
  

 

Abstract—This paper presents a novel resonance-based multi-

coil wireless power transmission (WPT) system for powering 

implantable devices inside the 3D space of the human body. This 

design consists of a power amplifier, a transmitter coil, a cluster 

of resonators in parallel configuration, and a receiver unit, 

working at 13.56 MHz (the FCC-approved ISM-band). The 

proposed cluster configuration of the resonators in parallel 

configuration guarantees homogenous electromagnetic fields 

and uniform wireless power distribution in the 3D space of the 

body. It localizes the transmitted power at the receiver location 

naturally by activating the resonators near the receiver. We have 

modeled the proposed inductive link and the human body with 

HFSS software to optimize the design and study the body’s 

safety by evaluating the Specific Absorption Rate (SAR) level. 

The proposed WPT system is implemented, and the measured 

results show that the inductive link with multiple resonators in 

parallel configuration can continuously deliver power, >120 

mW, wirelessly inside the 3D space of the human-torso with a 

power transfer efficiency (PTE) of 15%, uniformly. We have also 

extended the coverage area to the human forearm by paralleling 

resonators with the resonators in the central body. The power 

delivered to the load and PTE between the resonators on the 

forearm area are measured >90 mW and ~14%, respectively.  

 

Index Terms— Wireless Power Transmission, Multi-Coil 

Inductive Link, Parallel Resonators, Implanted Medical Device. 

I. INTRODUCTION 

    The wireless power transmission (WPT) technology, using 

inductive links, has been employed in numerous applications 

to transfer power for more than a century [1]. The WPT 

technology has been used to wirelessly power/charge portable 

battery-powered devices such as smartphones, industrial and 

biomedical sensors, electric-vehicles, etc. [2]. The inductive 

link technology is demonstrated as an excellent approach for 

sending sub-micro to several tens of milliwatts to implantable 

devices wirelessly, used for both small animals and humans, 

to avoid using bulky rechargeable batteries and frequent 

surgeries to replace them.  

A variety of implants and head-mounted devices are 

developed for small animals to study the body's biology and 

neurology [3]. Such knowledge and technologies help  

develop human-specific medical implants, including vital 

sign monitoring sensors and devices, neural interfaces, 

retinal/cochlear implants, drug delivery implants, etc. [4]-[5]. 
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Additionally, the WPT technology has the potential to 

revolutionize the modern medical treatment and diagnosis 

systems by facilitating the development of 1) tumor ablation 

devices, using a radio-frequency, microwave, laser, and high-

intensity focused ultrasound energy for treating liver and 

kidney tumors, colon cancer, breast cancer, etc. [6], [7], and 

2) endoscopy devices [8].  

Improving power transfer efficiency of inductive links, 

extending the coverage area and distance, and increasing the 

power delivery (considering the safety issues) are the main 

objectives of the new and future WPT designs. 3-coil and 4-

coil inductive link configurations have already been 

developed to address these objectives for different 

applications with different requirements [9]. Different 

configurations of multicoil transmitter arrays are proposed 

(including the switching approaches, floating resonators 

designs, parallel resonators designs, etc.) to increase the 

effective active area where a receiver unit can be located and 

received sufficient wireless power [2]. 

A system with resonators in parallel configuration has the 

capability of providing uniform PTE and power delivered to 

the load (PDL) over a large surface or in a large volume by 

unifying the electromagnetic field and its natural power 

localization property. This WPT configuration is developed 

for small animal wireless power cages (for long-term in-vivo 

experiments with freely moving animals) and smartphone 

charging platforms [2], [3].   

This work extends the application of the parallel-resonator-

based WPT configurations by introducing a novel multi-coil 

inductive link design for wirelessly powering implantable 

devices in the 3D space of the human body. Section II 

provides the design description and simulation results of the 

proposed resonators-based inductive link. Section III 

incorporates the experimental results, followed by the 

conclusion in Section IV.  

II. DESIGN OVERVIEW  

A. Design Description 

     The conceptual schematic of the proposed multi-coil 

wireless power link is illustrated in Fig. 1a. The transmitter 

design consists of a Class E Power Amplifier (PA) powered 

by a battery, a transmitter (Tx) coil (L1), and resonators in 
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parallel configuration (L2,i). Each resonator made of an 

inductor, L, and a capacitor, C (LC-Tank), and multiple 

resonators (in parallel configuration) made a cluster. The 

receiver, Rx, unit (implantable device) consists of a receiver 

resonator (L3) and receiver load coil (L4). The conceptual 

schematic of proposed parallel configuration of the resonators 

is shown in Fig. 1b, indicating the orientation of the generated 

electromagnetic field. The proposed cluster of the Tx unit 

generates uniform electromagnetic field in the 3D space of the 

human body. The cluster has only one variable capacitor for 

all the resonators in parallel configuration to fine-tune the 

resonance frequency of the entire inductive link at 13.56 

MHz. The Tx coil, L1, has a strong coupling with one 

resonator (L2,1) in the cluster, and the number of the 

resonators (N) in the cluster is determined based on the 

required coverage area of the target application. 

Fig. 2 shows the equivalent circuit model of the proposed 

system, indicating the cluster with N resonators. The main 

objectives of optimizing the Tx coil and cluster design are 1) 

maximizing the power transfer efficiency, PTE, 2) 

maximizing the uniformity of PTE/PDL across 3D space of 

the body, 3) minimizing the number of resonators in the 

cluster, and 4) minimizing the SAR across the body. The input 

optimization parameters are the human body size, the 

receiver’s dimension and weight, specific target location of 

the receiver inside the body, required power level at the 

receiver, uniformity in 3D space or over the 2D surface, SAR 

safety considerations, and the Tx unit’s flexibility 

considerations. The optimization outcomes are all coils 

parameters such as the number of turns, gaps between coils to 

determine cluster’s coils locations, quality factors, coupling 

coefficients, and therefore maximum achievable efficiency 

(PTE) and power delivery to the load (PDL).  

 

B. Optimization and Simulation Results 

 When the Rx unit dimension is much smaller than the Tx 

coil (or Tx resonator/s), the design of the Tx unit is totally 

independent of the design of the Rx unit, which is the case in 

this work [10]. The optimum distance between Tx coil and its 

closest resonator of the cluster is not necessarily the smallest 

possible distance or maximum achievable coupling 

coefficient, k. The optimal value of k is proportional to the 

minimum values of the reflection coefficients, S11, of the Tx 

coil, while it is coupled with resonator/s (or one resonator of 

the cluster in this work). The S11 can be calculated by (1), 

𝑆11 =
𝑍11−𝑅𝑠 

𝑍11+𝑅𝑠
,         (1) 

where 𝑍11 is the impedance of Tx coil and 𝑅𝑠 is the source 

resistance. Therefore, we can sweep the gap between the Tx 

coil and the first resonator (L2,1, closest resonator to the Tx 

coil) to find the optimum gap and k, or minimum S11 in our 

simulation. The diameters (and shapes) of the Tx coil and the 

resonators are determined by the application requirements 

(body size). If more resonators are added/paralleled in cluster, 

the gap between the Tx and the first resonator might need to 

be changed to optimize the performance of the Tx unit 

regarding the PTE, PDL, SAR, etc. The optimum gaps 

between the resonators in parallel configuration can be 

determined considering the S11 level and uniformity of the PTE 

and PDL in the 3D spaces between them. The same procedure 

can be used to optimize the performance of the Rx unit (the 

size of and the gap between the receiver resonator and receiver 

load coil).  

We have modeled the entire inductive link of the proposed 

design (Tx and Rx units) and a realistic human body using 

ANSYS HFSS software to optimize the system. This model 

 

Fig. 2. The equivalent circuit model of the proposed 4-coil-based inductive 
link with N (here, N = 4) parallel resonators configuration, including 

transmitter coil (L1), parallel connected resonator coils (L2,1, L2,2, L2,3, and 

L2,4), and receiver unit with load coil (L4) and receiver resonator (L3).  

 

 
                                                         (a) 

 
                                                         (b)                  

Fig. 3. The HFSS simulation results for finding the optimum distance 

between two resonators connected in parallel; the coupling coefficients as a 
function of distance for different gaps between the resonators in parallel 

configuration, located around (a) the human-chest and waist area, and (b) the 

human arm model. The insets show the HFSS models of the paralleled 

resonators and human body model. 

 
                            (a)                                                            (b) 

Fig. 1. (a) Conceptual schematic of the proposed multi-coil parallel 
configuration for powering implants in the 3D space of the Human-body, and 

(b) the electromagnetic field pattern, generated by resonators in parallel 

configuration.  
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includes all the resonators (inductors and capacitors) of the 

cluster, paralleled with thin wires. We have determined that a 

flat wire (copper foil) with 9 mm width and 0.1 mm thickness 

provides a higher coil quality factor and self-resonance 

frequency (SRF) comparing with AWG wires for 

implementing the Tx coil and resonators in parallel 

configuration. In our simulation, we have changed the gap 

between the resonators to find the optimum coupling 

coefficient (minimum achievable S11) for maximizing the 

uniformity of the PTE and PDL. Fig. 3a shows the coupling 

coefficients as a function of the distance between an Rx coil 

and two adjacent resonators in parallel configuration for 

different gaps between those adjacent resonators at the central 

body. Considering the requirements of the target application 

(PTE, PDL, uniformity, etc.), we chose the gaps between the 

resonators using the results presented in Fig. 3a. The insets of 

Fig. 3a show the HFSS model developed to optimize the 

design. We have considered two different sizes of resonators 

in the cluster in our model: 1) the chest and waist resonators, 

shown in Fig 3a, and 2) forearm resonators, shown in Fig 3b. 

The HFSS simulation results presented in Fig. 3b indicate the 

coupling coefficients as a function of the distance between an 

Rx coil and two adjacent resonators in parallel configuration 

for different gaps between those adjacent resonators at the 

forearm area. Based on the simulation results shown in Fig. 3, 

the coupling coefficient decreases with the increase of distance 

between two resonators. The optimal separations for the torso 

and forearm resonators are determined to be 200 mm and 100 

mm, respectively.  

The HFSS 3D model and simulation results of the E-field 

generated by the resonators are presented in Fig. 4a. This 

simulation includes the human body model and the entire 

inductive link of the proposed design, in which all resonators 

of the cluster are paralleled. This figure indicates the 

uniformity of the electromagnetic field inside the human 

body. Eleven resonators (worst-case scenario) are used to 

cover the entire upper human body area for evaluating the 

Specific Absorption Rate (SAR). The SAR measures the 

radio-frequency energy absorbed (per unit mass) by the 

human body when exposed to an electromagnetic field. The 

average-SAR simulation result is shown in Fig. 4b, while the 

input power of the system was set to be 1 W. The maximum 

level of the simulated average-SAR equals 0.05 W/kg, which 

is well below the standard of 1.6 W/kg [11].   

III. EXPERIMENTAL RESULTS 

 We have used flexible copper foil to implement the Tx coil 

and resonators (one-turn coils with a 9.00 mm width using 3M 

RF EMI Shielding Tape). The thickness of the utilized copper 

foil equals 0.1 mm, and we have covered the coils with 

Kapton adhesive tape (both sides) for electrical isolation and 

protecting the copper foil. The implemented prototype (Tx 

coil and resonators in parallel configuration) is assembled on 

a human mannequin to characterize the performance of the 

design in the 3D space of the human body model. Fig. 5a 

shows the implemented prototype of the proposed design 

consists of the Tx coil and four resonators in parallel 

configuration (wrapped around a human mannequin). The 

inset of Fig. 5a indicates the implemented Class E Power 

Amplifier, developed to generate the 13.56 MHz power 

signal. Fig. 5b shows the Rx unit (L3 and L4), which is 

wirelessly powered inside the mannequin. An LED is used as 

TABLE 1. SPECIFICATIONS OF THE IMPLEMENTED COILS AT 13.56 MHZ. 
 

Parameter Tx Coil 

(L1) 
Res. Coil 

(L2,1/ 

L2,2) 

Hand Res. 

Coil (L2,3/ 

L2,4) 

Rx Res. 

Coil (L3)/ 

Rx Coil 

(L4) 
Inductance, L (µH) 0.65 0.74/0.7

3 
0.24/0.25  1.76/1.54   

Quality  Factor, Q 128 164/185 313/303 124/88 

Outer Diameter, do 
(mm) 

320*240 320*240 100*80 30/20 

Inner Diameter, di 

(mm) 
do-0.1 do-0.1 do-0.1 do-0.4 

Coil Widths/ 

Diameter, W (µm) 
900 900 900 400 

Spacing, S (µm) - - - 100±50 

Turns (N) 1 1 1 5/7 

Coil (Copper) Type Foil Foil Foil 26AWG 

Intermediate 
Distance, D (cm) 

D1 = 5  
(L1/ L2,1) 

D2  = 14 
(L2,1/L2,2) 

D3 = 10 
(L2,3/L2,4) 

D4 = 0.5 
(L3/L4) 

 

 
 

 

 
 

 

 

  

 
                               (a)                                                          (b) 
Fig. 4. The HFSS 3D model and simulation results of the proposed cluster-

based inductive link (all resonators are in parallel configuration) wrapped 

around the human body model; including (a) the E-field generated by the 

resonators, and (b) the average-SAR simulation results with 1 W power input. 

 

 

 
 

 

 
 

 

  

 
                                  (a)                                                      (b)             

Fig. 5. (a) The implemented prototype of the proposed design with one Tx 

coil and four resonators in parallel configuration, wrapped around a human 

body mannequin, indicating the implemented Class E Power Amplifier, and 

(b) the Rx coil unit (with wirelessly powered LED) and its location inside the 

human body mannequin. 
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an Rx load to visualize the delivered power. The 

specifications of the inductors (L1, L2,i, L3, and L4) of the 

implemented prototype are presented in Table 1.   

Fig. 6 shows the measured PTE and PDL as a function of 

the separation distance between the Rx unit and Tx resonators 

while the Rx unit is at the center of the paralleled Tx 

resonators and swept along the Z-axis. In this prototype, the 

gap between the resonators at the central body and forearm 

area equal 14 cm and 10 cm, respectively. We have 

characterized the performance of the prototype with (N=4) 

and without (N=2) the forearm resonators regarding the PTE 

and PDL. We have calculated PTE by measuring the 

transmission coefficient, S21, of the link using (2). 

PTE  = S212 * 100 %  (2) 
We have used a two-port vector network analyzer (VNA) to 

measure the S21, where Tx coil, L1, and receiver load coil, L4, 

are directly connected to the VNA’s ports. For this 

measurement, RS= RL= 50 Ω. We have calculated PDL with 

equation (3) by measuring the voltage (Vp-p) across the Rx 

load, RL= 220 Ω, while the voltage across the PA has set to be 

10V DC. 

PDL = (Vp-p / 2)2 / 2 * RL  (3) 
Fig. 6 indicates the measured uniformity of PDL and PTE 

in the body torso region along the Z-axis. The PDL varies 

from 95 mW to 123 mW, and PTE remains constant at around 

15% in the area between 2.5 cm (from the Tx coil) and 20 cm 

(the second resonator location). The measured PDL in the 

forearm area (along Z-axis) varies between 33 mW and 90 

mW, while the average PTE equals 10% in the same area. 

Fig. 7 shows the measured PDL in the central body area 

between two resonators in parallel configuration (10 cm 

above Tx coil (Z=10), while the location of the Rx unit is 

swept horizontally along the X and Y directions. The inset of 

Fig. 7 shows the XY plane (an elliptic shape with a dashed 

line) inside the human mannequin, where the PDL values are 

measured. The measured results demonstrate uniform PDL 

inside the mannequin and a sharp drop in the PDL outside the 

mannequin/resonators. Figs. 6 and 7 together validate the 

capability of the proposed design in powering the Rx unit in 

the 3D space inside the body or area between the resonators 

in parallel configuration, wirelessly. 

IV. CONCLUSION 

A novel multi-coil inductive link configuration with 

parallel resonators is proposed for powering implantable 

devices in the 3D space of the human body. The HFSS model 

of the proposed WPT inductive link is developed to optimize 

the design to achieve uniform PDL and PTE inside the human 

body and evaluate the SAR level regarding the body safety 

concerns. The proposed design is implemented and assembled 

on a human mannequin. The implemented prototype consists 

of a Class E PA, a Tx coil, a cluster of four resonators, and an 

Rx unit. Homogeneous power is delivered to the Rx unit, 

wirelessly, everywhere inside the 3D space of the human 

body model. The PDL and PTE of the design are measured 

>120 mW and 15% inside the central part of the body model, 

respectively. A PTE of 14% is measured at the forearm area 

of the human mannequins while delivering 90 mW to the Rx 

unit.  
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Fig. 7. The measured PDL at the surface between two resonators by sweeping 

the Rx unit along the X and Y axes inside and outside of the human 

mannequin.  

 

 

 

 

 

 
 

 

 
 

 

Fig. 6. Measured PDL and PTE while sweeping the Rx unit location along Z-
axis for the scenarios of having only two resonators in parallel configuration 

in the system around the body torso and four resonators in the system (two 

resonators around the body torso and two resonators around the forearm area).  
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