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Objectives

The goal is to understand how the principle of distance determination via resonant
magnetic coupling based on the researches of Hashimoto laboratory works and to
perform measurements.

Methods | Experiences | Results

Mobile devices or robots can be charged wirelessly using the magnetic resonance
coupling. Some types of robots work independently. A position location system is
necessary for the robot to know where it is. For this reason the possibility to
determine the position based on magnetic resonance coupling is investigated. In
this way a system handling two tasks, can be developed in one, i.e. charging the
battery and locating the position in a building or in a room.

Attention was focused on the distance sensor. The position cannot be calculated
directly but it can be determined via a comparison with a table. The reflection
coefficient or the equivalent circuit impedance Z, of the coupled antennas must be
measured for this comparison. The necessary calculations for determining the
position and the error analysis were made with Matlab. The measurements show
that the determination of the distance can be carried out in this manner. However,
the range is limited and the area within which the error is small, varies according
to the antenna parameters.
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DISTANCE SENSING VIA MAGNETIC RESONANCE
COUPLING

INTRODUCTION

This work was written as part of a student exchange and was created in collaboration with
the Chuo University in Tokyo. I'm worked, in relation to this exchange, in collaboration with
the Hashimoto laboratory. The goal is to write a work related to a current topic of this la-
boratory. This work is based on the work over position sensing based on magnetic reso-
nance coupling from Hashimoto laboratory [1], focusing on the distance sensor.

The idea behind this project is, position sensing and power supply for robots. It is possible
to recharge the robot cable less via coils. If it is possible, the position over coils to deter-
mine, can be build a system which makes two tasks in one. One possible application is,
for example, a factory in which parts via robots from A to B to be transported or robots that
act in an intelligent space to facilitate everyday life. The tracking system allows the robot
to determine he's position within the factory or the room. If the batteries are discharged,
the robot can go to the charging station and recharge himself, with the help of the re-
charging system, or it can be used the same coils as are used for the position sensing

The first part of the work is to understand how functioning this type of sensor. Therefore,
the individual areas were investigated and as possible derive by myself. If possible, have
been using Matlab to create functions for the processes to simulate and to understand
them better

In the second part of the analysis was focused on the distance sensor and two antennas
were produced and measured. The evaluation of the results was performed using Matlab.
To improve the knowledge of Matlab was casually reading a book over Matlab [2].

Summermatter Orlando 1/41
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THE PRINCIPAL FUNCTIONALITY OF THE PROPOSED
SENSOR

The sensor consists of four transmitters and one receiver. The transmitters and the re-
ceiver are coils, and they are coiled from copper wire. The transmitters can be individually
switched on and off. For the position detection always only one transmitter is active.
That’s the non-active transmitter not influents the result, is a second switch used to cut off
some circuit elements. Thereby changes the resonance frequency of the non-activated
transmitters. The basic principle is schematically shown in Figure 1.

Compensation

Capaditor
Target Transmitter

Antenna é _ Antenna
Planar Array E %/

Antenna
Switch | |
Compensation
Capaditor Control
Switch
Measuring
Instrument Reflection ;
(Dual Directional Coefﬁment
Coupler) _
Power g
Source Processor

Figure 1 : Schematic illustration of the basic structure [1]

The magnetic resonance coupling with the receiver is incurred if one of the transmitters
will be enabled. The coupling coefficient is used to estimate the position. But this coeffi-
cient can’t be measured. For this reason, the reflection coefficient is measured, and from
this the coupling coefficient is determined. With one transmitter antenna, only the distance
between the transmitter antenna and the receiver antenna can be estimated. That is why,
different transmitter antennas for the position estimation in a three dimensional room are
used.

The four transmitter antennas are turned-on one after another, in order to measure the
corresponding reflection coefficient. The reflection coefficient vector is made on basis of
the measured values.

Summermatter Orlando 2/41
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INVESTIGATION, USING THE EQUIVALENT CIRCUIT

In the previous section 3 is assumed that always, only one transmitter antenna is turned-
on. For this reason, contains the circuit analysis only the coupling between one transmitter
antenna and the receiver antenna. For this case the equivalent circuit shown in Figure 2
can be used. Transmitter and receiver antenna consist of different circuit elements. Each
antenna containing, connected in series a resistor R;, a capacitor ¢; and a coil ; (i = 1,2).
Thus, each circuit for the antennas corresponds to a resonant circuit. V.. is the power
source and supplies the transmitter antenna with energy. Z, is the characteristic imped-
ance of the transmission line between the power source and the transmitter antenna.

Ze
—

(R1 C1) / C R Ri C'li—Lmlo—Lm G2 Ro

L, | ]

L1 B % L2 :> § Lm

U 3
VSL | I VS(C\KC
Selected Target
Transmitter Antenna

Antenna

Figure 2 : Equivalent electrical circuit for the magnetic coupling [1]

For reducing the electrical losses, the principle of magnetic resonance coupling is used.
The magnetic resonance coupling will be strengthened if both antennas have the same
resonance frequency. The resonant frequency for the circuit in Figure 2 is calculated by
using the Equation 1 and must be the same for both circuits. The reactance Xg; must be-
come equal zero to obtain the resonance frequency.

XRi = (UoLi — =j(l)0Li + = 0 (l = 112)1 wO = 2T[f0

woC; JwoC;

Equation 1 : Determining the resonant frequency

fo is the resonant frequency w, is the angular frequency from the resonate frequency. If
the circuits are coupled, the equivalent circuit diagram from the right side of Figure 2 can
be used. The coupling coefficient k is a dimensionless size and describes the intensity of
the magnetic coupling between the antennas. The coupling coefficient is given from Equa-
tion 2. L, is the mutual inductance and changes with the distance between the antennas.
The mutual inductance is the only variable size in this equivalent circuit because she's de-
pending from the coupling coefficient. The relation between the coupling coefficient and
the mutual inductance, is Described from Equation 2.
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L

V6L,

Equation 2 : Coupling coefficient [1]

K =

Z, is the equivalent impedance of the complete circuit for the transmitting and receiving
antenna. Z, is described as follows.

. 1 .
jwlm (Rz +oc, Tiolz - Lm))

1 .

1 , 1 .
1 jwLy, + Ry +ja)_Cl +jw(ly — Ly)

Concerning to the relationship from the Equation 1, can this equation be simplified.

. jwoLm(Ry — jwoLy))
Z,= R, — L., +
¢ 17/ @0m JwoLy + Ry — jwoLy,)

By forming and simplify the final result is obtained in Equation 3.

2, 2
wo° Ly

Ze: R1+ Rz

Equation 3 : Determination of the equivalent resistance Z,
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METHOD FOR POSITION ESTIMATION

With this position estimation procedure, is the reflection coefficient used as the measured
value. This value changes to in relation with the distance between the antennas. This is
the reason why the coupling coefficient can be determined by using the reflection coeffi-
cient. The reflection coefficient can be measured by using a bidirectional coupler as
shown in Figure 1.

The reflection coefficient T' is a Physical quantity that describes the relationship between
the voltages of an incident to a Reflected wave. If the reflection coefficient is set to the
square is obtained a relationship between the incident and reflected power.

The transmitted power from the transmission antenna can be grouped into two areas. One
part of the energy receives the receiver antenna, due to the magnetic resonance coupling.
The remaining energy flows through the room, and the receiving antenna without the en-
ergy is gathering. This part of the energy flows back to the transmitting antenna. The rela-
tionship between the received and the reflected power can be described with the coupling
coefficient k. The coupling coefficient indicates the strength of the magnetic coupling.
Thus, valid for further analysis are the following relationships.

e The coupling coefficient k changes in relationship with the mutual position of the
antennas

e The reflection coefficient T is in relation to the coupling coefficient k

As described in Section 3 the proposed position sensor has four transmit antennas for de-
termining the position of the receive antenna. For this reason, vectors are introduced to
describe the data of the four antennas. The reflection coefficient vector is made by meas-
uring the reflection coefficients for each antenna pairs (each between a transmitting and
the receiving antenna). Thus it can be determined the location of the receiving antenna
over the reflection coefficient vector. For this, the measured reflection coefficient vector
must be converted in to the coupling coefficient vector.

Summermatter Orlando 5/41



Hes

Haute Ecole d'Ingénierie
Hochschule fiir Ingenieurwissenschaften

CONVERSION OF THE REFLECTION COEFFICIENT IN
THE COUPLING COEFFICIENT

The relation between the coupling coefficient and the reflection coefficient can be deter-
mined by analysis of the circuit from the section 4 and the description of the Q-factor
Analysis. First, the Q-factor is described Equation 4.

woL;

Q=—7" (=12, Q=00

Equation 4 : Determining the Q-factor [1]

The Q-factor is the indicator for the quality of the resonant frequency. The relation be-
tween the coupling coefficient and the equivalent circuit impedance Z, can be described
with Equation 3, Equation 2 and Equation 4.

Lm2 = KZ(L1L2)

By using this relationship to the Equation 3 is obtained the following expression:

2 2 2.2
wo” Ly wo“k*(L1L,)
Z,= R +——=R, + ——mM—=

By inserting the circuit elements, the Equation 4 can also be written as follows:

wo?LyL,
0= |5
RyR,

If this last Description is compared with the previous equation, the equation for the equiva-
lent circuit impedance Equation 3 is added as follows:

2
wo? Ly,

Ze = KZQle + Rl = (KZQZ + 1)R1 = R1 + R
2

Equation 5 : supplemented equation for the impedance Z,
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The reflection coefficient is determined from the equivalent circuit impedance Z, and the
impedance of the transmission line to the sensor Z;, as defined in the Equation 6.

_ Ze = Zy

=
Ze+ 7

Equation 6 : Determination of the reflection coefficient [1]

The reflection coefficient is translated into the coupling coefficient by using the Equation 5
and the Equation 6. For the calculation are the values for the Q-factor, R; and Z, as fixed
values used. Thus, the reflection coefficient vector T = (I}, ...,Ty;) which describes the
measured values of the reflection coefficient between the antenna pairs can be translated
into the coupling coefficient vector k = (k4, ..., ky), Which describes the coupling coeffi-
cient between antenna pairs. M corresponds to the number of transmitter antennas.

Summermatter Orlando 7/41
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ESTIMATING THE POSITION BASED ON THE COUPLING
COEFFICIENT

In the previous section 6, the coupling coefficient is determined by using the measured re-
flection coefficient. In this section is the position determined, from the previous determina-
tion of coupling coefficient and his mathematical relation to the mutual inductance. For this
the mutual inductance must be determined mathematically. The mutual inductance can be
calculated from the Neumann equation, Equation 7. This equation describes the mutual
inductance between two circuits ¢; and C, for one winding N = 1.

L ﬂ] f dl,dl,
"odm)e Je, T2

Equation 7 : Neumann equation [1]

Uo is the permeability of the space, dl; and dl, are small line elements of the circuits for
the transmitter and the receiver antenna. ry, is the distance between the line elements dl;
and dl,.

Geometrical relation between the coils

This section will insert the geometric relationship into the Equation 7. For this, is the Sca-
lar product of dl; and dl, and the relation of r;, is analysed. In this case, it is assumed
that the transmitter and the receiver antenna are oriented parallel to each other. The ge-
ometrical relation is shown in Figure 3. dl; and dl, can be written as follows:

d d
|d11| = E* d91, |d12| == E* dez

The scalar product from dl; and dl, can be determined as follows.

d2
dlldlz = | dlll * | dlzl * COS( 91 - 92) = I* COS( 91 - 92) * del d92

Equation 8 : Scalar product of dl; * dl,

The distance ry, is determined by using the orthogonal projection. For the analysis is the
displacements projected on the base of the respective axis. Two of the projected distanc-
es are in the same plane as the transmitting antenna. The projection for the height differ-
ence is vertical to this plane. The projections are expressed in polar coordinates. The dis-
tance r;, can be expressed as follows.

Summermatter Orlando 8/41
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d d
12° = g*sin(@)* + (gcos(p) — bl (cos(6;) — cos(6,))* + (E (sin(6;) — sin(6,))?

By multiplying out the brackets and grouping the terms we get:
2 2(ai 2 2 d dz 2
r12° = g*(sin(@)“ + cos(p)*) — 2g cos(<p)§(cos(91) —cos(6,) + T(cos(el) +

cos(8,)? + sin(6;)? + sin(8,)? — 2(cos(8,) cos(8,) + sin(8,) sin(6,))
This expression can be more simplified, by using the following relations:
cos(a) cos(B) + sin(a) sin(B) = cos(a — B), und cos(a)? +sin(a)? =1

By use of these relations it can be written as follows:

dZ
1122 = g% + gd cos(p) (cos(8;) — cos(6,) + 7 (2 —2cos(8; —6,)

The final result is obtained by using the square root of it, and the expression d/2 is ex-
cluded.

2

Ti =%\/8+ 16(%)

Equation 9 : geometrical relation of 1y,

—8cos(6, — 6,) — 16%cos(g0) (cos(8,) — cos(6,))

If the geometrical relation for the small line elements dl; and dl, Equation 8, and the rela-
tion for r;, Equation 9 in to the Equation 7 will be inserted, is the result the mutual induct-
ance L,,, how it is described at Equation 10.

Summermatter Orlando 9/41
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N Uo jZ”J‘Z” dcos(6; — 92)d61d92
\/8 + 16 — f(64,65)

Equation 10 : Neumann equation under consideration to the geometrical relation [1]
For the Equation 10 is valid:
f(64,0,) = 8cos(6; —0,) + 16%cos(<p)(c0591 — cos6,)

The analytical description of the position is based on the complex description of the mutu-
al inductance not possible. N is the number of turns from the coil, d is the antenna diame-
ter, g is the distance between the antenna centres and ¢ is the elevation angle. It is as-
sumed that (x1, y1, z1) and (x2, y2, z2) are the central position for the transmitter antenna
and the receiver antenna.

Target Antenna Position : (x2,y2,z2)

- d »
02
-
4=
! diz
2
< I
a2
dl1

Transmitter Antenna Position : (x1,y1,21)

Figure 3 : The geometric relation between the antennas [1]

The distance g between the centre points of the antennas and the elevation angle ¢, are
described from the Equation 11 and the Equation 12.

9= \/(xz —x1)2+ (2 —y1)* + (2 — 21)?

Equation 11 : Determination of the distance g between the centre points of the coils [1]
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@ =tan™! ( e >
Ve —x1)% + (7, — y1)?

Equation 12 : Determining the elevation angle ¢ [1]

To receive a relation between the geometrical position and the coupling coefficient is the
Equation 2 used at the Equation 10. The result is shown at the Equation 13

j‘Z”J‘Z” dcos(6; — 92)d91d62
/ , 4 \/

8+ 16 —f(64,6,)
Equation 13 : Geometric description of the coupling coefficient k [1]
For the Equation 13 is valid:
f(64,0,) = 8cos(6; — 0,) + 16%cos(<p)(c0591 — cos6,)

By use of the Equation 11 and Equation 12 into the Equation 13 is obtained a description
which gives the coupling coefficient in relation to the coordinates of the coils. Thus, the
position can be determined based on the coupling coefficient. This equation can’t be ana-
Iytically solved based on the double integral. On this reason it is not possible to determi-
nate the position analytically.

In addition, the solution set, of possible coordinate points are elements of a circle, which is
located in a certain distance to the coil. This relationship is not surprising, since the inten-
sity of a magnetic field at a certain distance around the ring coil is also equal for any point
element of a circle around the coil. This relation holds as long the propagation of the field
is not affected by external disturbances.

Summermatter Orlando 11/41
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BASIC CHARACTERISTICS OF THE DISTANCE SENSOR

The basic characteristics of the distance sensor are analysed by using one pair, corre-
sponding to one transmitter antenna and one receiver antenna. It is assumed that only
one transmitter antenna is activated. For simplicity, the orientation of the antennas to each
other is neglected, that means that the antennas are oriented parallel to one another.

Further, the antennas are oriented so that they are precisely superposed, corresponding
to the case where the elevation angle ¢ = %[rad] corresponding to Figure 3. Thus, the
movement is only in one axis possible.

Distance estimation method

The distance g/d is a dimensionless relation between the antennas distance g and the
antenna diameter d. This distance is used for the analysis of the sensor characteristic.
The distance estimation is made by executing the following two steps.

¢ Transforming the reflection coefficient into the coupling coefficient.
e Derivation of position corresponding from the coupling coefficient

For the displacement in the z-axis is only one transmitter antenna used for that reason are
no vectors used and all values are scalar. For the displacement in the z-axis is used only
one transmitter antenna, for that reason are no vectors be used and all values are scalar
values. The position is derived from a database comparison. The database is created by
using the Equation 14.

J‘Z”IZ” dcos(01 6,)do,do,
L,L, 41 J

8+ 16 — 8cos(6, — 6,)
Equation 14 : Determination of the coupling coefficients of the superposed antennas [1]
For the Equation 14 is valid:

@ = = [rad]
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Relationship between design parameters and model errors

The difference between the determinate values and the real values is called model error.
In the second step for the distance estimation, is the position corresponding to the cou-
pling coefficient and the Neumann equation derived. Into the Neumann equation is as-
sumed that the current has in the whole circuit a similar value. Therefore, the Neumann
equation cannot be used if the electrical length comes to big. In this case is the result an
error, because the current in the circuit is unequally distributed. Below is a closer look at
the electrical length.

The electrical length is a physical value and is defined from Equation 15.

1=2 ¢Nd
_Cf

Equation 15 : Determination of electrical length [1]

The equation for the electrical length contains the following design parameters: The fre-
quency f, number of turns N of one coil and the antenna diameter d. The natural constant
c is the speed of light. The relationship between model error and design parameter is
shown from Figure 4 to Figure 6.

0.1 Frequency
0 f [MHz]
Q 0 100 200 3 400
T -0.1
T X
E = -0.2
W' 03
K0 " ——d =0.075 [m], N =1 [turn]
8 — -0.4
= 05
-0.6

Figure 4 : Model error in relationship to the frequency f [1]

The model error rate is expressed in the base of the coupling coefficient. k. is the theoreti-
cal value, and it is calculated by using Equation 14. k is the true value which is determined
by magnetic field analysis. This analysis is made by CAD analysis software for electrical
components. Thus, the error rate is described as follows:

K — K
Model fehler = (tk—)
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Figure 5: Model error in relationship to the number of turns N, for two different frequen-

cies f [1]

From Figure 4 to Figure 6 show that’s the model error comes smaller if the individual de-
sign parameters come smaller. From Equation 15 it's shown that these three parameters
form a product for the determination of the electrical length. Thus, it shows that the error
increases if the electrical length comes bigger. The error can be limited by limitation of the

electrical length.

0.1
0
-0.1
-0.2

-0.3

(kt -k )/ K

-0.4

Model Error Rate

-0.5

-0.6

Diameter
—8 d [m]
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-#-f=10[MHz], N =1 [turn]

Figure 6 : Model error in relationship to antenna diameter d, for two different frequencies f

[1]

Summermatter Orlando

14/41



8.3

8.3.1

Hes

Haute Ecole d'Ingénierie

Hochschule fiir Ingenieurwissenschaften

Relationship between effective range and the design parameters

An important relation for a distance sensor is the relation between the design parameters
and the effective range. The effective range according to an area in that’s the distance er-
ror is small. Below, the effective range and the distance error are investigated as a func-
tion of design parameters. The distance error is dependent of measurement error and
model error. Following is assumed that the model error is eliminated by reason of limiting
the electrical length. Thus, the distance error is based on the measurement error. The
measurement error is the variation from the measuring instrument.

The variation from the reflection coefficient AT is being caused from measuring error. The
measurement error is given from Equation 16. The measurement error is given from the
datasheet of the used measuring instrument [3]. For the measurement, a bi-directional
coupler of an Agilent Technologies E-5061A network analyser was used.

AT =a|l'|+b

Equation 16 : Determination of the measurement error for the reflection coefficient [1]

This error characteristic describes the worst case. For this reason, the real values should
be below these values. The error characteristic is approximated as a straight with the
slope a = 0.0178 and Intercept b = 0.004.

Behaviour of the coupling coefficient measuring errors in relation with the
distance

An analytical analysis is not possible because the Equation 14 contains a double integra-
tion. In this case are the antennas superposed and the elevation angle is @ = % [rad].

Thus, the coupling coefficient can be approximate Equation 17. This approximation per-
mits a part analytical analysis. Equation 14 can with be simplified with Equation 17.

Kk~ e*9/D (g <0)

Equation 17 : approximate determination of the coupling coefficient [1]

With Equation 17 it is possible to describe the coupling coefficient error in relation to the
distance. For this, first is determined the absolute error:

Ok x a9
Ak = —*xAg = |Ee dxAg (ax<0)

ag
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In the second step is determined the relative error:

Ak %e“(%)| r (@<0)
—xld 1Ay (a
K i)

The expression e*(8/9 comes never negative. The coupling coefficient has always a value
between 1 and 0. The antenna diameterd is also always positive. Only the damping
tor a is a negative value, and stay as absolute value. From this, following the result shown
in Equation 18.

Ak Ag

—~= |a|— (a<0)

K d
Equation 18 : Approximated relationship between the coupling coefficient errors and the
distance error [1]

From Equation 18 is shown that the coupling coefficient error is proportional to the dis-
tance error. For this reason, below the distance error is replaced by the coupling coeffi-
cient error.

First, the error rate of the coupling coefficient will be determined. The error rate of the
coupling coefficient is determined from Equation 5, Equation 6 and Equation 16. By using
the Equation 5 and the Equation 6 can the coupling coefficient be defined as written in
Equation 19.

Equation 19 : Coupling coefficient based on the determination of the reflection coefficient

For the determination of the relative error from the coupling coefficient in relation to the re-
flection coefficient, must the Equation 19 to the reflection coefficient be derived. The result
of the derivation must be divided to Equation 19 and multiplied by the error of the reflec-
tion coefficient.

1 1 1(1-D+1+D)

Q [11+T ,vn ({A-D)?

2 |11+l
Ak 10k 1-T
i AT = "1 « AT

Kk KalG 1[T1+T_,
Q\Ny11-T
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The amount can be omitted, as the result of potency, and a root is always positive or it
must be positive. This allows a simplification.

Ak AT AT

Ko (FrEf-1)na-ne C (@=y)+TA+yD)A-D)

The final result is shown in Equation 20. k is the real value, & is the calculated value from
the reflection coefficient. Ax is the absolute value and is defined as the difference between
Kk and K.

Ak 10k all'| + b
—=—-— Al'=

kol —1
©ORTw g+ D=

Equation 20 : error rate of the coupling coefficient [1]

For the Equation 20 is valid:

ol a2 00178 b = 0004, = 2
Y1+ 1 AT EIER =S =

The error curve from Equation 20 can be calculated and displayed with Matlab. In the first
effort is the coupling coefficient calculated from Equation 17. The calculated coupling co-
efficient will converted into the reflexion coefficient. For this conversion are the Equation 4,
Equation 5 and the Equation 6 used. After this, the calculated reflection coefficient is used
in Equation 20. In the different plots is always changed one of the following design pa-
rameters:

The frequency f

The number of turns N

The antenna diameter d

The resistance of the transmitter antenna R,
The resistance of the transmitter antenna R,
The impedance of the transmission line Z,
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This result is not detailed enough because the error in the edge cannot accurate be calcu-
lated with the result from Equation 17. One example is shown at Figure 7
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Figure 7 : Error curve based on the coupling coefficient of the Equation 17 for following
model parameters: Z, = 50[Q], N =4, f = 10[MHz], d = 0.075[m], R; = 1[Q],a = -3

For this analysis the curve has always the same form. Only the position of the curve
change. The exact value for the damping factor « is also unknown and it must rough be
estimated. The opening of the curve changes as a function of a.

Because the assessment from Equation 17 is not detailed enough, this equation is re-
placed to the Neumann equation, shown at Equation 14. The rest of the analysis rests
same. The calculated coupling coefficient is converted into the reflection coefficient and
this is used at Equation 20. The error rate of the coupling coefficient in relation to the dis-

tance is shown from Figure 8 to Figure 13. At these plots is always only one design pa-
rameter changed.
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relation to R2

1 ! ! E !
09F-1--f ——R2=1[0hm] [~~"[ it peevensnenncs
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: ——— R2 = 50[0hm]
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Error rate of coupling coefficient
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0.1

distance g/d

Figure 8: Error curve for different values of R, and the following model parameters:
Zy=50[Q], N=4,f =10[MHz], d = 0.075[m], R, = 1[Q]

The error characteristic is independent of the Q-factor. However, the position of the error
curve changes in relation to the Q-factor and thus the area of the effective range.

relation to f

....................................................

Error rate of coupling coefficient

——— = 10[Mhz]
———f=33.65[Mhz]
——— = 77.17[Mhz]

I

distance g/d

Figure 9 : Error curve for different values of f and the following model parameters:
Zo = SO[Q], N = 1, d = 0.075[m], Rl = RZ = 1[9],
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Figure 10 : Error curve for different values of N and the following model parameters:
Zy, =50[Q], f =10[MHz], d = 0.075[m], R = R, = 1[Q]

relation to d
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———d=0.075[m] |_
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i
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Figure 11 : Error curve for different values of d and the following model parameters:
Zy =50[Q], N=1,f = 10[MHz], R, = R, = 1[Q]

The Figure 8 to Figure 13 was made by using the Matlab Funktion error_Plot t appendix 4.
This function requires 6 under functions appendix 5 to appendix 10.
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Figure 12 : Error curve for different values of Z, and the following model parameters: f =
10[MHz], N =4, d =0.075[m], R, = R, = 1[Q]
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Figure 13 : Error curve for different values of R, and the following model parameters: f =
10[MHz], N =4, d =0.075[m], R, = 1[Q]

The error curve is from beginning convex downward up to an effective range. The error
curve increase exponentially with increasing distance after overcrossing of this effective
range. This behaviour is described in Equation 20. It's shown that the error comes bigger
in near field and far field, if the reflection coefficient is in the near of the upper limit 1 and
the lower limit (y_1 — 1)/(y_1 + 1). This behaviour is more inspected below.
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Determination of the minimal error point

The error curve must be exactly analysed, In order to find a suitable operating point. The
equation from the error curve has two poles, Equation 20. The curve is only defined, for all
values they are between these poles. The behaviour in the peripheral regions of the poles
can be determined with the limit consideration

Y1—1
lim Ak B ayl F1 + b "
R T T

Equation 21 : Limit consideration of the lower limit

The reflection coefficient is in Equation 20 so defined that it aspiring from the positive side
to the lower limit. As follows is observed the upper limit.

” Ak a+b

Equation 22 : Limit consideration of the upper limit

Thus, it's shown from Equation 21 and Equation 22 that’s the error in the peripheral re-
gions aspiring against undefined. This behaviour is also shown from the Figure 8 to Figure
13.

To find out in which region the minimum error point located is, must the Equation 20 be
derived to the reflection coefficient. Since the reflection coefficient is in the amount, must
the Equation 20 derived for 2 areas. From Figure 14 is shown that the reflection coefficient
is a value between 1 and -1. The values for a und b are supposed as fix. For other values
of a and b change the area of validity from y; .
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Figure 14 : Change of the reflection coefficient and the coupling coefficient as a function of
the distance. This graph was created using the Matlab function K_T annex 11

To simplify the derivation, the denominator from Equation 20 will be multiplied out.

Ak all|+ b

Kk -T2+ D)+ 2Ty +1—9,

Equation 23 : out multiplied formula for the error rate of the reflection coefficient

The area of validity is still given by:

ol - 00178 b = 0.004, y=
Y1+ 1 Zy

To obtaining the minimum value of the curve, must the derivation be equal zero. As first,
the area which the reflection coefficient is = 0 will be analysed. As result of the derivation
is obtained a quadratic equation. This equation has only one defined zero point and this is
defined as follows:
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b
b by =D +271n
-2+ )
a a Y1 +1

Equation 24 : Minimum error in the positive range of the reflection coefficient

One zero point is not in the defined area, for this reason the only defined zero can be de-
scribed as shown from Equation 24.y, is the only variable coefficient in this equation. I},

can’t be negative. Because this, must be locate a valid area for y;.

1
= -~ 0.690
1422

At this point the validity range of basic equation may not be forgotten:

Y1 —1
Y1+ 1

<I'<1l=-0183 <TI'<], 0<TI,<1

Thus, all values of the Equation 24 are defined for y; > 0.69.

Following is the area with a negative reflection coefficient inspected. For this, the Equation
23 must be derived for a negative reflection coefficient. Even in this case is the result a
quadratic equation. For this equation is only one zero point defined for a negative reflec-
tion coefficient. This zero point is defined at the Equation 25.

b
b (b )2 _(V1_1)+25V1
V1+1

Equation 25 : Minimal error in the negative range of the reflection coefficient

v1 is the only variable coefficient in this equation. I3, can’t be positive. For this reason, a
range of validity for y; must be defined.

1
Y1 = —— ~ 1.816
1-22
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Also in this case the validity range from the Equation 23 must be compared with this va-
lidity range.

y1—1
Y1+ 1

<I<1=0289 <TI'<1#-1<TI,<0

It is shown that’s no one of the values from the Equation 25 are defined.

Finally, remains the question how the error behaves in the range of 0.690 > y; > 0. Since
this area is not defined for an analytical consideration. The behaviour must be investigat-
ed from a simulation. The behaviour was analysed by using Matlab. The simulations
shown that the minimum point of the reflection coefficient is approximate at the zero
crossing as long the following values are valid 0.690 > y; > 0. Thus, the minimum point of
error based on the value y; is defined as follows:

(0, 0690 >y, > 0
Lonin = {Fp, 1> 0.690

Equation 26 : Determination of the reflection coefficient which the smallest error caused.

The error curve in relation to the reflection coefficient it is calculated with Matlab. For the
calculation is the Equation 20 be used. With the same parameters is the minimum error
point [, calculated by using the Equation 24. The error rate in this point is obtained by in-
serting I, into Equation 20. To verify the Equation 24, the obtained point is printed in the
same chart as the error curve. The result is shown at the Figure 15. Since the discovered
point actually is located at the minimum point of the curve, the Equation 24 can be re-
garded as correct. The graph of Figure 15 was created by using the Matlab function Er-
ror_XaxisT appendix 12
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Figure 15 : bluey; = 0.01, redy, = 0.9, greeny; = 1.5

From Equation 19, the coupling coefficient can be determined by using the reflection coef-
ficient. This relation can be used at the Equation 26 to determinate, for which value of the
coupling coefficient the smallest error exist.

Kmin =

Equation 27 : determining the value of the coupling coefficient which have the smallest er-
ror

The coupling coefficient comes with higher distance exponentially lower. Based on this,
it's shown from the Equation 27 that the distance for the minimum error comes bigger if
the Q-factor of the sensor increases. The Q-Factor is described from Equation 4. This
equation contains also the resistance of the transmitter antenna R;. This model Parameter
is also contained at y,. Because vy, influence the error characteristic, it cannot be said that
the Q-factor is an independent value. The inductivity of the transmitter and the receiver
antenna is given based on their geometrical dimensions. Thus, it rest only the values
of f, N,d and R, to increase the value of the Q-factor. The values f, N and d are in relation
with the model error and this values are limited based on the model error analysis and
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limitation of the electrical length chapter 8.2. At the Equation 27 the Q-factor can also be
written with the model parameters, this is shown in the Equation 28 and Equation 29.

Suppose the transmit antenna resistance R; correspond to the copper resistance of the
coil. In this case, it can be assumed thatR; =~ 1 [0Ohm]and the line impedance corre-
sponding Z, =~ 50 [Q], then appliesy; = 0.02 < 0.69. The value for the minimum error of
the coupling coefficient is in this case defined as shown from Equation 28.

i =~ |——1= [ f, R 0.690 >y, > 0
QI woly  woly’ ' =

Equation 28 : Minimal error of the coupling coefficient
For values of y; = 0.690 must be considered the Equation 29.

_rfiren R (14T, - 0600
min =0 [1-1,” " Jwotl L \“°1—-T, ) =7

Equation 29 : Minimal error of the coupling coefficient

From the Equation 28 und Equation 29 is shown that the effective range decrease if the
receiver antenna resistance R, increase. This behaviour is confirmed from the Figure 8.

Characteristics of the distance error as a function of the distance

The theoretical consideration of the coupling coefficient error is also valid for the distance
error. Because the error rate of the coupling coefficient is proportional to the distance er-
ror. This relation is shown at the Equation 18. To simplify the end of the analysis,
Zo, and R; are not included in the consideration. There are the following relations.

o The distance error is convex decreasing with distance up to a turning point. From
this point the error increases again convex. This means that the error is in the near
field as well as in the far field bigger.

o If Qisincreased, increases also the distance between the transmitting and the re-
ceiving antenna for which is obtained the smallest distance errors.

e The distance error is bigger in the near field and smaller in the far field if the Q-
factor is enlarged.

Finally it can be said, that the model parameter must be chooses based on the needed
distance. Because the error curve show different areas for the effective range and the
minimum error if the design parameters changes.
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MEASURING OF THE DISTANCE SENSOR

For this measuring were produced two antennas. The measuring contains the equivalent
impedance of the two coupled antennas Z, and the distance between the centre points of
the antennas g. The result is a table which contains different values of the impedance Z,
in relation with the distance. The transmitter antenna is supplied over an Agilent Technol-
ogies E-5061A Network analyser with a signal frequency of 10 [MHz], the receiver anten-
na is passive. The Network analyser shows the Smith-chart of the two coupled antennas.
The equivalent impedance Z, can be read from the display.

The transmitting antenna and the receiving antenna are threaded between two sticks. On
one of the two sticks is a scale with a pitch of a 0.5 [cm] recorded. The centre of the
transmitting antenna is fixed at zero, and the receiving antenna is moved in steps of 0.5
[cm]. The measurement setup is shown in Figure 16

Figure 16 : measurement setup for the distance measuring

To keep the influence of foreign objects as small as possible, the sticks were placed be-
tween two chairs so that the coils are in the air. Important for an accurate calculation of
the position is the precise as possible determination of the design parameters.
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Measurement of the design parameters

The design parameters of the antennas must be measured. The inductivity can over a LC
circuit and a known value of the capacity been determined. In this case is a capacity of 1
[nF] used. From this circuit must be measured the resonance frequency, and over the
resonance frequency can be calculated the impedance for each antenna. The resonance
frequency can be determined over a Smith-chart or a Bode-diagram. In this case was
used the Smith-chart. This Smith-chart is made from an Agilent Technologies E-5061A
Network analyser. For both antennas was the resonance frequency, for the capacity from
above 2.9 [MHZz]. Thus, the resonance frequency can be calculated from Equation 30.

L= 1
" C*(2nf)?

Equation 30 : Calculation of the inductance based on the resonance frequency and a
known capacitance.

From the calculated inductivity can be determined the needed capacity, for which is ob-
tained the desired resonance frequency. In this case have the capacity a value in the or-
der of 84 [pF]. The resonance frequency is defined from the Equation 31.

1
2V LC

Equation 31 : Determining the resonant frequency

f=

The fine tuning is made with adjustable capacities. Based on this can the desired reso-
nance frequency quite exactly been adjusted. As reference is used a Smith-chart, which is
made from an Agilent Technologies E-5061A Network analyser. The marker must be set
on the desired resonance frequency. The imaginary part of the antenna impedance must
be zero and the real part is corresponding to the antenna resistance R; or R,. The receiv-
er antenna resistance R, can be increased via additional resistances. If the receiver an-
tenna resistance R, increase, the Q-factor decreases. This is used to make measure-
ments with different Q-factors. For this reason, the receiver antenna resistance is not set
as fix. All other model parameters are shown in the Table 1.
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Model Parameter

Designation Value Unit
Resonance frequency f 10 MHz
Line impedance Z,, 50 Q
Number of turns N 4 -
Antenna diameter d 0.1

Transmit antenna resistance R4 1.41 Q
receiver antenna resistance L4 3.012 uH
Inductance of the receiving antenna L, 3.012 puH

Table 1 : Design parameter from measuring setup 1

Determine the position based on a database interpolation

Since the position cannot be determined analytically another method must be found to de-
termine the position. Therefore, the position determination is based on a database interpo-
lation shown in this section.

First is made a database. This database is made from a function which is programmed
with Matlab. The function name is range this function is shown into appendix 13. the de-
sign parameters from the antennas must be written into the quell code. If the function is
executed, they draw a plot which shows the error rate of the coupling coefficient in relation
which the distance. This plot based on the chapter 8.3.1. In this chapter is shown that the
coupling coefficient error rate is proportional to the distance error. The chart provides in-
formation about the area in which the error is not too large to find a suitable measuring
range.

The main purpose of this function is to write a table. This table is used for the interpolation
of the position. This table looks as shown from Table 2.

Z, distance coupling Reflection error % Q-Factor
coefficient coefficient

Table 2 : Example of the table for the position estimation
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The first line contains only the Q-factor. The Q-factor is only one time be calculated and
change not in relation with the distance. From the second line is written the values for the
equivalent impedance Z,, the distance g, the coupling coefficient k, the reflection coeffi-
cient T and the error rate of the coupling coefficient in per cent. This function contains also
a filter function. With this filter is possible to choose only the values which are under a cer-
tain error in per cent, for example only values which have an error under 10%.

The position estimation in self is made from the function distance calc appendix 14. This
function needs two tables. The first table contains the measured values for the equivalent
impedance Z, and the distance g. The second table contains the values from the first two
columns of the Table 2, the calculated values for the equivalent impedance Z, and the dis-
tance g. From this two tables estimate this function the position based on an interpolation.
The formula for the interpolation is shown into the Equation 32

Ze—up - Ze

= , A~ — . d 1 .
l Zoup — Z,_down g=ixg_down+(1-ig_up

Equation 32 : Formula for the interpolation

The values for Z,_up and Z._down are taken from the table for the calculated values, and
correspond to the next higher and lower value compared with the measured value of Z,.
g_up is the calculated distance for the Z,_up and g_down the distance for Z._down. The
by this method found distances are compared with the measured distances. The function
distance_calc gives out a table which contains the measured and the estimated distances.
The function plots a graphic which compares the estimated values with the measured val-
ues. The plots from Figure 18 and the Figure 21 are made from this function. This function
needs also a general offset value.
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Results for a receiver antenna resistance without additional resistance

The measured receiver antenna resistance is R, = 1.26 [Ohm]. The theoretical effective
range is shown into Figure 17. Based on this graphic is choose a measurement range
from 3 [cm] to 18 [cm].

error in relation with the coupling coefficient

1 T
TSNS RN NSRS SNBSS WISSOS 3 SO S_—
e at+ SO SR R

I ' F : ) s -
e A fememmanas e Enr EEETEEEE fooeneenen beomanas -
3 : ; : : : :
1 U RO S— /N SRR, [ A—— L— -
o : ! ' ' : :
B -1 ----- ; ; ' : e pssieiss .
S ; : ' : : :
B g fomensmmes fazareses S e Jreamnazne frresenceen
= : . ' ! : !
R 2 = s o s m aTR  fa a E  E SER ORA .
® ' . ' : : !
02— R S S S S frasveng
O R e S
0 i i 1 i
0 0.05 0.1 0.15 02 0.25 03 0.35

distance [m]

Figure 17 : Error rate in conjunction with the coupling coefficient for R, = 1.26 [Ohm]

The calculated value is compared with the ideal value. This comparison is shown at Fig-
ure 18. Into the Figure 18 are the calculated values displaced with an offset of 4 [mm].
This offset is for a smaller receiver antenna resistance R, bigger. The resistance is with a
value of 1.26 [Ohm] relatively small. The curve is displaced already for small changes
of R, relatively fast. For higher values of R, is a measurement error of this value less im-
portant.
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measured and calculated distance for R2 = 1.26 [Ohm], offset 4 [mm]
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measured distance [m]

Figure 18 : Comparison of Calculated with Measured distances

The table with the results is into the appendix 1. After using the offset is the error in a
range from 4.5 [cm] to 17.5 [cm] except of a few exceptions under 1%. These exceptions
are related to reading errors or inaccurate positioning of the antennas. The measurements
confirm that, the error at the edge of the range greater is.

On another day is determined the maximal measurable distance. The measured receiver
antenna resistance is R, = 1.56 [Ohm]. The experimental setup was designed for a great-
er distance. For this reason is the orientation less exact as for the previous measurement
and thus the precision comes less exactly. The measurement steps are also higher for
this measurement is a measuring step of 1 [cm] used.
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measured and calculated distance for R2 = 1.56[Ohm] offset 4[mm]
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Figure 19 : Determination of the maximum measurable distance

The table with the results is into the appendix 2. The poorer accuracy of the measurement
is not disturbing in this case, because it's wanted to determine the maximum measurable
distance. From the figure 19 can be seen that the maximum distance is at 30 [cm]. For
greater distances, the calculated value remains at 30 [cm].
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Results for a receiver antenna resistance of R, = 46.64 [Ohm]

The theoretical effective range is shown into Figure 20. Based on this graphic is choose a
measurement range from 2 [cm] to 13 [cm]. The upper section was little increased for a
better checking of the error behaviour in the border area.

error in relation with the coupling coefficient
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Figure 20 : Error rate in conjunction with the coupling coefficient for R, = 46.64 [Ohm]

The calculated value is again compared with the ideal value. This comparison is shown at
Figure 21. Into the Figure 21 are the calculated values displaced with an offset of 3 [mm].
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measured and calculated distance for R2 = 46.64 26 [Ohm], offset 3 [mm]
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Figure 21 : Comparison of Calculated with Measured distances

The table with the results is in the appendix 3. After using the offset is the error in a range
from 3.5 [cm] to 7.5 [cm] except of a two exceptions under 1%. These exceptions are re-
lated to reading errors or inaccurate positioning of the antennas. The measurements con-
firm that, the error at the edge of the range greater is. Especially in the upper region of the
measurement is the error larger. The error behaviour in the lower area could not be de-
termined closer since 2 [cm] is the lowest measurable distance due to the geometrical di-
mensions of the antennas.
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ALTERNATIVE MEASUREMENT OF Z,

This section shows a way for measuring the equivalent impedance Z, without using a
network analyser. This is important for building a sensor, which can independent operate.
One possibility is, measuring the tension and the current at the entrance of the transmitter
antenna. In this case, the measuring point is in front of the transmitter resistance R;
shown from Figure 2.

Simulation

For the verification of the possibility to determine the impedance Ze over the tension and
the current is made a simulation with Ltspice 4. The circuit as shown from Figure 2 is
used. The mutual inductivity L,, is defined from Equation 2. The coupling coefficient is cal-
culated via the function range appendix 13. The model parameters are the same as those
used in the section 9. The resistance from the receiver antenna R, is 46.64 [Ohm]. The
simulation is shown into Figure 22.

I(R1)

m 150mA
= 120mA
= 90mA

BOmA

| - 30mA

OmA

|  -30mA

- -BOmA

- -90mA

~-120mA

T T T T T —-150mA

0.99us 1.17s 1.35ps 1.53ps 1.71ps 1.89s

‘( Draftl

R1 C1 L1 L2 c2 R2
I A,

il
20 1.41 84.0p 2.26734p 2.26734p 84.0p 46.641

V1 L3
0.74496p

SINE(0 10 10meg)

Figure 22 : Simulation to determine Z,

For the calculation of the coupling coefficient was used a distance of 3 [cm]. The meas-
ured RMS value for the tension was 3.43 [V] and the RMS value for the current was 70.18
[mA]. For this values has the amplitude for the impedance Z, a value of 48.86 [Ohm].
From the table for the interpolation has Z, a value of 48.23 [Ohm].

Thus the simulation shows that it's possible to determine the equivalent impedance Z, by
using this method.
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10.2 Measurement

Unfortunately it was not possible to measure the current because no suitable measuring
instrument was available and the time was not sufficient to get a suitable instrument. The
voltage was measured with a Tektronix TDS 2004C oscilloscope. For this reason, it can-
not be said that this method also works in reality

Summermatter Orlando 38/41



11

12

Hes

Haute Ecole d'Ingénierie

Hochschule fiir Ingenieurwissenschaften

CONCLUSION

The measurements have shown that is possible to build a distance sensor, which based
on two antennas. Given the manufacturing tolerances of the antennas and the possible
reading errors, the sensor have after adding a general offset a good accuracy.

Since the position is calculated the measurements confirm the accuracy of the formulas.
The error behaviour in the peripheral regions could also be confirmed. This proves that
the error analysis is also correct.

It has been shown, that’s the equivalent impedance of the antenna Z, can be theoretically
determined based on a voltage and current measurement at the entrance of the transmit-
ter antenna. This could not be confirmed in practice, due to time constraints.

To understand how the sensor works has took a lot of time. For this reason, the time was
not enough to perform additional measurements, and to measure the position sensor too.

For the calculation of the position it is important to know the resistance of the receiving an-
tenna R, as accurately as possible, since the calculation is no longer correct even for
small deviations. This consists for some setups of to the copper resistance of the coil. In
the case of energy transmission changes the temperature of the coils and with this the
value of the receiver antenna resistance R,.

The effective range of this sensor can be changed. However, it must be said that the pre-
cision at short distances came less exactly if the sensor is configured for higher distances

The coupling coefficient decreases exponentially. If it come too small, the measurement is
less exactly or impossible. Therefore, it is difficult to produce a sensor for greater distanc-
es.

These three characteristics, it is important to get under control to use this sensor success-
fully. For properties where accuracy does not play a major role is the effective range the
total measurable area. For example, it is for a robot in a building not important to know his
position of the mm exact.

DATE & SIGNATURE

Date: Summermatter Orlando
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13 APPENDICES

¢ Appendix 1: Measuring 1, small receiving antennas resistance R,

*

Appendix 2: Measuring 2, small receiving antennas resistance R, determination of the
maximum distance

Appendix 3: Measuring 3, big receiving antennas resistance R,
Appendix 4: Code of the Matlab function error_Plot
Appendix 5: Code of the Matlab function change d
Appendix 6: Code of the Matlab function change_f
Appendix 7: Code of the Matlab function change N
Appendix 8: Code of the Matlab function change_R1
Appendix 9: Code of the Matlab function change R2
Appendix 10: Code of the Matlab function change Z0
Appendix 11: Code of the Matlab function K_T
Appendix 12: Code of the Matlab function Error_XaxisT
Appendix 13: Code of the Matlab function range

® & & 6 O 6 6 O O o o o

Appendix 14: Code of the Matlab function distance calc
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USED EQUIPMENT

Agilent Technologies E-5061A Netzwerkanalysator
Tektronix TDS 2004C Oszilloskop

REFERENCES

[11 N. Sosuke, Design Evaluation of Position Sensor based on Magnetic Resonance
Coupling, Tokyo, Japan: Hashimoto laboratory, Chuo university, 2011.

[2] O. Beucher, MATLAB und Simulink Eine kursorientierte Einfiihrung, mitp, 2013.
[3] Agilent Technology, ENA-L RF Network Analyzer E5061A and EO62A Data Sheet.
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Measuring 1

Appendix 1

Q R1 [Q] R2 [Q] L1 & L2 [uH] | Offset [m]
141.98 141 1.26 3.012 0.004
Ze measured [Q] distance [m] error
real part |imaginary part | module measured calculet error [m] |error [%)]

1560.200 -1049.900| 1880.562 0.0300 0.0328 0.0028 9.500
1198.900 -631.500 | 1355.047 0.0350 0.0376 0.0026 7.526
998.000 -378.200| 1067.258 0.0400 0.0413 0.0013 3.189
801.930 -196.490 825.651 0.0450 0.0453 0.0003 0.750
606.790 -122.060 618.945 0.0500 0.0501 0.0001 0.129
445710 -87.444 454 207 0.0550 0.0554 0.0004 0.644
348.030 -48.606 351.408 0.0600 0.0599 -0.0001 -0.182
258.400 -38.654 261.275 0.0650 0.0653 0.0003 0.496
201.340 -28.484 203.345 0.0700 0.0701 0.0001 0.096
157.270 90.323 181.362 0.0750 0.0723 -0.0027 -3.614
120.820 -7.746 121.068 0.0800 0.0804 0.0004 0.486
97.940 -3.575 98.005 0.0850 0.0848 -0.0002 -0.241
78.388 -5.372 78.572 0.0900 0.0895 -0.0005 -0.504
63.970 0.630 63.973 0.0950 0.0941 -0.0009 -0.953
52.533 -1.435 52.553 0.1000 0.0986 -0.0014 -1.414
40.516 -1.512 40.544 0.1050 0.1047 -0.0003 -0.268
33.235 -2.683 33.343 0.1100 0.1095 -0.0005 -0.435
27.744 -1.348 27.777 0.1150 0.1142 -0.0008 -0.733
22.886 -0.113 22.886 0.1200 0.1193 -0.0007 -0.620
19.999 -0.726 20.012 0.1250 0.1229 -0.0021 -1.675
16.286 -0.814 16.306 0.1300 0.1287 -0.0013 -1.003
13.549 -1.040 13.589 0.1350 0.1341 -0.0009 -0.674
11.365 -0.644 11.383 0.1400 0.1396 -0.0004 -0.289
9.773 -0.678 9.797 0.1450 0.1445 -0.0005 -0.352
8.505 -0.873 8.549 0.1500 0.1491 -0.0009 -0.571
7.347 -0.409 7.358 0.1550 0.1546 -0.0004 -0.290
6.331 -0.141 6.332 0.1600 0.1603 0.0003 0.191
5548 -0.349 5.559 0.1650 0.1656 0.0006 0.385
4993 -0.029 4,993 0.1700 0.1703 0.0003 0.185
4491 -0.047 4,491 0.1750 0.1752 0.0002 0.135
3914 -0.199 3.919 0.1800 0.1821 0.0021 1.172




Measuring 2 maximum measurable distance

Appendix 2

Q R1 [Q] R2 [Q1] L1 & L2 [uH] |Offset [m]
141.98 1.27 1.56 3.012 0.004
Ze measured [Q] distance error
imaginary measured
real part |part module [m] calculet [m] error [m] |error [%]

1638.2 -2.6862| 1638.2022 0.02 0.0318 0.0118 58.940
28372 -14 503 | 2837.23707 0.03 0.0245 -0.0055 -18.262
10243 623.51| 1199.1477 0.04 0.0363 -0.0037 -9.310
42499 371.69 | 564.597163 0.05 0.0480 -0.0020 -3.905
201.68 204.56 | 287.262277 0.06 0.0597 -0.0003 -0.522
115.32 126.34 | 171.057002 0.07 0.0693 -0.0007 -0.992
64.866 72.392 | 97.2018499 0.08 0.0805 0.0005 0.675
40.375 47.544 | 62.3744544 0.09 0.0900 0.0000 -0.039
26.816 30.923 | 40.9307926 0.1 0.0995 -0.0005 -0.495
17.608 19.551 | 26.3112764 0.11 0.1102 0.0002 0.207
12.423 14.259 | 18.9116369 0.12 0.1188 -0.0012 -0.975
8.7333 10.318 | 13.5178272 0.13 0.1282 -0.0018 -1.366
6.3208 7.3539| 9.6970283 0.14 0.1383 -0.0017 -1.186
4.8569 5.7071 | 7.49402882 0.15 0.1469 -0.0031 -2.053
3.8767 4.4734 | 5.91946876 0.16 0.1555 -0.0045 -2.790
3.102 3.5215 | 4.69290595 0.17 0.1650 -0.0050 -2.962
2.5511 2.9786 | 3.92175588 0.18 0.1732 -0.0068 -3.805
2.2388 2.5037 | 3.35868116 0.19 0.1811 -0.0089 -4.694
1.9372 2.2394 | 2.96102283 0.2 0.1883 -0.0117 -5.831
1.728 2.0154 | 2.65477328 0.21 0.1954 -0.0146 -6.947
1.5924 1.7929| 2.39796334 0.22 0.2029 -0.0171 -1.777
1.5519 1.6862 | 2.29165094 0.23 0.2066 -0.0234 -10.179
1.4906 1.6156 | 2.19819283 0.24 0.2102 -0.0298 -12.408
1.4502 1.5536| 2.1252654 0.25 0.2134 -0.0366 -14.655
1.3439 1.3142 | 1.87967786 0.26 0.2268 -0.0332 -12.780
1.2824 1.3171 | 1.83828784 0.27 0.2296 -0.0404 -14.945
1.277 1.2449 | 1.78339704 0.28 0.2339 -0.0461 -16.481
1.2395 1.223|1.74128954 0.29 0.2374 -0.0526 -18.121
1.2109 1.138 | 1.66172284 0.3 0.2454 -0.0546 -18.206
1.251 1.1476 | 1.69764153 0.31 0.2416 -0.0684 -22.068
1.2247 1.0761 | 1.63030098 0.32 0.2490 -0.0710 -22.175
1.1906 1.1046 | 1.62409037 0.33 0.2498 -0.0802 -24.300
1.2139 1.1753 | 1.68963999 0.34 0.2424 -0.0976 -28.705
1.2355 1.1501 | 1.68795446 0.35 0.2426 -0.1074 -30.693




Appendix 3

Measuring 3
Q R1 [Q] R2 [Q1] L1 & L2 [uH] |Offset [m]
23.34 1.41 |46,.64 3.012 0.003
Ze measured [Q] distance [m] error
imaginary
real part |part module measured calculet error [m] | error [%]
112.060 -15.138 113.078 0.020 0.0030 -0.0170 -85.000
80.011 -6.627 80.285 0.025 0.0030 -0.0220 -88.000
56.474 -4.224 56.632 0.030 0.0030 -0.0270 -90.000
41.763 -2.899 41.863 0.035 0.0030 -0.0320 -91.429
30.623 -2.076 30.693 0.040 0.0030 -0.0370 -92.500
22.686 -1.485 22.735 0.045 0.0030 -0.0420 -93.333
17.028 -1.238 17.073 0.050 0.0030 -0.0470 -94.000
13.070 0.945 13.104 0.055 0.0030 -0.0520 -94 545
9.937 -0.810 9.969 0.060 0.0030 -0.0570 -95.000
7.988 -0.735 8.022 0.065 0.0030 -0.0620 -95.385
6.320 0517 6.341 0.070 0.0030 -0.0670 -95.714
5.290 -0.567 5.321 0.075 0.0030 -0.0720 -96.000
4338 0.542 4.371 0.080 0.0030 -0.0770 -96.250
3.590 -0.455 3.619 0.085 0.0030 -0.0820 -96.471
3.108 0.433 3.138 0.090 0.0030 -0.0870 -96.667
2.635 -0.408 2.666 0.095 0.0030 -0.0920 -96.842
2412 0.335 2.435 0.100 0.0030 -0.0970 -97.000
2.151 -0.305 2.172 0.105 0.0030 -0.1020 -97.143
1.956 -0.309 1.980 0.110 0.0030 -0.1070 -97.273
1.765 -0.279 1.787 0.115 0.0030 -0.1120 -97.391
1.700 -0.284 1.724 0.120 0.0030 -0.1170 -97.500
1.580 0.283 1.605 0.125 0.0030 -0.1220 -97.600
1.484 -0.319 1.518 0.130 0.0030 -0.1270 -97.692
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1 «of

function [ output args ] = error Plet( aprox, single plot )
$This Function Plot the Error Rate
%aprox = 1 is for the easy aprosimation

%aprox = default is for the aproximation with the Neumann Formulla

%single plot = 1 Plet :each chart in a new Figur

$single plot = deafault Plot all charts on the same figure

%

% The calculation for the error curves is made by under—functions.

% For each design parameter exist a function, which makes the

% calculation. for the different design parameters are used the

% fellowing under-functions:

%

% frequencie £ => change_tT

% entry impedanz Z0 => change 20

% transmitter resistance R1 => change R1

% receiver resistance RZ =3 change_R2

% diameter d =3 change_d

% number of turns N =3 change N

% __________________________________________________________________________
%error calculation for different frequencies

‘5 __________________________________________________________________________
x_£ = [1:

EE=[1;

%the frequencies can be entered here
f £ = [10e6 33.65eb 77.17e6]:

$this loop gives the value one by one to the underfunction for
%the caleulaticn.
for i=l1:1:3

[x f,k_f(i,:)] = change_£f(f_f(i),aprox);

end;

fwith this switch can be chosen the plet option. if 1 all curves for one
%parameter are plotted into a new window

switch single plot
case 1
figure
otherwise
subplot (3,2,1);
end;

$plot the curwves and make the labeling

plot(x £,k _f,'LineWidth';1.5);
ylim([0 1]);

x1lim ([0 2.5]);

title('relation to £'):;

xlabel ('distance g/d");
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ylabel ('Error rate of coupling coefficient');
legend('f = 10[Mhz]",'f = 33.65[Mhz]"',"'f = 77.17[Mhz]");
grid

% 20 = []:
k_20

1
—
il
e

¥the diverent impedances can be entered here

f 20 = [50 5 1];

%this lcop gives the wvalue one by one to the undsrfunction forz
%the calculation.

for i=1:1:3
[x 20,k Z0(i,:)] = change Z0(f ZO(i),aprox);

and

%$with this switch can be chosen the plot option. if 1 all curves for cne
Sparameter are plotted into a new window

switch single plot
case 1
figure
otherwise
subplot (3,2,2);
aend;

$plot the curves and make the labeling

plot(x Z0,k 20, 'LineWidth',1.5);

ylim([0 11):

x1lim ([0 4]1):

xlabel ('distance g/d');

vlabel ('"Error rate of coupling coefficient'):;
title('relatien te ZO0'}:

legend{'zZ0 = 50[Chm]"','Z0 = 5[0hm]","'Z0 = 1[Chm]"'};
grid

R e e e e e e e e e e e e

=]

$error calculation for different values of the transmitter resistance Rl

%x_R1
e L

([
— -
p A
= -

%the diverent resistances can be entered here

£ RL=[1550];
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%this loop gives the value one by one to the underfunction for

[

%the calculation.

for: I=lsl=s
[* Rl,k R1(i,:)] = change R1(f Rl (i),aprox);

end

%with this switech can Be chosen the plot option. if 1 all curves for one
%Sparameter are plotted inte a new window

switch single plot
case 1
figure
otherwise
subpleot (3, 2,3);
end;

%plot the curwves and make the labeling

plot[x_Rl,kﬂRl,‘LineWidLh',l.Sj;

ylim ([0 11);

x1im([0 2.5]);

xlabel('distance g/d");

ylabel('Error rate of coupling coefficient');
title('relaticen te R1');

legend('R1 = 1[0Obm]",'R1 = 5[0hm]"','R1l = 50[Chm]");
grid

$error calculation for different values of the receiver resistance R2

%the diverent resistances can be entered here
£f R2 = [1 5 50];

%this loop gives the value one by one to the underfunction for
%the calculaticn.

fir 1=1%1:3
[x R2,k RZ2(i,:)] = change R2(f R2(i),aprox);

end

%with this switch can be chosen the plet option. if 1 all curves for cne
fparameter are plotted intec a new window

switch single plot
case 1
figure
otherwise
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4

of

subplot (3,2,4);
end;

%pleot the curves and make the labeling

plot (x R2,k R2, 'LineWidth',1.5);

ylim([0 11);

x1lim ([0 2.5]);:

xlabel ('distance g/d');

vlabel {"Error rate of coupling coefficient');
title('relatien to R2');

legend('R2 = 1([0Ohm]"','R2 = 5[0hm]"','R2 = 50[0hm]"};
grid

%error calculation for different wvalues ol the diameter d

xd= [1;
[43

-
a
[

$the diverent distances can be entered here
fds= [0.075 0.15 0.3]:

%this loop gives the value one by one to the underfunction for
%the gcalculaticn.

for 1=1:1:3
[x d(i,:),k d{i,:})] = change d(f d(i),aprox):

end

fwith this switch can be chosen the plet option. if 1 all curves for cne
sparameter are plotted into a new window

switch single plot
case 1
figure
otherwise
subplet{3,2,5):
end;

%plot the curves and make the labeling

plot( x d(l,:)yk d(l,z),x d(2,2),k d(2;2),x d(3,2),k _ di(3,2) ...
'LineWidth',1.5):

ylim ([0 11);

xlim ([0 2.5]):

xlabel('distance g/d");

ylabel ("Errcr rate of coupling coefficient'):;

title('relation to d');

legend('d = 0.075[m]"',;'d = 0.15[m]",'d = 0.3[m]"};

grid
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%error calculation for different wvalues for the number of turns N

x N = [1;
)i

E
=
|

o

%the diverent numbers of turns can be entered here
fN=[124];

%this lcop gives the value one by one to the underfunction for
%the calculaticn.

for 1=1:1:3
[x N,k N(i,:)] = change N(f_N(i),aprox)};

end

twith this switch can be chosen the plet opticn. if all curves for cne

%parameter are plotted inte a new window

switch single plot
case 1
figure
otherwise
subplot(3,2,6);
end;

splot the curves and make the labeling

plot(x N,K N, 'LineWidth',1.5);

ylim([O 1]);

xlim([O 2.5]1);

xlabel('distance g/d');

ylabel ('Error rate of coupling coefficient'):
title('relation to N'):;

legend ("N = 1[turn]l"*, "N = Z[tack]’','N = 4[tden] ")
grid
end
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function [ x, k error] = change d( d,aprox )
%change d calcnate the error rate for the couppling ceoeffizient in relation
%to the diameter d

%
%this function gives back the error rate of the couppling coeffizient
$%and the free dimensional distanze g/d betwen the antennas.

£ = 10eb; %frequency [Hz]

Z0 = 50; $impedanz of the transmission line [Chm]

N = 1; snumber of turns []

R2 = 1; %resistance of the receiver antenna [0Ohm]

Rl = 1; tresistance of the transmitter antenna [Ohm]
vyl = R1/20; $gamma 1 []

ul = (de-7)*pi; $induction constant [V¥*s/ (A*m) ]

alpha = -3; %damping factor

hl = (0.015/(4))*N; $hight of the coil [m]

_spule=(pi*d~2) /4; scress section of the ecoil [m*2]

5

a = 0.0178; Ykoefizienten for error calculation

b = 0.004;

g {0.001:0.001:0.5); %define the start value, step size and the max
& value for the distance g

-

g./d; Srelation g/d

B
Il

%calculate the impedance of the coil in relation to the
%geometrical dimensicns

L _gec = ul*(S_spule*N*2)/hl;

%with this switech can be chosen the calculation method for the coupling
Scoefficient. if 1 the approximate equation 1s used, otherwlse is the
$Neumann equation used

switch aprox
case 1
k_aprox = expl(alpha*(g./d)):

otherwise
for i=1:1:500
g = 1/1000;
F_neumann = @(x,y) ({(N*2)*ul)/(sgqrt(L_geo®2)*4*pi)).*...
((d.*cos (x-y)./(sgrt(8+16* (g/d) “2-8.*cos(x=y))))):
k aprex(i)= integral2(F neumann,0,2%pi,0,2*%pi);

end;
end;

%calculating the reflection ceefficient in relation with the previously
%calculated coupling coefficient

Q = sgrt((4*pit2*£°2*L geo”2)/ (R1*R2));
Ze = ((Q"2).*(k_aprox.”Z2).*Rl +Rl);
T = (Ze-20)./(Ze+20);

%calculation of the error rate of the coupling coefficient
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k_error = (a.*abs(T)+b)./((yl+1).* (T=(yl-1)/(yl+1)).*(1-T));

end
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function [ x, k error] = change f({ f,aprox )
$change f calcuate the error rate for the couppling ceeffizient in relaticn
%to the frequenz f

%
%this function gives back the error rate of the couppling coeffizient
%and the free dimensional distanze g/d betwen the antennas.

Z0 = 50; $impedanz of the transmission line [Chm]

N = 1; snumber of turns []

d= 0.075; %antenna diameter [m]

R2 = 1; tresistance of the receiver antenna [0Ohm]
gL2 =3.012e-6; $Inductance of the receiver antenna [H]

R1 = 1; resistance of the transmitter antenna [Ohm]
%11 =3.012=-5; $Inductance of the transmitter antenna [H]
vyl = R1/20; $gamma 1 []

ull = (de-7)*pi; $induction constant [V*s/ (A*m)]

alpha = -3; %damping factor

hl = (0.015/(4))*N; %hight of the coil [m]

S spule=(pi*d~2)/4; teross section of the coil [m*2]

a= 0.0178; %koefizienten for errcr calculation

b= 0.004;

g = (0.001:0.001:0.2); =%define the start value, step size and the max
% value for the distance g

g./d; %relation g/d

»
I

$calculate the impedance of the ‘coil in relation to the
fgeometrical dimensions

L geo = ul*(8_spule*N~2)/hl;

$with this switch can be chosen the calculation method for the coupling
%coefficient. if 1 the approximate equation 1is used, otherwise is the
EFNeumann equation used

switch aprox
case 1
k_aprox = exp(alpha*(g./d));

otherwise
for i=1:1:200
g = 1/1000;
F_neumann = @(x,y) (((N"2)*ul)/(sgrt(L_geo”2)*4*pi)).*. ..
((d.*cos (x-y) ./ (sgrt (B+16* (g/d) *2-8.*cos (x-v)))));
k aprox(i)= integral2(F neumann,0,2*pi,0,2*pi);

end;
end;

%calculating the reflection ¢oefficient in reélaticn with the previously
scalculated egoupling coefficient

Q = sqrt((4*pit2*f72*L geo”2}/ (R1*R2));
Ze = ((Q"2).*(k _aprox.”2)+1l).*R1l;
T = (2e-Z0)./(Ze+Z0);
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%calculation of the error rate of the coupling coefficient
k_error = (a.*abs(T)+b) YLD A (T=iyl-1) 7 (y1+1) ) . *(1-T));

end
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function [ %, k error] = change N{ N,aprox )
$change N calcuate the error rate for the couppling ceeffizient in relaticn
%to the number of turns N

%
%this function gives back the error rate of the couppling coeffizient
%and the free dimensional distanze g/d betwen the antennas.

£ = 10eb; %frequency [Hz]

Z0 = 50; $impedanz of the transmission line [Chm]

d = 0.075; Fantenna diameter [m]

R2 = 1; Y%resistance of the receiver antenna [0Ohm]
%12 =3.012e-6; tInductance of the receiver antenna [H]

Rl = 1; $resistance of the transmitter antenna [Ohm]
%L1l =3.012e-6; ¢Inductance of the transmitter antenna [H]
yl = R1/Z0; %gamma 1 []

uld = (de-7) *pi; $induction constant [V*s/ (A*m)]

alpha = -3; $damping factor

hl = (0.015/(4)) *N; %hight of the coil [m]

S_spule=(pi*d~2)/4; %cross section of the ecoil [m*2]

a= 0.0178; tkoefizienten for error calculation

b = 0.004;

g= (0.001:0.001:0.2); %define the start wvalue, step size and the max
% value for the distance g

= g./d; $relation g/d

b
I

%calculate the impedance ¢f the ¢ceil in relation to the
%geometrical dimensions

L geo = ul*(S spule*N"~2)/hl;

$with this switeh can be chosen the calculation method for the coupling
$coefficient. if 1 the approximate eguation is used, otherwise is the
ENeumann equation used

switch aprox
case 1
k aprox = exp(alpha*(g./d));

otherwise
for 1=1:1:200
g = 1/1000;
F neumann = @(x,y) (((N"2)*ul)/(sgrt(L geo”2)*4%pi)).*, ..
((d.*cos (x-y) ./ (sqrt (B+16% (g/d)"2-8.%cos(x-v)))});
k aprox(i)= integral2 (F neumann,0,2*pi,0,2*pi);

end;
end;

%calculating the reflection ceoefficient in relaticon with the previously
%calculated coupling coefficient

Q = sqrt((4*pi*2*£"2*L_geo”2)/(R1*R2));
Ze = ((Q"2}.*(k aprox.”2)+1).*R1;
T = (Ze-20) ./ (Ze+Z0);
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%calculation of the error rate of the coupling coefficient
k error = f{a.*abs(T)+b) ./ ((yl1+1).*(T=(yl=1)/ (y1+1l)) .*(1-T));

end
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function [ %, k error] = change R1( Rl,aprox )
$change R1 calcuate the error rate for the couppling cceffizient in relation

%to the transmiftter resistance Rl

%
%this function gives back the error rate of the couppling coeffizient
%and the free dimensional distanze g/d betwen the antennas.

f = 10eb;
Z0D = 50;

N = 4;

d= 0.075;
R2 = 1;

$L2 =3.012e-6;
%L1 =3.012e-6;

vyl = R1/20;
ul = (4e-7)*pi;
alpha = -3;

hl = (D.015/(4)) *N;
S_spule=(pi*d~2)/4;

Sfrequéncy [Hz]

timpedanz of the transmission line [Ohm]

snumber of turns []
(m]

f%antenna diameter
tresistance of the
$Inductance of the
$Inductance of the
Sgamma 1 []

$induction constant

$damping factor
%hight of the coil

receiver antenna [0Ohm)
receiver antenna [H]
transmitter antenna [H]

[V*s/ (A*m) ]

[m]

%cross section of the coillm™Z]

a= 0.0178; tkoefizienten for error calculation

b = 0.004;

g= (0.001:0.001:0.2); %define the start wvalue, step size and the max
% value for the distance g

x = g./d; $relation g/d

%calculate the impedance ¢f the ¢ceil in relation to the
%geometrical dimensions

L geo = ul*(S spule*N"~2)/hl;

$with this switeh can be chosen the calculation method for the coupling
$coefficient. if 1 the approximate eguation is used, otherwise is the
ENeumann equation used

switch aprox
case 1
k aprox = exp(alpha*(g./d));

otherwise
for 1=1:1:200
g = 1/1000;
F neumann = @(x,y) (((N"2)*ul)/(sgrt(L geo”2)*4%pi)).*, ..
((d.*cos (x-y) ./ (sqrt (B+16% (g/d)"2-8.%cos(x-v)))});
k aprox(i)= integral2 (F neumann,0,2*pi,0,2*pi);

end;
end;

%calculating the reflection ceoefficient in relaticon with the previously
%calculated coupling coefficient

Q = sqrt((4*pi*2*£"2*L_geo”2)/(R1*R2));
Ze = ((Q"2}.*(k aprox.”2)+1).*R1;
T = (Ze-20) ./ (Ze+Z0);
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%calculation of the error rate of the coupling coefficient
k error = f{a.*abs(T)+b) ./ ((yl1+1).*(T=(yl=1)/ (y1+1l)) .*(1-T));

end
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function [ %, k error] = change R2( R2,aprox )
$change R2 calcuate the error rate for the couppling ceceffizient in relation
%to the receiver resistance R2

%
%this function gives back the error rate of the couppling coeffizient
%and the free dimensional distanze g/d betwen the antennas.

f = 10e6; tfrequency [Hz]

Z0 = 50; %impedanz of the transmission line [Ohm]

N = 4; fnumber of turns []

d = 0.075; tantenna diameter [m]

gL2 =3.012e-6; $Inductance of the receliver antenna [H]

R1 = 1; resistance of the transmitter antenna [Ohm]
%11 =3.012=-5; $Inductance of the transmitter antenna [H]
vyl = R1/20; $gamma 1 []

ull = (de-7)*pi; $induction constant [V*s/ (A*m)]

alpha = -3; %damping factor

hl = (0.015/(4))*N; %hight of the coil [m]

S spule=(pi*d~2)/4; teross section of the coil [m*2]

a= 0.0178; %koefizienten for errcr calculation

b= 0.004;

g = (0.001:0.001:0.2); =%define the start value, step size and the max
% value for the distance g

g./d; %relation g/d

»
I

$calculate the impedance of the ‘coil in relation to the
fgeometrical dimensions

L geo = ul*(8_spule*N~2)/hl;

$with this switch can be chosen the calculation method for the coupling
%coefficient. if 1 the approximate equation 1is used, otherwise is the
EFNeumann equation used

switch aprox
case 1
k_aprox = exp(alpha*(g./d));

otherwise
for i=1:1:200
g = 1/1000;
F_neumann = @(x,y) (((N"2)*ul)/(sgrt(L_geo”2)*4*pi)).*. ..
((d.*cos (x-y) ./ (sgrt (B+16* (g/d) *2-8.*cos (x-v)))));
k aprox(i)= integral2(F neumann,0,2*pi,0,2*pi);

end;
end;

%calculating the reflection ¢oefficient in reélaticn with the previously
scalculated egoupling coefficient

Q = sqrt((4*pit2*f72*L geo”2}/ (R1*R2));
Ze = ((Q"2).*(k _aprox.”2)+1l).*R1l;
T = (2e-Z0)./(Ze+Z0);
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%calculation of the error rate of the coupling coefficient
k_error = (a.*abs(T)+b) YLD A (T=iyl-1) 7 (y1+1) ) . *(1-T));

end



07.08.13 23:31 C:\Users\admin\Documents\M...\change Z0.m 1 of

function [ %, k error] = change Z0( Z0,aprox )
$change 20 calcuate the error rate for the couppling cceffizient in
%relation to the impedanze Z0.

%
%this function gives back the error rate of the couppling coeffizient
%and the free dimensional distanze g/d betwen the antennas.

f = 10e6; tfrequency [Hz]

N = 4; snumber of turns []

d= 0.075; %antenna diameter [m]

R2 = 1; tresistance of the receiver antenna [0Ohm]
gL2 =3.012e-6; $Inductance of the receiver antenna [H]

R1 = 1; resistance of the transmitter antenna [Ohm]
%11 =3.012=-5; $Inductance of the transmitter antenna [H]
vyl = R1/20; $gamma 1 []

ull = (de-7)*pi; $induction constant [V*s/ (A*m)]

alpha = -3; %damping factor

hl = (0.015/(4))*N; %hight of the coil [m]

S spule=(pi*d~2)/4; teross section of the coil [m*2]

a= 0.0178; %koefizienten for errcr calculation

b= 0.004;

g = (0.001:0.001:0.4); =define the start value, step size and the max
% value for the distance g

»
I

g./d; %relation g/d

$calculate the impedance of the ‘coil in relation to the
fgeometrical dimensions

L geo = ul*(8_spule*N~2)/hl;

$with this switch can be chosen the calculation method for the coupling
%coefficient. if 1 the approximate equation 1is used, otherwise is the
EFNeumann equation used

switch aprox
case 1
k_aprox = exp(alpha*(g./d));

otherwise
for i=1:1:400
g = 1/1000;
F_neumann = @(x,y) (((N"2)*ul)/(sgrt(L_geo”2)*4*pi)).*. ..
((d.*cos (x-y) ./ (sgrt (B+16* (g/d) *2-8.*cos (x-v)))));
k aprox(i)= integral2(F neumann,0,2*pi,0,2*pi);

end;
end;

%calculating the reflection ¢oefficient in reélaticn with the previously
scalculated egoupling coefficient

Q = sqrt((4*pit2*f72*L geo”2}/ (R1*R2));
Ze = ((Q"2).*(k _aprox.”2)+1l).*R1l;
T = (2e-Z0)./(Ze+Z0);
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%calculation of the error rate of the coupling coefficient
k_error = (a.*abs(T)+b) YLD A (T=iyl-1) 7 (y1+1) ) . *(1-T));

end
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function [ ] = K T( )
$plot into two different windews the coupling coefficient and the
%reflection coefficient in relation with the distance

k- the design parameter must be defined at the guel text of the functicn
£f = 10e6; %frequency [Hz]

Z0 = 50; %impedanz of the transmission line [Chm]

N = 4; Ynumber of turns []

d = 0.075; Fantenna diameter [m]

R2 = 1; Y%resistance of the receiver antenna [0Ohm]
%12 =3.012e-6; tInductance of the receiver antenna [H]

Rl = 1; $resistance of the transmitter antenna [Ohm]
%L1 =3.012e-6; ¢Inductance of the transmitter antenna [H]
hl = (0.015/(4))*N; thight of the coil [m]

uld = (de-7) *pi; $induction constant [V*s/ (A*m)]

5 spule=(pi*d"2)/4; %cress section of the coil [m*2]

g= (0.001:0.001:0.2);

X = g./d;

%taleciulating the irnductance of the eeil L1 or LZ, in relation te the
$geometrical dimensions. theoretical 1s L1 = L2 in this case

L_geo = ul*(5_spule*N~2)/hl;
%calculating the coupling coefficient with the Neumann Formula

for i=1:1:200
g = 1i/1000;
F neumann = @(x,y) (((N*2)*ul)/(sgrt(L_geo™2)*4*pi)).*...
{(d.*cos (x-vy) ./ (sgrt (8+16* (g/d)*2-8B.*cos (x-v¥)) ) ));
k_aprox({i})= integralZ(F _neumann,Q,2*pi,0,2%pi);
end

%calculating the reflection coefficient in relation with the previously
%calculated coupling ceefficient

Q = sqrt((4*pi”2*f~2*L geo”2)/(R1*R2));
Ze = ((Q*2).*(k _ aprox.”2)+1).*Rl;
T = (Ze-20) ./ (Ze+Z0);

%plot into two different windows the coupling eccefficient and the
Sreflection coefficient in relatien with the distance

subpleot(2,1,1)

plot (g, k_aprox, 'LineWidth',1.5);
Sylim([0 1]);

x1im ([0 2.51);

xlabel('distanze g/d'):

ylabel ('coupling coefficient');
grid

subplot (2,1, 2)
plot(x,T, 'LineWwidth',1.5);
SYlim ([0 1]);:
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aldmf [0 2.5]);

xlabel ('distanze g/d"):;
yvlabel('reflection ceoefficient');
grid

end
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function [T,k error, Tmin,k min] = error XaxisT( yl )

%This function describes the error rate of coupling ceefficient in
Frelation to the reflection ceefficient for diverent parameters of yl.
%
%The function plet the graph and shows the minimum point of the error rate
%for different values of vl,

%

%this function need as input a value of yl that's bigger than yl > 0.630
%that the minimum peint is pleted. the minimum point will not plotet for
values of yl < 0.690.

f = 10e6; tfrequency [Hz]

70 = 50; %impedanz of the trarismission line [Qhm]
N = 4; snumber of turns []

d = 0.075; %antenna diameter [m]

R2 = 1; fresistance of the receiver antenna [Ohm)
Rl = yl1*Z0; tresistance of the transmitter antenna [Ohm]
hl = (0.015/(4)) *N; thHight of the coil [m]

ul = (de-=7) *pi; #induction coenstant [V*s/ (A*m) ]

5 spule=(pi*d"2)/4; %cross section of the codl [m*2]

a = 0.0178; Stkoefizienten for error calculation

b = 0.004;

%calculating the inductéance of the ¢gil Ll or L2, in relation to the
%geometrical dimensions. theoretical is L1 = L2 in this case

L geo = ul*(S spule*N"~2)/hl;
for i=1:1:1000
g = 1i/1000;
F neumann = @ (x,y) (({(N"2)*ul)/{sgrt(L geo®2)*4*pi)).*...
{(d.*cos (x-y) ./ (sgrt (8+16* (g/d) "2-8.*cos (x-y)))));
k_aprox(i})= integral2(F _neumann,0,2%*pi,0,2%pi);

end;

%calculating the reflection ceoefficient in relation with the previocusly
%calculated coupling coefficient

Q = sqrt((4*pi~2*f72*L geo”2)/(R1*¥R2));

Ze = {(Q“E}.*{k_aprox.“2}+l}.*Rl;

T = (Ze-20)./(Ze+20);

%calculation of the error rate of the coupling coefficient

k error = (a.*abs(T)+b)./{((yl+1) . *(T-(yl-1)/(yl+1)}.*(1-T));

%calculation of the minimum error point from the error rate curve of the
scoupling coefficient.

Tmin = -b/atsqgrt((b/a)"2+(yl-1+2*b*y1l/a)/ (y1+1));
k_min = (a*abs(Tmin)+b)/ ((y1+1)*(Tmin-(y1-1)/{y1+1))*{(1-Tmin)};
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$if v 1 is bigger than 0.69 can the minimum point be calculated and it
%$will by printet in the plot. if yl smaller than 0.62 the minimum point

fcan net be printet.

if yl > 0.68;

plot(T,k error, Tmin,k min,'r*');

sR1l = num2str(R1l);

sTmin = numZstr (Tmin);

sk min = numZstr(k min);

legend(['R1 = ' sR1 '[Ohm]"] ,...

'Tmin = ' sTmin char(1l0) 'kmin = ' sk min]);

else

plot(T,k _error);

sR1l = num2str(R1);

legend(['R1 = ' sR1 '[OQhm]'])});
end

ylim ([0 11);

x1lim{[—=1 X1);:

xlabel("'raflection coefficient');

ylabel {("Error rate of coupling ‘coefficient');:;
title('error in relation with reflection coefficient');

grid

end
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function

[tabelf ] =

range( )

%$Plot the error characteristic frem coupling factor in relation
%to the distance and give back a table with parameters for the database

%matching

%

% The basic parameter must be changed inte the original text of

% this function. the function return a filtered table from the imported
% values for the database matching.

% over the filter can be chosen which maximum error in percent the

% values in the tabell have. the table has the following structure

%

% | Ze | distance | couppling coef. | reflection coef. | error % | Q !
% RS e e e e R e e e S [esesaTea ===
Bl = | = | = i - i = i i
% = it s P R, S ===
% 2 | I I | | ] = |
%

% the first line ¢ontains only the O factor. rom line 2 starts the

% other variables, and Q@ is not writing anymore.

f = 10e6; $frequency [Hz]

70 = h0; timpedanz of the transmission line [Ohm]

N = 4; Snumber of turns []

d=20.1; %fantenna diameter [m]

$R2 = 1.261; %resistance of the receiver antenna [Ohm]

R2 = 1.56;

L2 =3.012e-6; %inductance of the receiver antenna [H]

$R1 = 1.41; Bresistance of the transmitter antenna [Ohm]

Rl = 1.27;

L1l =3.012e-6; tinductance of the transmitter antenna [H]

vl = R1/20; Sgamma 1 []

ull = (4e-7) *pi; %induction ‘constant [V*s/ (A*m)]

a = 0.0178;
0.004;

b

max distance

400;

error max = 200;

Skoefizienten for errcocr calculation

%the coupling coefficient is calculated up to
%this distance [mm]
fmximum error rate

[%] (used for the filter)

%calculating the coupling coefficient with the Neumann Formula for the
%different distance steps

for i=1:1:max distance

g = i/1000;
x g(i) = g;

F_neumann =

@(x,y)
((d.*cos(x-y) ./ (sqrt(8+16* (g/d) ."2-B.*cos(x-¥))))};:

( C(NT2)%ud) S (sgqrE (L1FL2) Makpd) ) ¥ o

k_aprox({i)= integralZ(F neumann,0,2*pi,0,2*%pi);

end;

%calculating the reflection ceefficient in relation with the previously
$calculated coupling coefficient

Q

SHEE [ (A EIr2 a2 RIX LR/ (BRI R2)) 3
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Ze = ((Q*2).*(k aprox.”2)+1).*R1l;
T = (Ze-20) ./ (Ze+Z0) ;

3calculation of the error rate of the coupling coefficient
k error = (a.*abs(T)+b) ./ {(y1+1) . *(T—(y1-1)/(y1+1)}.*(1-T));

%Creates a table of important values
tabel (1,6) = Q;
for i=1:1:400
tabel (1+1i,1)= Ze(i);
tabel(1+i,2)= x g(i);
tabel (1+i,3)= k_aprox(i);
tabel (144i,4)= T(i);
tabel (1+i,5)= k_error(i)*100;
end

Swith the 'if' condition can ke chosen the max error in percent

tabelf (1,6)=0;
for g=1:1:400
if error max > tabel (l+q,5);
tabelf = [tabelf ; tabel (1+qg,:)];

end
end

%plot the error rate of the coupling factor in relatien with the distance

plot (x g,k error,'LineWidth’',1.5});

ylim([0 101);

x1im ([0 11);

xlabel ('distance [m]'");

ylabel ('error rate of coupling coefficient'};
title('error in relation with the coupling coefficient');
grid

end
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function [ out tabel ] = distance Calc( measured,calculated,ocffset )
%This function needs two tables and a scalar value as input. The function
%returns a table which contains the mesasured and the interpolated walue
%for the position.

%

%This function plots also a chart which compare the measured with the

$interpolated values.

%

% measured conains the table with the measured wvalues. calculated

% centains the table with the calculated values. the walues for the

% calculated Ze must start with the high wvalues. Ze is in the correct

% order when the function "range" is used for the calculation. the

% offset 15 the scalar wvalue

%

% the tables have to lock as follows:

%

£ measured calculated out tabel

2

% i 28 | distance | \ %e | distance | | e mes | Ze calec |
% eSS e S g B R g e B o B |
L | | i up | | | ! |
% l | i 1 ke | i i i i
% I | i | low | | | |

Ze up = 0; %the next higher calculated wvalue, cecmpared to

%the measured value

Ze down = 0; tthe next lower calculated walue, compared to
%the measured value

g up = 0; %the corresponding distance for Ze up

g down = 0; tthe corresponding distance for Ze down

%determination of the table lengths

[lengtl]=size (measured);
[lengt2]=size(calculated);

%do the interpolation for each measured resistance value
for i=l:1:1lengtl
$determination of Ze up, Ze down, g up and g down

for g=1:1: (lengt2-1)
if calculated(q,1)>= measured(i,l)
Ze_up = calculated(g,1);
g up = calculated(q,2);
Ze_down = calculated(l+q,1);
g_down = calculated(l+q,2);
end
end

$makes the interpeolation and write the results in the table which
%it gives back
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a = (Ze_up-measured(i, 1))/ (Ze_up-Ze down);
out_tabel(i,2)= a*g_down +(l-a)*g uptoffset;
out tabel(i,l)= measured(i,2);

end

n
= N
f
-~
f

Splot the interpolated distance and the ideal distance in the same
3and make the labeling

plotx = out tabel(:,1};

plotyl = out tabel(:,1);

ploty2 out tabel(:,2);

plot (plotx,plotyl,plotx,ploty2, 'r*, "LineWidth',1.5);

grid on

xlabel ('measured distance [m]'});

ylabel ('calculated distance [m]'):

off = num2str (offset);

title{['measured and calculated distance for R2 = 1.56[Chm] offset
off '[mm]']);

legend('ideal', 'calculated');



