
  

 

Abstract— A noninvasive method of stimulating the nerve by 

applying radiofrequency has been presented. The design is 

based on the concept of magnetic resonance based power 

transfer. A comparison between electric field on the nerve at 

the frequency of 450-550 KHz with vacuum placed under a 

human tissue and the case where it is replaced with a resonant 

and non-resonant structure was analysed. Calculations were 

performed by using Ansoft HFSS. Power savings of 7.15% was 

observed when resonant structures were used, compared to 

vacuum. Theoretical calculation and simulation of fields were 

presented. 

 

I. INTRODUCTION 

Recently there has been an increase in the research 

focussing on studying the effects due to time varying 

currents and magnetic fields in the frequency range of KHz-

MHz  [1]. Papers on transferring currents based on magnetic 

stimulation in the frequency range of 200 KHz-1 MHz has 

also been presented  [2]. Neural stimulation at these high 

frequencies has been made possible through the use of ferrite 

cores using power amplifier topologies. The main concerns 

in magnetic stimulation include power requirement, and the 

electric field (E-field) at the nerve. Improving electrical 

fields by varying coil geometry were also proposed in 

literature, but these would need structural variation of 

equipment used for stimulation. Other methods not 

involving geometrical variations should be sort after.  

Wireless power transfer using resonant structures was 

proposed for mid-range transfer [3]. However, this 

technology has not been effectively utilised in the 

biomedical industry for nerve stimulation. We initially 

present the concept of wireless power transfer using 

resonance mechanism and magnetic stimulation and how it 

can be combined at RF frequencies to be used to efficiently 

transfer current to the nerve.  

A. Wireless Power Transfer using magnetic resonance 

A system consisting of coupled resonances will operate in 

a strongly coupled region of operation and in this regime of 

operation, efficient energy transfer takes place. 

Coupled mode theory helps in reducing the analysis of a 

physical system to a set of differential equations [3]. 

Assuming that one coil is driven, the following equations are 

obtained. 
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Where    and    are the resonant frequencies of the 

isolated objects and    and    are the intrinsic decay rates 

due to absorption and radiated losses. k is the coupling co-

efficient. F is the driving term and a is a variable defined so 

that the energy contained in the object is |aS,D(t)|
2
. When 

similar coils are used, the resonant frequency  
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  and   are the spatial current density and charge density 

respectively. If the receiver coil has a different resonant 

frequency than the source coil, then lower efficiency is 

observed.   and   are the effective inductance and 

capacitance of the resonating structures. 

B. Magnetic Stimulation 

Magnetic stimulation uses rate of change of current to 

change the magnetic field and hence causes a spatial rate of 

change of electric field along the length of the axon. The 

corresponding equation  [4]  is given by 
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Where the length and time constants are defined as    

and    respectively, x is the distance along the axis of the 

nerve fiber when the nerve fiber is aligned along the   axis. 

   is the electric field along   axis.    is the trans-

membrane voltage defined as the difference in voltage 

between the intracellular and extracellular fluid (   
                             ).    and    is the membrane 

resistance times unit length and the intracellular resistance 

respectively. cm is the membrane capacitance per unit length. 

       is the activation function. 
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This paper is divided into 4 sections. Section I is the 

introduction. Section II illustrates the chosen approach. 

Section III presents the simulation results and Section IV 

concludes the paper. 

II. APPROACH 

Let us examine the case of a coil which induces an 

electric field in the tissue below. The induced electric field 

can be calculated from the equation, 
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Where   is the electric field produced in the tissue due to 

a current carrying wire,    is an infinitesimal coil section and 

   is the vector from each section to the point  .   is the 

electric potential due to surface charge accumulation.  

If a secondary coil, called the receiver coil is placed 

below the tissue, the vectorial addition of the fields due to 

the currents flowing through the source coil and the coil 

placed below the tissue result in increased electric field in 

the tissue. When maximum current flows through second 

coil due to resonance, the value of   is increased in some 

cases.  
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It should be noted that the resonant power transfer would 

result in only a percentage of current being transferred from 

the source to the receiver coil and hence while calculating 

the E-field due to the receiver coil, current is denoted as   , 

where          .  
From the procedure detailed in [2, 5] we obtain the 

activation function (      )  shown in section I. B, 

mathematically after ignoring the secondary electric filed 

generated due to surface charge accumulation as shown in 

(10).   and   are the co-ordinates in the plane of the coil.   

is the length of a side of the square coil.   is the total 

distance between the source and the receiver coil.   is the 

point at which the electric field is measured.    and    refer 

to points on the receiver coil.   denotes the number of turns 

in the primary coil and   refers to the number of turns in 

receiver coil.     is the effective permittivity detailed in [2]. 

For our analysis, electromagnetic simulators were 

employed to solve the field equations.  

In this paper, the coil that is rotating in the anticlockwise 

direction when viewed from the source coil is called right 

hand and the coil that rotates in the clockwise direction 

when viewed from the source coil is called left hand coil. 

III. SIMULATION AND RESULTS 

 
Fig. 1.  Simulation set-up in Ansoft HFSS. Ferrite cores are avoided in 

figure to increase clarity 

 

Fig. 2. Measurement of S11. 

 

Fig. 3. Measurement of S21. 
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Fig.  4. (a) Right hand (anti-clockwise, while looking from top) resonating 

and non-resonating coils placed 1.179 cm below the source coil and vacuum 

measurement. (b) E-field plotted for varying input power. (c) Left hand 
(clockwise, while looking from top) resonating and non-resonating coils 

placed 1.179 cm below the source coil and vacuum measurement. (d) The 

variation in E-field with distance for left and right hand resonant coils at 

450 KHz 

Fig. 1 shows the simulation set up. Simulations were 

carried out in Ansoft HFSS. The simulation setup consists of 

the source coil, a tissue and a receiver coil below the tissue. 

During simulations, to compare values, resonating 

structures and non-resonating structures were used as the 

receiver coil. Also in some cases, the coil was not used. 

Single windings were used for simplifying the source coil 

and wires were made as square prisms rather than cylindrical 

to avoid large computation time.  

The double-square coil with ferrite cores was used as the 

source coil. Ferrite cores like the material 79 by Fair-rite co-

operation can be used [6]. An input power of 14 KW was 

provided for the analysis. A part of the arm was used to 

represent the human body. Voxel models from the ITI'S 

foundation were used to extract tissue model parameters, 

that were used in the analysis [7]. These models are based on 

magnetic resonance images of people. Homogeneous models 

of fat were used in the simulation. Fields at 0.2 cm below the 

tissue was analysed. Simulations were performed with 

double-square coil placing non-resonant left and right hand 

coils, resonant left and right hand coils and vacuum under 

the tissue. 

In our case the resonant coil placed below the tissue was 

satisfying the condition, 

√                                              (  ) 

Where   ,    and    are the inductance, capacitance and 

resistance of the second coil and    is the load resistor. 

Equation (11) implies that the efficiency is larger at higher 

frequencies [8].  

 

TABLE I.  SOURCE AND RECIEVER COIL PARAMETERS 

Frequency Ls(µH) Cs(µF) Lr(µH) Cr(µF) 

450 0.203 0.615 0.136 0.92 

500 0.203 0.498 0.136 0.745 

550 0.203 0.412 0.136 0.616 

 

And hence at high frequencies the efficiency of power 

transfer would increase considerably, than the results shown. 

This would result in more power savings for generating 

same E-field at the nerve.  

The inductance and the capacitance chosen for the source 

and the receiver coil are shown in table 1. Ls and Cs 

represent inductance and capacitance of source coil. The 

inductance and capacitance shown in table I is calculated 

using (3), (4) and (5). 

The source coil and the receiver coil has an intrinsic 

resistance given by    and    respectively. Because of skin 

effect, the current density on the surface of the wire is higher 

than that in the centre of the wire. When the resistance of the 

coils are calculated, this is to be accounted for. The 

resistance is given by [9]. 
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Where a is the radius of the coil (a=1.13cm), M is the 

number of turns (M=2), r is the cross sectional area of the 

wire (0.071 cm), σ is the conductivity of the wire. The 

material chosen for the wire is copper, which has a 

conductivity ( σ=5.8∙10
7
). δ is the skin depth [9].  
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  Where µ0 is the permeability of free space (µ0 =4π∙10
-7

). 

Solving for   and substituting in (12), we obtain   =5.58 

mΩ at 450 KHz, 5.88 mΩ at 500 KHz and 6.17 mΩ at 550 

KHz. The measurement in Fig. 2 and Fig. 3 is done by 

taking RL as 50 Ω. Rr is negligible compared to   . 

The source coil is a double-square coil with each side, s=5 

cm. Number of turns, N=1. k is the number of coils. k is 

equal to 2, because the coil is a double-square coil. D is the 

width of the wire.  

     
   

    
                                           (  ) 

Which gives Rs=1.75 mΩ at 450 KHz, 1.845 mΩ at 500 

KHz and 1.935 mΩ at 550 KHz. 

High inductance and low capacitance value can be chosen 

for our purpose, but this would lead to increase in the size of 

the inductor, which makes the system impractical. Increasing 

the number of turns, can also increase the inductance and 

hence lead to increased efficiency. But this induces lot of 

simulation constraints and hence is not adopted in this paper. 

Our on-going work will also focus on experimentation, and 

we expect better results, due to the fact that, increased 

inductance can be easily introduced into the system. 
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Fig. 5. (a) E-field when vacuum is placed under the tissue at 450 KHz. (b) 

E-field when right hand resonating coil is placed under tissue at 450 KHz. 
For a tissue thickness is 0.25 cm. 

 

AC

R
L

CS

L

L

r

r
rC

R

S

S RH
u

m
a

n
 B

o
d

y

 
Fig. 6. Equivalent circuit diagram of proposed system 

The initial work was to find out the frequency at which 

the coils resonate. For this purpose, a 2 port network was 

created in Ansoft HFSS. 

Port 1 was the input to the double-square coil and the 

second port was chosen as the non-resonant structure with 

the same inductance as the resonating structure, but with 

negligible capacitance. These S-parameters were exported 

into Advanced Design System (ADS) and capacitors were 

added in parallel to the non-resonating system and the results 

were analysed.  

The capacitor value was chosen so as to make the system 

resonate at 450 KHz, 500 KHz and 550 KHz respectively. 

The resonant frequency was chosen and at the frequency 

where maximum power transfer between the source coil and 

the receiver coil was observed. The S parameters for 

structures resonating at 450 KHz are shown in Fig. 2 and 

Fig. 3. 

It can be seen from Fig. 4.a and Fig. 5 that for a right hand 

coil the E-field at a particular sheet in the tissue chosen is 

increased when a resonant coil is placed below it. At 450 

KHz, for a tissue thickness of 0.25 cm, the electric field 

generated at 14 KW is 675.58 V/m. However, when power is 

increased the power reaches the value reached by the 

resonating structure at 701.95 V/m. Using vacuum below the 

tissue, a 7.15% increase in power would only lead to this 

increase in electric field as shown in Fig. 4.a which is 

illustrated with Fig. 4.b. 

Fig. 6 shows the equivalent circuit model for the system. 

It should be noted that the non-resonant coil used in the 

simulations had the same inductance, but very low 

capacitance, leading it to resonate at much higher 

frequencies. This work helps in reducing power for analysis 

equipment used at these high frequencies. Improved electric 

fields were observed when resonant structures are used 

instead of vacuum even at reduced input power supply. 

But with varying distance from the source coil, the E-field 

also varies. The variation in E-field with distance for left and 

right hand resonant coils were plotted in Fig. 4.d. If the 

tissue thickness increases, the increase in E-field becomes 

less substantial. For experimental calculation of E-field and 

analysis of tissue parameters, this paper can prove to be a 

pedestal. 

IV. CONCLUSION 

In this paper, for the first time, the principle of magnetic 

resonance has been used to simulate the generation of 

increased fields in the order of KHz for stimulation in the 

nerve between the tissues. The results indicated 7.15% 

power savings for generating the same E-field at 450 KHz. 

The paper also illustrates that resonant structures and coils 

can be used as a tool for varying the E-field in a particular 

region of a tissue. Other coils like figure-of-eight coils can 

also be used together with resonating structures. If higher 

power transfer efficiencies are observed this would result in 

higher electric fields at the nerve for lower power 

consumption.  

This paper provides a theoretical basis and EM analysis 

for a non-invasive RF stimulator based on magnetic 

resonance. Work with heterogeneous simulation models and 

experiment with real tissue will help validate the work 

presented in this paper. Experiment will be carried out in 

future work to estimate the feasibility of the concept.     
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