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Abstract— In this paper, a method for estimating the magnetic 

field intensity from hexagon spiral windings commonly found in 

contactless energy transfer applications is presented. The 

hexagonal structures are modeled in a magneto-static 

environment using Biot-Savart current stick vectors. The 

accuracy of the models are evaluated by mapping the current 

sticks and the hexagon spiral winding tracks to a local two-

dimensional plane, and comparing their two-dimensional 

magnetic field intensities. The accuracy of the magnetic field 

intensity calculations can then be improved by employing the 

mesh matrix method. To demonstrate the presented method, the 

magnetic field intensity distribution of a hexagon spiral winding 

is calculated using single filament substitution and compared with 

the mesh matrix-based improved current filament model. Distinct 

differences between the two distributions are noted, which 

confirms the need and advantages of using the model presented in 

this paper, especially when highly accurate results are required. 

 
Index Terms— Contactless energy transfer, Hexagon spiral 

winding, Magnetic field intensity estimation, PCB track. 

I. INTRODUCTION 

ONTACTLESS ENERGY TRANSFER (CET) is the process 

in which electrical energy is transferred between two or 

more electrical devices through inductive coupling as opposed 

to energy transfer through conventional “plug-and-socket” 

connectors. The hexagon planar spiral windings (Fig. 1) 

proposed in [6] display unique characteristics and magnetic 

field intensity distributions that make them especially well 

suited for CET powering platforms [7] and desktop 

applications [8]. Predicting the magnetic field intensities 

produced by these hexagonal structures embedded in the CET 

desktops is important for several reasons. For example, the 

risks to humans and the radiated magnetic field intensity’s 

compliance with regulations can be assessed using the 

magnetic field intensity calculations. Also, the attenuation of 

the magnetic field intensities caused by the magnetic field 

shaping method [3] by multi-phase current-excited primary 

CET coils can be evaluated.  

Many papers exist for estimating the magnetic field intensity 
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produced by circular loops based on the Biot-Savart integral 

[4], [5]. Unfortunately, in the case of hexagon spiral windings, 

the tracks are not circular but consist of multiple straight line 

segments. A different approach is thus needed for calculating 

the magnetic field intensity produced by these structures.  

 
Fig. 1. A hexagon spiral winding with three turns. 

 

The problem addressed in this paper is that of estimating the 

magnetic field intensity produced by the hexagon spiral 

windings used in these CET systems and evaluating their 

accuracy.  

CET systems generally operate within the 100 kHz to 500 

kHz frequency range. At these frequencies the dynamic 

behavior of the system is comparable to its static behavior and 

the system can be labeled as magneto-static. Due to the 

magneto-static assumption, the law of superposition can be 

employed and the current density throughout the tracks is 

assumed to be constant. Based on this conjecture, the straight 

line segments of the hexagon spiral winding are modeled as 

filamentary wires, placed in the center of the tracks. A solution 

for the Biot-Savart integral, called the current stick- or current 

filament method, is then employed to calculate the magnetic 

field intensity from each of the filaments at the observation 

point. The resultant magnetic field intensity is thus the 

superposition of the magnetic field intensity from each 

individual current filament. 

The accuracy of the resultant magnetic field intensity is 

evaluated by systematically inspecting the contribution of each 

segment of the hexagonal structure. The evaluation process 

maps each PCB segment and observer position to a two-

dimensional plane, perpendicular to the current filament axis. 

The PCB track is mapped to a rectangular bus-bar cross 

section of which the magnetic field intensity is calculated. The 

filamentary wire is mapped to a single point on the new plane 

of which the two-dimensional version of the current stick 

method is used to calculate the magnetic field intensity. The 

accuracy is estimated by comparing these two values. If the 
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necessary accuracy criterion is not met, the mesh matrix 

method [7] is employed to improve the accuracy. In this way 

the minimum amount of current filaments which will 

accurately model the hexagonal segment is found. Finally, the 

new positions of the filaments are calculated by an inverse 

mapping process.  

The developed mathematical model is demonstrated by 

simulating a hexagon spiral winding and calculating its 

magnetic field intensity distribution by first replacing each 

hexagonal segment with single filamentary wires. Afterwards, 

the new method is employed with an accuracy criterion of 5%. 

The results show a noticeable difference in the two magnetic 

field intensity distributions, especially at observation points 

close to the hexagonal spiral winding. The results suggest that 

the developed method can indeed be used to estimate and 

improve the accuracy of the magnetic field intensity 

distribution produced by different hexagon spiral windings. 

II. INITIAL CURRENT FILAMENT MODEL 

The hexagon spiral winding-current filament model 

estimates the magnetic field intensity produced by different 

hexagon spiral windings, and is based on the Biot-Savart law. 

Using an existing solution for the Biot-Savart superposition 

integral, the PCB track segments from the hexagonal structures 

are modeled as filamentary wires. The Biot-Savart 

superposition integral is a widely used mathematical method 

for calculating the magnetic field intensity produced by current 

density elements in a magneto-static environment [1]. A 

solution for this integral exists for estimating the magnetic 

field intensities produced by straight current filaments (also 

known as current sticks). A current stick can be described as a 

threadlike structure with a negligible cross section, with a 

current uniformly distributed over its length, and represented 

as a vector. The magnetic field intensity resulting from such a 

structure is given as:  

2
( ) ,

4

i
H

  × ⋅ ⋅
 = −   π ×   

c a a c a b
r

c bc a
               (1) 

where, illustrated in Fig. 2, P is the observation point, a is the 

current stick vector, b is the vector pointing from the observer 

to the end of the filamentary wire, c is the vector pointing from 

the observer to the start of the filament, r is the vector pointing 

from the axis origin to the observation point, r’ is the vector 

pointing from the axis origin to the current filament, and i is 

the total filament current.  

 
Fig. 2. A Biot-Savart current filament and the vectors connecting it to the 

observation point P. 

 

In order to estimate the magnetic field intensity produced by 

the hexagon spiral windings, the PCB tracks are modeled as 

current sticks placed in the centre of the tracks. The magnetic 

field intensity at any observer position is calculated using the 

superposition of (1) for every segment of the hexagonal 

structure. 

III. ESTIMATING CURRENT FILAMENT MODEL ACCURACY 

Physical PCB tracks have finite width and thicknesses 

compared to the thin filamentary wires they are modeled with. 

Because of this, the magnetic field intensity produced by the 

track itself will not be exactly the same as the magnetic field 

intensity produced by the current stick. In order to estimate the 

accuracy of the resultant magnetic field intensity, the precision 

of the magnetic field intensity contribution from each current 

filament is systematically assessed. This is done by firstly 

mapping the global three-dimensional observation point onto 

the local two-dimensional plane, perpendicular to the current 

filament axis, denoted as the x’y’-plane (see Fig. 3). The 

original global observer position P, with coordinates, x3D,  y3D, 

and  z3D, in the x-, y-, and z-directions, respectively, is mapped 

to the local two-dimensional observation position P2D, with 

coordinates, x2D, and y2D, in the x’-, and y’-directions, 

respectively. By rewriting (1), the minimum radial distance 

between P and the filament axis, r0, and the new two-

dimensional coordinates of P2D are given as: 

0
,r = ×c a a                                    (3) 

[ ]2
0 0 1

T

D
y = ⋅r ,                           (4) 

( ) ( )
2 2

2 0 2
.

D D
x r y= −                           (5) 

 

 
Fig. 3. Magnetic field intensity produced by the bus-bar cross section. 

 

Secondly, the three-dimensional PCB track is mapped as a 

rectangular bus-bar cross section of which the magnetic field 

intensity is assessed at the newly mapped two-dimensional 

observational coordinates [2]: 

[ ] ( )( ) ( )

( ) ( ) ( ) ( ) ( )

2 2 2 2

2 2 3 2 1 4

( , , , ) 8 [

log log ], (6)

X D D D 1 2 D

4 3 D D

H x y u v i uv y v y v

x u r r x u r r

θ θ

θ θ

= π + − − − ×

− + + − −          
 

and 

[ ] ( )( ) ( )

( ) ( ) ( ) ( ) ( )

2 2 2 2

2 2 1 2 3 4

( , , , ) 8 [

log log ]. (7)

Y D D D D

D D

H x y u v i uv x u x u

y b r r y b r r

2 3

1 4

θ θ

θ θ

= π + − − − ×

− + + − −          

Here, 2u and 2v are the width and length of the cross section 

bus-bar, correspondently. The lengths r1 … r4, and the angles 
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θ1 … θ4 are from each corner of the cross section to the 

observer point, respectively (Fig 3). The absolute value of the 

magnetic field intensity at P2D resulting from the bus-bar cross 

section, with the same total current i, is expressed as 

2 2

A X Y
H H H= + . Thirdly, the current filament is mapped to 

the two-dimensional plane, and its magnetic field intensity at 

the newly mapped two-dimensional observational coordinates 

is estimated as: 

( )( )2

2 2 2
( , , , ) 2 ,

X D D D
H x y p q i q y R′ = π −           (8) 

and 

( )( )2

2 2 2
( , , , ) 2 .

Y D D D
H x y p q i p x R′ = π −           (9) 

Here, ( ) ( )
2 22

2 2D D
R q y p x= − + − , and p and q, are the x’- 

and y’ positions of the current filament in the x’y’-plane. Since 

the current sticks are originally placed at the centre of the PCB 

tracks, they are mapped to the x’y’-plane origin, and are thus 

both equal to zero. The value of the absolute magnetic field 

intensity at P2D resulting from the filamentary wire is given 

as .
A

H ′ The accuracy of the magnetic field intensity produced 

by the filamentary wire is determined by comparing its value 

with the magnetic field intensity produced by the bus-bar cross 

section. The magnetic field intensity error percentage is 

determined by ( ) ( )2
1 100% .

D A A
e H H′= − ⋅  To guarantee a 

certain amount of accuracy in the magnetic field intensity 

calculations, the maximum allowed error value, eMAX ,  is 

introduced. If e2D is found to be smaller than eMAX, it means 

that the magnetic field intensity from the single current stick is 

accurate enough, the next PCB track can be processed. If, 

however, the error criterion is not met, it means that the 

magnetic field intensity from the single current filament could 

not sufficiently approximate the magnetic field intensity from 

the bus-bar cross section, the PCB track will need to be 

modelled by more filaments in order to increase the magnetic 

field intensity precision. This is described in the next section. 

IV. IMPROVING CURRENT FILAMENT MODEL ACCURACY 

The precision of the magnetic field intensity is improved by 

utilizing a method called the mesh matrix method [7]. This 

process attempts to model the constant current density over the 

cross section more accurately by placing multiple current 

sticks over its surface (Fig. 4). The number of filaments in the 

x’- and y’-directions is increased iteratively and the magnetic 

field intensity is evaluated at each step. In such a way, the 

minimum amount of filamentary wires which will sufficiently 

model the bus-bar cross section, is found. Initially, only the 

amount of current sticks in the x’-direction is increased. The 

amount of filaments is increased from one to NX, 

where
X

N u v=     and the total current i is equally divided 

between the filaments. After every newly added filamentary 

wire, the resultant magnetic field intensity is calculated and 

evaluated at the local observer position. If the magnetic field 

intensity approximation is still inadequate, the amount of 

current filaments in the y’-direction is also increased. The 

amount of current sticks is increased from one to NY, 

where
2

2
Y D

N y v=    . With each added current stick in the y’-

direction, the filaments in the x’-direction are all reevaluated at 

all the NX -positions again. The current filament locations in 

the x’- and y’-directions are given by: 

[ ]2 1 ,
X X X

p u u N n= − + +                        (10) 

and 

( )2 1 ,
Y Y Y

p v v N n = − + +                       (11) 

respectively, where [1... ]
X X

n N=  , and [1... ]
Y Y

n N=  . The 

resultant magnetic field intensity at the local observation point 

is calculated by the superposition of all the current filaments. 

 
Fig. 4. The mesh matrix method, with a cross section replaced by filaments. 

 

Afterwards, when the predefined error criterion is met, the 

new current filament positions in the global three-dimensional 

space are calculated using an inverse mapping process, and the 

magnetic field intensity at the original observation point is 

estimated. The inverse mapping process essentially projects 

the changes in the current sticks’ positions in the local two-

dimensional plane back to their global three-dimensional 

coordinates. This results in multiple copies of the original a, b 

and c vectors. Firstly, the values AS and AE are introduced, 

where AS and AE are the three-dimensional coordinates of the 

current filament start and end positions, respectively. A current 

stick vector a can thus be written in the form: a = AE - AS. 

Secondly, 
S

A′  and
E

A′ , the new coordinates for the current 

filament, where 
E

A′  is the end-, and 
S

A′  is the start-coordinates 

for the new current filament denoted as ′a  are expressed as: 

( )
( )

cos 3 0 0

0 sin 3 0 ,

0 0 1

1 X

T T

S S 1 X

Y

γ p

A A γ p

p

 π −  
   ′ = + − π −   
     

  (12) 

and 

( )
( )

cos 2 3 0 0

0 sin 2 3 0 ,

0 0 1

1 X

T T

E E 1 X

Y

γ p

A A γ p

p

 π −  
   ′ = + − π −   
     

(13) 

where γ1 is the angle of the original filament vector, a, in the 

xy-plane. The new current vector, ′a , is calculated as: 

,
E S

A A′ ′ ′= −a and the new vectors, ′b  and ′c , are calculated 

in the same way. Equations (12) and (13) are used for the 

inverse mapping of all the new current filaments. Finally, using 

the superposition of (1), the new magnetic field intensity at the 

original three-dimensional observation point is calculated. 
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V. SIMULATIONS 

The absolute magnetic field intensity distribution above a 

hexagon spiral winding (Fig. 1) is simulated. The hexagonal 

structure is placed in the xy-plane with its height in the z-

direction, and has a radius of 43 mm, a track width of 5 mm, 

an inter track spacing of 1 mm, a copper thickness of 0.1 mm 

and 6 turns. The PCB tracks of the hexagonal structure are 

modeled by single current sticks, to create the initial current 

filament model. The absolute magnetic field intensity 

distribution is estimated in the xy-plane from -60 mm to +60 

mm in both the x- and y-directions with 1 mm increments, at a 

height of z = 2 mm. The simulation is then repeated, 

employing the methods presented in this paper with the 

accuracy set to 5%. The distribution of the absolute magnetic 

field intensity is recalculated at the same positions as in the 

previous simulation. The resultant distribution of the absolute 

magnetic field intensity is presented in Fig. 5.  

 
Fig. 5. The distribution of the absolute magnetic field intensity produced by 

the hexagon spiral coil with a 5% error criterion. 
 

The absolute error between the initial single filament model 

and the improved multi-filament model is calculated and 

shown in Fig. 6. 

 
Fig. 6. Absolute magnetic field intensity error between the initial single 

current filament model and the improved current filament model. 
 

From Fig. 6, it is clear to see that there is a definite 

difference between the two magnetic field intensity 

distribution simulations. At certain points above the edges of 

the hexagon spiral winding an absolute error of up to 34 % is 

calculated. This means that the single filament substitution of 

the PCB track could not sufficiently model the magnetic field 

intensities at those points and that the mesh matrix was indeed 

necessary and successful in improving the accuracy of the 

magnetic field intensity distribution. 

VI. CONCLUSIONS 

In this paper, a method for estimating the magnetic field 

intensity of hexagon spiral windings, for a magneto-static 

environment, is presented. Based on the Biot-Savart current 

stick method, these hexagonal structures are initially modeled 

by single filamentary wires. To evaluate the accuracy of the 

magnetic field intensity produced by the filaments, each PCB 

track, current filament, and observation point are mapped from 

the global three-dimensional space to a local two-dimensional 

plane perpendicular to the filamentary wire. The magnetic 

field intensities from the bus-bar cross section and the current 

stick are calculated and the absolute error is compared with a 

predetermined error criterion. If the error criterion is not met, 

the mesh matrix method is employed to more accurately model 

the PCB track, by increasing the number of current filaments 

throughout its surface. The absolute error is recalculated after 

every iteration of the mesh matrix method until the minimum 

amount of filaments which will adequately model the PCB, 

track is found. By an inverse mapping process the local two-

dimensional coordinates of the new current sticks are mapped 

back to the global three-dimensional space and used to 

calculate the new magnetic field intensity produced by the 

PCB track. This mathematical method is demonstrated by 

means of two simulations, where the magnetic field intensity 

distribution above a hexagon spiral winding is calculated by 

first using only the single current stick method, and afterwards 

employing the methods described in this paper, for increasing 

the accuracy. At an accuracy criterion of 5 %, definite 

differences in the two magnetic field intensity distributions are 

shown. These differences suggest that the single current 

filament method might not always be sufficient enough for 

calculating the magnetic field intensity distribution of hexagon 

spiral windings, and that the new method proposed in this 

paper should be used to evaluate and increase the accuracy of 

the magnetic field intensity produced by different arbitrary 

shaped hexagon spiral windings. 
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