well:   N a   and   N r   are limited to positive integers of modest magnitude, after which only 3 continuous parameters remain. The ranges for all parameters are shown in Table 3. After a first iteration, the ranges for each parameter could already be limited and refined, allowing for an accurate identification of the optimum.



Nonetheless, it turns out that the definition of this optimum is less straightforward. Although PTE is the main objective of the optimization, it is important to consider the coil resistance as well since it will influence the performance and efficiency of the system as a whole. Since losses in circuits are generally proportional to the square of the current, transmitting and receiving power at a high voltage/current ratio improves overall efficiency. In particular, at the receiving side, where power and voltage values are already low, a sufficiently high voltage is needed. The load circuits performing AC-DC rectification are necessarily non-linear in nature. This implies that they will have different efficiencies for different voltage amplitudes. Typically, they contain solid-state devices with a certain threshold voltage, meaning that under a certain voltage, the total energy efficiency will collapse. Despite the fact that a parallel capacitor will also significantly increase the voltage of the resonating circuit, a larger current in the resonating circuit will imply larger losses due to the capacitor equivalent series resistance. Additionally, a small resistance value produces a small resonance peak in the frequency domain, requiring small tolerances on the electric components to tune the coil, which, in turn, increases the sensitivity to objects in the environment of the coil, including the body. A value for   R 1   and   R 2   above   1  Ω   will ensure good compatibility and efficiency of the source and load circuits.




2.4.2. Transmitter Optimization


Due to the low coupling, the optimization of Tx and Rx can be done separately. For the optimization of Tx, a simple single winding is used to model the Rx coil to limit the complexity of the simulation. The Tx coil will be fed with a current of   1  A  , while the Rx coil is left open, i.e., a current of   0  A   is imposed. The voltages in both coils and resistance of Tx are directly obtained from the simulation results.   Z 21  , which is of importance to calculate the efficiency, is obtained from the open Rx coil voltage. To compare the efficiency of multiple Tx designs, the expression for the PTE (2) is employed with a fixed design for Rx, consisting of a small, single loop. The corresponding value for   R 2   is 5.7 m Ω .



While the maximum outer dimensions are already fixed at   50  mm   and   10  mm   for the radius and thickness of the coil, respectively, the five independent parameters in Table 3 remain for the optimization of the coil. The parameter grid is simulated as explained in Section 2.4.1 and the optimal design of the coil will be selected, based on a trade-off between efficiency and resistance, which is discussed in the results.




2.4.3. Receiver Optimization


The approach used for the optimization of the Rx is analogous. However, the dynamic range of the dimensions in the simulations would be very large if we would model the complete domain: the largest dimensions of the model with Tx and Rx (multiple decimeters) are much larger than the geometric features of the Rx coil (multiple windings per mm). Therefore, only the Rx coil and its environment are simulated. The magnetic field at the location of the receiver is assumed to be constant, due to the large distance (  200  mm  ) from the transmitting coil and the small dimensions of the receiving coil (  4  mm  ). This significantly simplifies and speeds up the simulations. The best performing coil will again be determined by a combination of high efficiency and sufficiently large input impedance.






3. Results and Discussion


3.1. Optimal Frequency


3.1.1. Efficiency Values


Results are shown for the coaxial configuration of the coils first. Subsequently, the robustness of the model is investigated by changing a number of model parameters, as described in Section 2.3.2.



The composition of   R 1   reveals valuable insight into the origin of the losses present at each frequency point. This is shown in Figure 5. As a result of the fixed input current of   1  A  , the resistance   R 1   can be directly interpreted as the input power.



At low frequencies, the only loss component of   R 1   is the copper loss of the transmitter, which is constant at sufficiently low frequencies. At around   1  kHz  , the skin depth becomes considerably smaller than the diameter of the Tx winding. Since skin depth is proportional to the square root of the frequency, the Tx resistance, therefore also the input power, increases with the square root of the frequency from that point on, as indicated in Figure 5.



Starting at MHz frequencies, induced currents and therefore absorbed power in conductive tissue becomes progressively important. The imaginary part of the permittivity due to dielectric relaxation of the tissue, induces increasingly larger losses at higher frequencies. From   20  MHz   on, this becomes the dominant loss mechanism, as a result of the relation with the square of the frequency. Copper losses in Tx and received power by Rx become very small relative to the power absorbed in tissue, which is nearly equal to the input power.



Starting at approximately   100  MHz  , the radiated power constitutes a significant portion of the input power. It is important to note that only power radiated out of the simulation domain is considered radiated power. Power radiated by the Tx coil and absorbed by the tissue is counted as tissue loss.



At lower frequencies, it makes sense for the visualization to fix the input current of the loop: the input current is equal to the current in the loop, and the real part of the input impedance is directly related to the loss components. When the wavelength becomes smaller, the current in the loop cannot be considered constant anymore, and the input impedance of the loop can become either very high or very low, depending on the frequency. Consequently, a change in the components of   R 1   can either be attributed to a change in the respective loss mechanisms, or to a change in input impedance. The latter implies that at these higher frequencies, the loss components should be interpreted in a relative manner and explains the irregular shape of the graphs above 100 MHz in Figure 5.



Figure 6 shows the total PTE with its factors according to Equation (2):    |   Z 21   |   ,   R 1   and   R 2  . The progress of   R 2   can be explained similarly as for   R 1  , although the transition from dominant copper losses to dominant tissue losses occurs at a higher frequency, due to the smaller dimensions and winding diameter.



At the receiving side, the rate of change of the magnetic field and therefore the induced voltage, represented by    |   Z 21   |   , is initially proportional to the frequency, because the magnetic field is proportional to the (constant) current in the transmitter. At higher frequencies, the inductive link transitions to radiative power transfer, ceasing the linear relationship between induced voltage and frequency, as indicated in Figure 6. In particular, at higher frequencies, tissue losses will reduce the available power at Rx.




3.1.2. Choice of Optimal Frequency Value


The graph of the PTE in Figure 6 reveals a maximum at   17  MHz  . At this point, the denominator in Equation (2) increases faster with frequency than the numerator. This value results from the transition from dominant copper losses to dominant tissue losses. This means there are some implications when deciding on the ideal frequency for WPT to receivers located deep in the body. Since the transmitter and receiver are not yet optimized for power transfer at a specific frequency, the indicated PTE will be an underestimation of the maximally achievable efficiency. Nevertheless, lower copper losses as a result of optimized Tx and Rx design will mainly increase the PTE at lower frequencies. At frequencies where tissue losses are dominant, the expected increase will be lower. In the latter case, a more directive electromagnetic field could result in reduced tissue losses and increased power transfer. However, this would significantly complicate the design of the complete system, since the exact location of the receiver with respect to the transmitter should be known and the shape of the field should be adapted accordingly. Moreover, the wavelength should be considerably smaller than the value of approximately   2  m   at   17  MHz   (in tissue). Consequently, lowering the tissue losses at higher frequencies will be hard to achieve. A last consideration to take into account is the availability of the frequency for the intended application. Since ISM-frequencies are free to use, while having bands along the complete spectrum, they are of particular interest. The ISM-frequency closest to the maximum at   17  MHz   is   13.56  MHz  . This value is selected for the further optimization of the WPT system, considering the limited difference in PTE and the relatively larger potential for the optimization of copper losses in the transmitter and receiver. Considering the large frequency spectrum, this value is in good agreement with the value of 4 MHz found in [46].




3.1.3. Robustness


The choice of optimal frequency should be independent of the Tx and Rx models that are used since they do not necessarily represent the most efficient design. Similarly for the used body model, variations in anatomy will be present between different patients, even if the total distance is the same. Therefore, the dimensions of each tissue layer are modified according to Table 2. As illustrated by the dotted line labeled   P T  E  m o d i f . t i s s u e     in Figure 6, this had negligible influence on the PTE curve and maximum value. Another advantage at   13.56  MHz   is that the shape of the magnetic field is not changed significantly due to the heterogeneous body, as opposed to the very irregular behavior of electromagnetic waves in the body at microwave frequencies. This limits high local variations of the PTE. Furthermore, the polarization of the loop antenna was changed to a coplanar configuration (dashed line   P T  E  c o p l a n a r     in Figure 6), where both Tx and Rx loops are in the same plane, perpendicular to the skin. At lower frequencies, below   100  MHz  , power transfer is less efficient compared to the default, coaxial configuration. At higher frequencies, the efficiency shows more fluctuations in the PTE curve, as does the coaxial model, but the order of magnitude of both configurations is similar. In particular, for receivers in the GI tract, small shifts in position due to external movement or internal organ movement can cause these fluctuations in efficiency, which are unwanted. As a result, the value of   13.56  MHz   is used in this study.





3.2. Transmitter Optimization


Using the optimal frequency of   13.56  MHz  , simulations were carried out to obtain the optimal design for the transmitter using the parameter ranges in Table 3. The efficiency, according to Equation (2), is shown as a function of the winding diameter in Figure 7a, with colors indicating the total number of windings.



Figure 7a already shows the expected efficiency range, which is in the order of magnitude of   10  − 5   , although this is for a sub-optimal Rx. Higher efficiency values are seen for relatively large winding diameter values, which of course corresponds to a limited total number of windings n, considering the maximum dimensions of Tx. All cases with a diameter of   1  mm   or larger are retained for further selection. PTE is similar at these values, while it drops when the diameter is too small. The color scale clearly shows that a higher number of windings is more efficient for low diameter values, while the opposite holds for larger diameters. The dark blue line in Figure 7a shows the trend for a fixed number of 12 windings, corresponding to the final design. This clearly shows that the maximum is reached for an intermediate value of winding diameter, between the minimum and maximum. This is confirmed in Figure 7b: a larger diameter for a fixed number of 12 windings slightly increases resistance and therefore reduces efficiency.



Figure 7b shows the obtained subset of simulations as a function of input resistance   R 1  . A minimum requirement on this quantity of   1  Ω   is imposed. Although the highest efficiency value according to the definition of the PTE is excluded as a result of this requirement, this is not a problem as the total efficiency, including the matching network, would not be maximal for that case.



A final selection from the designs in Figure 7b is made, containing only the coils with the highest efficiency, compared to all cases that have a higher or equal input resistance   R 1  . This allows us to make a trade-off between efficiency and input resistance. The specifications of these 12 models are shown in Table 4, sorted by descending efficiency.



While the first option in Table 4 has the highest PTE, the third option has a much higher input resistance. Due to the very small difference in efficiency, the third option is the best choice. The input resistance of   3.7  Ω   is also sufficient, so the drop in efficiency of the remaining options is not gainful.



The proposed design with 3 by 4 windings in the axial and radial directions, respectively, performs optimally for this specific use case. The PTE after Tx optimization amounts to   1.3 ·  10  − 5    . Considering the very small size of the receiver, the large depth of   20  cm   inside an obese person and the remaining potential of optimization of Rx, this is a satisfying result.




3.3. Receiver Optimization


A similar approach that was used for the transmitter is used for the receiver, as discussed in Section 2.4.3. The biggest limitation on the efficiency will be the small size of the receiver. For this application, this size is limited to a diameter of   4  mm   and a thickness of   2  mm  . The variables left to determine are the number of windings in the axial and radial direction, the winding diameter and the spacing in both directions.



Figure 8a shows that a small number of windings in the radial directions is preferred when the winding diameter is not too small. From a practical point of view, this is beneficial, since more space inside the coil is still available for other hardware, as long as it does not considerably influence the magnetic field. At very small winding diameters, i.e., smaller than   0.04  mm  , this no longer holds, but the efficiency for these cases is lower, while these extremely small diameter values might be associated with a more complex manufacturing process.



If we take into account standard copper wire sizes, the smallest conventional size, as defined by the American Wire Gauge (AWG) [58], is AWG 40, corresponding to a diameter of   0.079  mm  . Limiting the possible designs to the cases with this minimum diameter, only slightly affects the maximum efficiency, with the benefit of a more conventional design.



Confining the parameter space to all cases with a single winding in the axial direction results in only two remaining degrees of freedom: the axial number of windings and the winding diameter. The axial spacing will follow after choosing these two values. A finer step of the remaining parameters is used for further optimization. The diameters are set by the AWG-value, which are logarithmically spaced with 20 values per decade, starting at   0.079  mm  , as discussed above. The number of axial windings for each diameter is determined by the whole numbers between 1 and the maximum possible number considering the thickness of   2  mm  . The simulation results are shown in Figure 8b.



Combining the results from Figure 8a,b shows that the winding diameter has a relatively small effect on the PTE, with slightly higher PTE values for smaller diameter values. However, for a smaller diameter, there will also be a higher number of windings, with a smaller cross-section, resulting in a much higher resistance. This is beneficial with regard to the matching and load circuit. The light blue line in Figure 8b, connecting all points with a diameter of   0.079  mm  , clearly shows that for a fixed diameter, either too many windings (tight spacing) or too few windings (large spacing) negatively affects efficiency.



The maximum efficiency value in Figure 8b corresponds to a design with 18 axial windings with the smallest winding diameter of   0.079  mm  . This design has a resistance of   1.7  Ω   and an efficiency of   2.95 ×  10  − 5    . Depending on the load-circuit, a design with 23 windings might provide a better resistance of   3.1  Ω   at the cost of a slightly lower efficiency of   2.70 ×  10  − 5    . However, the advantage of the latter is that the power is delivered at a higher voltage and lower current, limiting losses in components and conductors of the load circuit. For practical reasons, the design with 23 windings might be preferred as well since the winding spacing of   0.01  mm   is a better match with the thickness of the insulation of typical, commercially available AWG 40 wire. This eliminates the need for accurately dimensioning the spacing between two windings. The coil can instead be wound with windings one next to the other.




3.4. Exposure and Output Power


Magnetic, electric and electromagnetic fields allow us to communicate and send power to devices inside the body. Unfortunately, these fields are partly absorbed by the body and can be harmful as well when they are too strong. Hence, in this section, this effect is quantified and compared with the applicable guidelines.



3.4.1. Simulations of Exposure


Limitations on electric, magnetic or electromagnetic fields in the body for safety reasons will limit the maximum amount of power that can be sent into the body. These restrictions are published by both ICNIRP [59] and IEEE [60]. At a frequency of   13.56  MHz  , the limiting quantity is the specific absorption rate, or SAR. This is the rate at which energy from an electric/magnetic field is absorbed by conductive tissue in the body. The limits of both ICNIRP and IEEE are   2  W / kg   for local exposure of the head and torso, averaged over 6 min and   10  g   of tissue. ICNIRP does not impose limits on the peak SAR within this   6  min   window at   13.56  MHz  . IEEE limits the average SAR for pulsed or non-constant exposure to a fifth of the value for a continuous wave, or   0.4  W / kg   averaged over every   100  ms   instead of   6  min  .



Exposure of the body to the fields from the coils can be simulated with the Sim4Life v6.2 software [61], using a model of the coil and the adult Duke body model from the Virtual Population [53], as shown in Figure 9. In the final configuration, multiple transmitters will be worn as a belt around the abdomen. To account for variations in the exact placement of the belt and, therefore, the exact location of the transmitting coil, multiple locations are tested, as illustrated in Figure 9. A total of 10 possible locations of the transmitting coil is simulated and the maximum local SAR averaged over   10  g   of tissue is calculated by the software for a given input power. Additional simulations were conducted with the coil moved away from the skin, to assess how fast the absorption drops for increasing separation. The results are shown in Table 5 using an input power of   1  W  .



The simulations show that the maximum for each configuration is in the proximity of the Tx coil. Therefore, multiple simultaneously active coils are not expected to increase this value considerably. The indicated SAR values are the maximum values found in the tissue when the input power is   1  W  , corresponding to an input current of   0.74  A  . For a fixed current, the power will decrease when the coils are placed in the air. However, the exposure is related to the B-field, and hence to the current.




3.4.2. Maximum Power Transfer


The values in Table 5 should be compared against the   2  W / kg   limit [59,60] for the general public. The maximum value of   4.3  W / kg   implies that the input power during continuous use should be maximally   0.46  W   when coils are placed close to the skin in the final design. When a belt increases the separation between the coil and skin surface to   5  mm  , the power that can be used increases to   0.68  W  . However, in a controlled environment (under the supervision of a professional), the SAR-limit for local exposure is 5 times higher, at   10  W / kg  . This implies that   3.4  W   input power can be used. For larger separations, the maximum possible input power is even higher. The efficiency, and therefore the power received, will be slightly lower as well due to the larger Tx–Rx distance, this effect will be smaller than the effect of the decreased exposure.



For an input power of   0.68  W  , the received power at the receiver is   18  μ  W for the general public. The higher input power in a controlled environment can transfer   90  μ  W to the receiver. If a higher power is needed, following the IEEE Guidelines [60], this will only be possible during a much shorter time interval: during each   100  ms  ,   14  mJ   of power can be sent, taking into account the safety factor of 5 for non-continuous exposure as explained above. This means that   0.35  μ  J can be received every   100  ms   without restrictions on the duty cycle within this   100  ms   interval. This can be useful, e.g., for the start-up of a device.





3.5. PTE Comparison and Applications


3.5.1. Comparison with Other Designs and Novelty


A comparison with other WPT designs for deep receivers is shown in Table 6. It can be seen that the combination of small receiver size and large WPT distance in tissue is what distinguishes the proposed design from existing systems.



For systems at the lower end of the frequency spectrum, [45,47,62], efficiency values are higher than the proposed design. While this can accommodate applications such as WCE, the dimensions of Tx and Rx are much larger. The radius of Rx is almost three times larger, while PTE typically increases with     r 3    [44]. The larger receiver dimensions and still limited WPT distance (50–100 mm), make these designs unusable for the intended application of long-term monitoring for obese people. The objective of miniature receivers is not merely a niche application, it might be an actual requirement: bulky devices in the GI tract can hinder the passage of food [7], as opposed to WCE, where the capsule moves with the contents through the intestines. The large coils of the mentioned studies, worn around the body, also have disadvantages, as mentioned in Section 1.3.



The mid-field WPT design by Ho et al. [36], is a very relevant and regularly cited comparison, since these hlauthors were among the first to define and investigate mid-field powering ([49]), which is often considered optimal to power miniature, deep implants [32,46]. The received power of   195  μ  W can be considered good for the small, 1 mm radius, receiver. However, it is mentioned in [36], that the power drops to   10  μ  W for a WPT distance of 100 mm. At the maximum SAR level, this would be   22.5  μ  W with an efficiency of   2 ×  10  − 5    . The presented work delivers a similar amount of power,   18  μ  W, and higher efficiency at double the distance, 200 mm, although with a larger Rx radius. The decrease with a factor of   19.5   for a doubling of the WPT distance in [36], can indicate that the new, proposed design is more efficient at large depths compared to existing systems. A simulation of the proposed design indicated an improvement of a factor of   20.3   as well, for halving the WPT distance from 200 mm to 100 mm, which is larger than the estimated gain of the larger radius   ( × 8 )  .



Other designs in Table 6 propose radiative WPT, covering large distances of 500 mm and more. However, none of these designs transmit power through more than 60 mm of tissue. Therefore, interpreting these power and efficiency values for 200 mm deep receivers, would lead to an underestimation of losses and refraction in tissue, and consequently, overestimation of the efficiency.



This study is the first that provides efficiency and received power values for a WPT distance of a minimum of 200 mm in tissue and receivers with a maximum diameter of 4 mm. The corresponding opportunities and applications are discussed below.





 





Table 6. Comparison of the proposed WPT system with existing systems.
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	Frequency

(MHz)
	Depth

(mm)
	Tx
	Rx
	PTE

(%)
	PTx
	PRx
	SAR (W/kg)





	[45]
	0.802
	100
	380 mm Ø (x2) a
	10 mm Ø
	9.1
	-
	367 mW
	-



	[47]
	1.0
	100
	200 mm Ø (x2)
	8.9 mm Ø
	1.0 b
	9.1 W
	91 mW
	0.66



	[62]
	13.56
	50
	45 mm Ø
	  11 × 11   mm2
	0.03
	0.3 W
	-
	0.04



	[63]
	655
	500 c
	-
	10 mm Ø
	0.06
	0.01 W
	-
	0.078



	[64]
	915
	1500 c
	500 mm
	10.8 mm Ø
	0.0001
	-
	-
	-



	[36]
	1600
	50
	60 × 60 mm2
	2 mm Ø
	0.04
	-
	195 µW
	0.89



	[36]
	1600
	100
	60 × 60 mm2
	2 mm Ø
	0.002
	-
	10 µW
	0.89



	[65]
	2340
	200 c
	-
	  3 × 3   mm2
	0.005 d
	-
	100 µW
	<0.1



	[48]
	2450
	60
	  83 × 53 × 1.3   mm3
	  5 × 5.3   mm2
	1.3
	1 W
	13 mW
	0.90



	This

work
	13.56
	200
	100 mm Ø × 10 mm
	4 mm Ø
	0.0027
	0.7 W
	19 µW
	2.0







a Two coils in a Helmholtz configuration. b With a ferrite core for Rx. c Only a small part of the transmission distance around Rx is tissue, the remaining part is air. d Efficiency calculated with optical power of the LED. Real value is higher.












3.5.2. Applications


The value of   18  μ  W for the received power is in line with the characteristics of long-term monitoring devices, as mentioned in Section 1.1. In [28], an ingestible thermometer is designed, with an energy consumption of   70  μ  J per measurement, and a stand-by power of 100 nW. A microbiome sensor by [15] consuming   12.7  μ  W can now be used at depths up to 20 cm. A pressure sensor is designed by [66] consuming only   0.27  μ  W, which can be used for GI tract motility sensing or bladder monitoring. A sensing and stimulation implant for the GI tract in [20] has sub-µW level power needs for motility recording and consumes power in the µW to mW range (depending on the stimulation parameters) during stimulation, which does not need to be continuous. The device is already wirelessly powered, although at a limited Tx–Rx separation. In general, advancements in ultra-low power miniature electronics enable sensing at increasingly lower power levels. Power levels can be <10 nW for ADCs and signal acquisition circuits, <nW stand-by power for sensor and processing nodes and <nW for timers [29,31]. A smart choice for the duty cycle for slightly more power-hungry components, e.g., stimulation or wireless communication, ensures the long-term functioning of the mentioned applications. The comparison of the obtained PTE and received power, with the power needs of modern hardware, shows that with the proposed system, sufficient power can now be transferred for long-term monitoring inside the abdominal cavity for virtually every patient. The large wavelength used eliminates focusing and the corresponding need to know the precise Rx position, and can accommodate charging multiple receivers.






4. Validation


As a validation of the simulation results, two realizations for both the Tx and Rx coil were manufactured and their performance was measured. The coils are connected to a vector network analyzer (VNA) operating at   13.56  MHz   from which the power transfer and Z-parameters are obtained indirectly from the S-parameters. The measurement results are shown in Table 7.



4.1. Transmitting Coil


The transmitting coil with 3 by 4 windings is put together according to the simulated specifications using a 3D-printed spool and commercial AWG 16 wire. The thickness of the insulation corresponds to half the winding spacing of   3  mm  . The Tx coil is shown in Figure 10a.



The inductance and capacitance of the coil are derived from the input impedance at different frequencies, and amount to   17.3  μ  H and   12.4  pF  , respectively. While the inductance value matches the simulation, the capacitance is considerably larger. This can be attributed to the relative electric permittivity value of the insulation. The measured capacitance value was confirmed after taking into account the insulation in the simulation as well. However, the higher capacitance currently makes the coil behave capacitively at the frequency of 13.56 MHz, which will be addressed in future work.




4.2. Receiving Coil


The receiving coil, with 23 windings in the axial direction, is constructed on a small printed circuit board due to its miniature size. The coil is shown in Figure 10b.



The measured inductance and capacitance for the receiving coil are   2.26  μ  H and   1.52  pF  , respectively. The same increase in capacitance can be seen for the transmitting coil, due to the presence of the polymer holding the coil together. Due to the smaller values for the inductance and capacitance, the coil is still in the inductive domain.




4.3. Power Transfer


Finally, the power transfer is measured for a distance of   200  mm   between Tx and Rx. The efficiency is calculated using the Z-parameters and Equation (2), which eliminates the need for a matched load, as well as a feeding circuit matched to the input impedance of Tx. The PTE   13.56  MHz   showed a lot of fluctuation, due to the small SNR. The average theoretical power transfer efficiency was   6 ×  10  − 5    , with up to a factor 2 of variations. This range corresponds with the simulated PTE value of   7.6 ×  10  − 5     for power transfer in air. Since this is the theoretic efficiency value, using Equation (2), there is no influence of the higher capacitance mentioned in Section 4.1, which will need to be addressed to effectively obtain this PTE value. As opposed to mid-field and far-field wireless power transfer, the influence of the presence of tissue is limited to increased losses and therefore lower efficiency, as also indicated by the simulations. However, at this wavelength, tissue will not have an influence on the shape, beamforming or focusing of the field. Subsequently, measurements are limited to air at this point, and measurements with tissue will be part of future work investigating alignment and multiple transmitters as well.





5. Conclusions


The optimal frequency for wireless power transfer to a miniature, in-body receiver at depths up to 20 cm is investigated in the range of 1 kHz to 10 GHz. For the first time, this is explicitly examined for obese people, enabling WPT for virtually every body type. It is found that the optimal frequency coincides with the transition from dominant copper losses in the transmitter and receiver to dominant tissue losses due to induced currents. This point is close to the ISM frequency of 13.56 MHz, which was selected as the optimal value. As compared to more common higher frequency approaches, this frequency shows higher power transfer potential over distances of 20 cm in tissue to miniature receivers, without the need for focusing. This reduces requirements on implant position and focusing hardware, while also being more suited for WPT to multiple receivers.



A design for the transmitting and receiving coil is proposed, delivering optimal performance at 13.56 MHz, within the constrained space of 10 cm diameter for the transmitter and only 4 mm for the receiver. For the transmitter, a coil with 12 windings is designed, with an inductance of   17.3  μ  H and a resistance of   3.7  Ω   next to the body. The optimal receiving coil has 18 windings, an inductance of   2.26  μ  H and a resistance of   3.1  Ω  . Power transfer is simulated and validated by measurements. A PTE of   2.70 ×  10  − 5     was found, corresponding to a received power of   18  μ  W at the limit of maximum exposure. This study is the first to present efficiency and power values for WPT through 20 cm of tissue to miniature receivers. After comparison with the literature covering shallower depths or larger receivers, these values show the potential for a higher power budget and efficiency at large depths and will enable long-term monitoring with ingestible and implantable devices in the abdominal cavity. Applications can include pH, temperature and pressure measurements, motility sensing or even gastric stimulation.



Future work will cover the influence of misalignment on the PTE. Simultaneously, it will be investigated how multiple Tx coils can compensate for this while also increasing the received power, together with the corresponding measurements in air and tissue. An alternative design for the Tx coil with lower capacitance will be investigated in order to increase its self-resonance frequency.
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Figure 2. The tissue model, consisting of symmetrically stacked cylindrical layers of tissue. (a) shows the model in 3D. The transmitter, consisting of a single loop coil is shown at the left base of the cylinder. The receiver is located inside the model, although very small. (b) shows a cross-section of the model. the left side shows (half of) the original model, the right side shows (half of) the model with modified tissue thickness. Both the coaxial and coplanar configurations are shown for Tx. Rx is very small, and is parallel to Tx. 
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Figure 3. A general two-port network. The relation between voltages and currents at each of the ports is given by the matrix of Z-parameters in Equation (1). 
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Figure 4. Cross-sectional view of the Tx coil, illustrating the definition of each of the investigated parameters: axial and radial number of windings (  N a   and   N r  ), outer and inner radii (  R  o u t   ,   R  i n   ), winding diameter (d) and winding spacing (  i a   and   i r  ). 
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Figure 5. Contributions to   R 1  , showing the influence of copper losses (  R  1 , C o p p e r   ), tissue losses (  R  1 , T i s s u e   ), radiation losses (  R  1 , R a d i a t e d   ) and the total sum (  R 1  ) for a fixed input current   I 1   = 1 A. 






Figure 5. Contributions to   R 1  , showing the influence of copper losses (  R  1 , C o p p e r   ), tissue losses (  R  1 , T i s s u e   ), radiation losses (  R  1 , R a d i a t e d   ) and the total sum (  R 1  ) for a fixed input current   I 1   = 1 A.



[image: Sensors 23 08084 g005]







[image: Sensors 23 08084 g006] 





Figure 6. Efficiency of the single-loop model at multiple frequency points. The difference between the original model (  P T E  ) and the model with modified tissue layers (  P T  E  m o d i f . t i s s u e    ) is small and the graphs overlap at frequencies up to   100  M H z  . The coplanar model (  P T  E  c o p l a n a r    ) mainly differs at lower frequencies, where the latter yields lower efficiency. The influence of all factors contributing to the PTE (Equation (2)) is shown as well (   |   Z 21   |   ,   R 1  ,   R 2  ). 
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Figure 7. Simulated PTE for multiple Tx designs as a function of (a) winding diameter and (b) input resistance   R 1  . The color shows the total number of windings,    n a  ·  n r   . A supplementary blue line is drawn, showing the trend for all points with the final number of 12 windings. 
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Figure 8. Efficiency of Rx (PTE, vertical axis) for multiple designs, showing the relation with (a) winding diameter (d, horizontal axis), radial number of windings (color) and (b) the resistance   R 2   (horizontal axis) and winding diameter (d, color) for a fixed radial number of windings of 1. The light blue line shows all points with a winding diameter of 0.079 mm. 
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Figure 9. Simulation model to investigate exposure during WPT. The Tx coil (represented by the white circles) is placed at 10 different, randomly distributed locations around the abdomen. During every simulation, only one Tx coil is present. 
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Figure 10. Prototypes of Transmitting and Receiving coils. (a) Prototype of the Transmitting coil with 12 windings of 1.3 mm in a 3 × 4 configuration. (b) Prototype of the Receiving coil with 23 windings of 0.08 mm in the axial direction. 
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Table 1. Overview of the fixed geometric parameters and constraints.
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	Parameter
	Value (mm)





	Tx–Rx distance
	200



	Tx diameter
	100



	Tx thickness
	10



	Rx diameter
	4



	Rx thickness
	2










 





Table 2. Overview of the tissue layers and thickness for the original and modified model.
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Tissue Layer

	
Thickness (mm)

	
Thickness (mm)




	
Original Model

	
Modified Model






	
Skin

	
2

	
2.5




	
Subcutaneous fat

	
42

	
56




	
Muscle

	
20

	
28




	
Visceral fat

	
124

	
96




	
Small intestine

	
12

	
17.5











 





Table 3. Design parameter ranges for transmitter and receiver.
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Parameter

	
Minimum Value

	
Maximum Value






	
Tx

	
   N a   

	
1

	
10




	

	
   N r   

	
1

	
10




	

	
d (mm)

	
0.5

	
10




	

	
  i a   (mm)

	
0.01

	
8




	

	
  i r   (mm)

	
0.01

	
15




	
Rx

	
   N a   

	
1

	
40




	

	
   N r   

	
1

	
4




	

	
d (mm)

	
0.01

	
1.5




	

	
  i a   (mm)

	
0.01

	
1.5




	

	
  i r   (mm)

	
0.01

	
1.5











 





Table 4. Selection of 15 optimally performing Tx coil designs in terms of PTE vs. input resistance, defined by the number of windings in axial and radial direction, winding diameter and interwinding spacing in axial and radial direction.
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	    n a    
	    n r    
	d (mm)
	   i a    (mm)
	   i r    (mm)
	    R 1    
	    P T E ( − )    





	3
	2
	2.31
	1.54
	1.54
	1.23
	   1.33 ×  10  − 5     



	3
	3
	1.67
	2.50
	2.50
	2.41
	1.32   ×  10  − 5    



	3
	4
	1.30
	3.04
	3.04
	3.66
	   1.30 ×  10  − 5     



	4
	3
	1.18
	1.76
	1.76
	4.99
	   1.28 ×  10  − 5     



	4
	4
	1.18
	1.76
	1.76
	7.95
	   1.27 ×  10  − 5     



	4
	5
	1.18
	1.76
	1.76
	11.22
	   1.24 ×  10  − 5     



	5
	4
	1.11
	1.11
	1.11
	14.29
	   1.20 ×  10  − 5     



	5
	5
	1.11
	1.11
	1.11
	20.93
	   1.16 ×  10  − 5     



	5
	6
	1.11
	1.11
	1.11
	28.30
	   1.13 ×  10  − 5     



	5
	7
	1.11
	1.11
	1.11
	36.19
	   1.09 ×  10  − 5     



	5
	8
	1.11
	1.11
	1.11
	44.47
	   1.05 ×  10  − 5     



	5
	9
	1.11
	1.11
	1.11
	52.99
	   1.01 ×  10  − 5     










 





Table 5. Exposure of the body during WPT for 10 configurations C1–C10 and an input power of 1 W.
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Max. 10 g SAR (W/kg) for 1 W Input Power






	

	
Coil Next

to Skin

	
Coil 1 mm

away from Skin

	
Coil 5 mm

away from Skin




	
C1

	
4.3

	
4.0

	
2.9




	
C2

	
4.1

	
3.8

	
2.8




	
C3

	
4.2

	
3.9

	
3.0




	
C4

	
4.2

	
3.8

	
2.9




	
C5

	
4.3

	
3.9

	
2.9




	
C6

	
3.9

	
3.6

	
2.6




	
C7

	
3.8

	
3.4

	
2.5




	
C8

	
4.0

	
3.7

	
2.6




	
C9

	
2.8

	
2.5

	
1.9




	
C10

	
3.9

	
3.6

	
2.6




	
STD DEV

	
0.4

	
0.4

	
0.3




	
AVG

	
3.9

	
3.6

	
2.7











 





Table 7. Measured coil characteristics.
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	Quantity
	Value





	Tx Inductance L
	17.3  μ H



	Tx Capacitance C
	12.4 pF



	Rx Inductance L
	2.26  μ H



	Rx Capacitance C
	1.52 pF
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