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Abstract 

The purpose of this thesis is to examine the electrical properties of pacemaker leads by 

measurements and theoretical analysis. 

If time allows, recommendations on how to construct a simple circuit model to explain 

the phenomenon will be given based on the electrical properties obtained from 

measurements performed during the work of this thesis. Additional information on 

pacemaker lead heating during impact of magnet in X-ray (MRI) will be presented if time 

allows. Significant electrical properties of pacemaker leads are compiled in this thesis. 

 
ANALYSIS OF CIRCUIT MODEL 

The purpose of this model is to create an equivalent electronic circuit model that 

describes a pacemaker lead electrical property. The model is divided into three different 

sections: proximal part, the homogeneous coil part and the distal end.  The model will 

include series inductance, parallel capacitance, series resistance, lossless admittance and 

winding capacitance between each loop for the homogeneous coil part, additionally the 

impedance of the proximal and distal part will be included. 



Sammanfattning 

Målet med detta examensarbete är att ta fram en databas med pacemaker elektroders 

elektriska egenskaper genom mätning och teoretisk analys. I mån av tid kommer även 

rekommendationer kring en förenklad kretsmodell för att förklara fenomen av 

elektroduppvärmning under påverkan av magnetisk resonans avbildning fält. Väsentliga 

elektriska egenskaper av pacemaker elektroder finns sammanställt i detta examensarbete. 

 

ANALYS AV KRETSMODELL 

Målet är att skapa ekvivalent elektronisk kretsmodell som beskriver elektrodens 

elektriska egenskaper. 

Modellen delas upp i tre olika sektioner: proximaldelen, homogena spiraldelen och 

distaldelen. I modellen ingår serieinduktans, parallellkapacitans, serieresistans, eventuellt 

förlustadmittans och strökapacitans mellan spiralvarven för homogena spiraldelen samt 

impedansmodell för proximal och distaldelen. 
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1 Introduction 

1.1 Theory  

During examination of MRI - safe leads, the fundamental electrical properties of 

pacemaker leads it may become quite important. To summaries the significant part of 

electrical properties according to production tests.  method.  

1.2 Purpose 

The purpose of this thesis is to examine the electrical properties of pacemaker leads by 

measurements and theoretical analysis. The analysis consists of the fundamental electrical 

properties of pacemaker leads, such as polarization measurement, stimulation impedance 

measurement and temperature measurement 

 

1.3 Delimitation 

Since the project could be performed in many ways and the time for this thesis is limited, 

it has been decided to limit the project to one main point considered relevant for 

characterization of electrical properties of pacemaker lead. 

 

1.4 Background 

1.4.1 Pacemaker 

In 1958 the world saw a new pioneer invention. This invention was a pulse generator for 

implantable use, also called an implantable pacemaker. The pacemaker assists the heart to 

contract when the heart is not beating at an adequate rate, i.e. too slowly. Since 1958 

there has been an enormous development with-in this field. Today the pacemaker is an 

implantable electronic device that consists of two main parts, a hybrid circuit and a 

battery. The hybrid circuit and battery are hermetically sealed in a titanium case from the 

surrounding environment, Fig. 1. Titanium is a material that is mechanically stronger than 

steel but much lighter in weight. The hybrid circuit is small in size and contains needful 

electronic modules, which enables sensing and stimulation. The pacemaker batteries are 

normally made of lithium Li Ion which gives the pacemaker a lifetime of maximum 
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power up to 10 – 12 years. The main function of the pacemaker is to sense when 

electrical impulses are needed and consequently deliver the impulses to regulate the heart 

rhythm. The pacemaker device is implanted under the skin below the collarbone, 

normally on the patients left side. 

 

 
Figure 1.Pacemaker, shown by courtesy of St. Jude medical AB 
 

1.4.2 Pacemaker Leads 

It is designable for pacemaker leads to be thin and flexible. In general there are two 

different endocardial lead types, unipolar and bipolar. Unipolar pacemaker leads have a 

single electric conductor and use a pacemaker case as counter electrode to complete the 

circuit. The bipolar pacemaker leads have coaxial coils as electrical conductors and have 

the counter electrode much closer to the tip electrode. Pacemaker leads contain among 

other materials; platinum, titanium and MP35N, which is a Co, Ni, Cr and Mo base 

medical alloy commonly used as conductor wire in pacemaker leads [1]. All materials 

used for pacemaker leads need to be biocompatible and biostable. 

 

The resistance of the wire depends on the different thicknesses and three other physical 

characteristics; material type (ρ), wire length (l) and cross-section area (A), according to 

(1). 

 

R=ρl/A (1) 

 

Temperature can also affect the wire resistance. The resistance of wires increases at the 

temperature increases. When applying a constant potential voltage across the wire the 

current would be smaller at higher temperature.  The inductance is proportional to the 

cross-section area of the coil or the number of turn, which means if the cross-section area 

will decrease consequently the inductance of the coil will decreases, [2], and (2). 

 

l
ANL )( 2μ

=    (2) 
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A = cross-section area    

 l = length of the coil 

N = number of turns 

µ = permeability of free space 

 

 
Figure 2. Coil diameter, the inductance decreases  
directly as the cross-section area of the coil decreases. 

 

1.4.3 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is used for medical imaging. Imaging sections of the 

human body is a helpful tool for physicians to diagnose and there by treat medical 

conditions. By using the power of a magnetic field, a computer and radio waves it is 

possible to provide detailed pictures of organs. When a patient is in the scanner the 

hydrogen atoms the majority element in the body, align with this magnetic field. 

Hydrogen plays a significant part in the human body. The hydrogen atom is ideal for MRI 

because its nucleus has a single proton and a large magnetic moment. The large magnetic 

moment causes the hydrogen atoms to align with the direction of an applied magnetic 

field. Radio frequency (RF) wave at their resonance frequency makes these atoms to 

absorb energy and after that the atoms release the energy to return to their initial 

condition. 

The magnetic field with its symbol B its unit is tesla (T) and also known as Gauss where 

1T is equivalent to 10000 gauss. The magnetic field power 1-1,5 T can commonly be 

used to make medical imaging. The B of the earth is 50µT, why 1-1,5 T is considered to 

be a very strong magnetic field. 

 
 
Nuclear spin means the rotational movement around its axis. The nuclear spins are 

random and points in every direction when no magnetic field is applied, Fig 3. When a 

static magnetic field is applied the nuclei will orient in either spin up (parallel to static 
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magnetic field) or spin down (anti-parallel) and precess at Larmor frequency around its 

axis (flip angle 0), Fig 4. If an RF pulse is applied at Larmor frequency it will excite the 

hydrogen atoms in parallel spin to anti-parallel spin (and change the flip angle), and force 

them to presses in same phase, Fig 5. When the RF is turned off the atoms will de-phase 

which takes about 100 ms (time constant 2 or TR2) and the flip angle returns to 0 after 

some about 1000 ms (time constant 1 or TR1), Fig 6. An RF signal is generated during 

the relaxations and the image is processed based on the RF signal. The gradient field is 

used to “address” the location of the object at which the MRI image is wished. The ratio 

between the magnetic field (static + gradient) and the RF frequency is 42.576 MHz/Tesla, 

[3] (a physical constant) in order for the excitation to take place, (3). 

ω = γB (3) 

Where ω is the angular frequency, B is the magnetic field and γ is the gyromagnetic ratio. 

 

 
Figure 3. The nuclear spins are random and points in every direction when no 
magnetic field is applied (B0=0).  
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Figure 4. When a static magnetic field is applied (B0=1,5T) the nuclei will 
orient in either spin up (parallel to static magnetic field) or spin down (anti-
parallel) and precess with a frequency 42.58MHz/T, i.e. Larmor frequency 
around its axis (flip angle 0).  
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Figure 5. If an RF pulse is applied (RF energy) at Larmor frequency it will excite the 

hydrogen atoms in parallel spin to anti-parallel spin and force them to presses in 

same phase. 
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Figure 6. When the RF is turned off the atoms will de-phase which takes about 100 

ms (time constant 2 or TR2) and the flip angle returns to 0 after some about 1000 ms 

(time constant 1 or TR1).  
 

The complex of problem and safety for the purpose of MRI all electronic devices 

are sensitive to the electromagnetic field. Because of that the most significant part 

of MRI which is radio frequency, gradient and magnetic field is considered as a 

potential risk for pacemaker patients. The Radio frequency and gradient coil which 

is inside the main magnet can induce voltages in circuits or on the pacing leads 

which can lead to heating up tissues around e.g. the lead tip. There is a potential 

risk of thermal injury [4]. 
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2 Tests and results (Problem definition and 
Implementation) 

2.1 Structure (Anatomy) of pacemaker leads  

The bipolar leads have the same behavior as coaxial cable. If a coaxial cable in any 

case connects directly to an antenna the current on the inside of outer coil surface 

will be greater than the outer surface of inner coil. The difference between them 

will remain principally on the outside of outer coil surface [5], Fig. 7. To 

investigate the potential lead heating under MRI it is important to determine the 

electrical parameters of pacemaker leads. In this section the temperature 

measurement of leads, the capacitance between the lead coils, series inductance for 

inner and outer coil and the characteristic impedance will be represented. 

 

 
Figure 7.Coaxial model for bipolar lead. 
 

2.1.1 Analysis of circuit model 

To describe the electrical properties of pacemaker lead an equivalent circuit model 

have been created. The model will be divided into three different sections, 

proximal, homogeneous (the coils) and the distal tip part. This model includes 

series inductance, parallel capacitance, series resistance and impedance model for 

the proximal and distal tip part see Fig. 8. 
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Mechanical outline of pacemaker and lead.

 

 
 
Figure 8 .Equivalent circuit models.
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The characteristic impedance is a significant parameter which can affect many 

important properties of the leads. The characterization will be divided into two 

phases. Phase 1, the characteristic impedance will be determined by accurate 

measurement of the inductance and the capacitance for lossless transmission line. 

Phase 2, involves the behavior of the lead when it is exposed to high frequency. 

If we consider Fig. 9 that shows a short piece of the line where, 

 

R is the resistance per unit length (Ω/m), 

L is the inductance per unit length (L/m), 

C is the capacitance per unit length (F/m), 

G is the conductance of the dielectric unit per length (1/ (Ωm)). 

 

 
Figure 9. Short piece of line 
 
 
For lossless line R and G are approximately 0 and the equation for characteristic 

impedance reduce to, 

 

0Z = 
C
L

   (4) 

 

2.1.2 Test method 

To determine the leads series resistance, inductance and parallel capacitance the 

LCR meter equipment was used. This equipment supplies data with 0.1% accuracy. 

Used frequency is 100 kHz. Studying the behavior of bipolar leads at high 

frequency the network analyzer equipment was used. These measurements were 

performed on both bipolar leads connected to a pacemaker and bipolar leads without 

being connected to a pacemaker. The test results have also been verified by 

computer simulation. 
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2.1.3  Results 

The results from the measurements are shown in Fig. 10. The data represents 

different lead models and varying lengths. When analyzing the data all lead models 

except for 1688 outer coil show equally distributed results. Part of the 1688 lead 

group showed deviant results from the other group. This will be investigated outside 

this thesis. Measuring the series inductance of the coils when the lead was 

disassembled gives the same results as the series inductance of assembled leads. 

The mutual inductance can be neglected. The capacitance measurement between the 

lead coils shows that the co-radial design shows higher capacitance than the 

standard coaxial design. This can be explained by the coaxial silver core with 

excellent conducting properties. The collected data with mean and standard 

deviation values are shown in Appendix 3. 
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Figure 10. Inductance and capacitance measured data. 
 

2.2 Polarization 

Polarization is a temporary change in electrode potential due to current flow at the 

electrode surface. The polarization measurement in this thesis is to determine the 

behavior of voltage differences at the electrode surface of different lead models. 

2.2.1 Test method 

The polarization determined according to Production Test method. The electrode 

tank is filled with 0.9% saline solution and equipped with titanium plate on the 
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bottom. The distance between the lead tip and titanium plate is approx. 5 cm, Fig 

11. 

 

 
Figure 11.Schematic diagram of the test set up. 
 
The electrode test equipment measuring area is calibrated to an interval 0 – 300mV. 

The test function procedure is by sending a current pulse between “proximal pin” 

and the “electrode tank” with constant current which is 10mA. The time between 

every pulse is 45ms and the time for every pulse width is 976µs. thus the voltage 

difference between “A” and “R0”determines, Fig. 12. The measurement of “R0” 

determines 60µs after negative flank. The measurement of “A” determines 60µs 

before positive flank. 

 

 
Figure 12, separate pulse. 
 
Before starting the test it is very important to wash the lead tip to avoid 

contamination of the electrode surface using a solution made of 70% isopropanol 

and 30% distilled water for a minimum of three minutes. The test will be divided 
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into two phases. In phases 1 by following the test procedure according to [6] there 

the time to soak the lead tip in 0.9% saline is limited to a maximum of 5 minutes. In 

phase 2 the time to soak the lead tip in 0.9% saline extended to at least 30 minutes. 

The soak time procedure at the lead tip is to achieve good results. 

 

2.2.2 Results 

In Fig. 13 the results from soak time of 5 minutes and 30 minutes is presented. The 

boxplot to the left in Fig. 13 shows considerable variation in results from 

polarization measurements while the boxplot to the right is results with small 

variation. This can be explained by the conducting properties of 0.9% saline and the 

immersion time for the lead tip in 0.9% saline solution. The analysis shows that to 

soak the lead tip for at least 30 minutes give more stable results. 
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Figure 13. The boxplot to the left shows 5min wet time. The boxplot to the right shows30 min 
wet time. 

2.3 Stimulation impedance 

Stimulation impedance or pacing impedance is also an important parameter in 

pacemaker lead performance. The impedance is an average during the pulse and related 

to delivered electric charge. The impedance is composed of electrode/tissue interface 

and the lead conductor resistance [7]. The stimulation impedance measurements 

were performed according to section 2.1.1. Normally an implantable pacemaker has 

a capacitive output. The voltage discharges the output capacitor to the lead. The 

discharge current is measured 60µs after start of stimulation pulse and the pulse is 
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with constant current 10mA and the voltage is assumed to be the same as from the 

start, (5). 

 

Z=
)µs60(
)µs0(

I
U

 (5) 

Where Z  is the impedance and the unit of the (Z) is the ohm [Ω], U is the voltage 

and the unit of the (U) is the volt [V], and I is the current and the unit of the (I) is 

Ampere [A].  

 

2.3.1 Results 

Figure 14 describes the result from the measurement of stimulation impedance. 

Different lead types have been used to find the relations that influence the 

stimulation impedance. The result shows that the stimulation impedance is 

proportional to lead length. 
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Figure 14. Stimulation impedance measurement. 
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3 Temperature measurement  

A large amount of data has been acquired in the in-vitro temperature measurements 

for the purpose of understanding the mechanism for the lead tip heating. The 

purposes of this data analysis are, based on the measured data to identify parts of 

the measurement method that can be improved for forth coming in vitro or MRI 

measurement. 

Based on the Lead heating of RF inVE- vessel report from [7] a temperature 

measurement has been performed. Only the bipolar passive lead models with 

different lead lengths were tested. The leads have been exposed to 64 MHz RF. The 

placement of the temperature probe close to the lead tip (0.5 mm) and equal 

performance plays a significant roll in minimizing errors. The test procedure 

includes RF power supply method and a reference lead always used during the test, 

[7]. 

3.1 Test method 

The temperature measurements have been performed according to the Lead heating 

of RF inVE- vessel report from St. Jude medical, [7]. Figure 15 shows the test 

sequence for the temperature measurement. 

 

 
Figure 15.  Leads placement. (Lead test configuration) 
 
 
ST describes the distance between lead tip and connector, PM is a pacemaker 

connected to the lead connector and AB is the lead connector covered with a silicon 

tube. 
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For each test procedure of five minutes a data file is created and stored in a 

computer. At post processing the temperature increase which occurs during these 

five minutes is calculated. The test sequence is shown in Fig. 16. The RF-power is 

switched ON and OFF with a period of 60 seconds. As the temperature after each 

switching is fast changed, only the last 40 seconds of stored data from each period 

is used for calculation (blue shaded area in fig. 15). For each 40 second of data an 

average is calculated. The average from two powers OFF period’s averages is used 

to calculate the temperature difference relative to the intervening power ON 

average. 

 

 
Figure 16. Raw data of temperature values from one test Data in blue marked areas is used 
for calculation. 

3.2 Results. 

Figure 17 shows the test results from the temperature measurement for one lead 

model with different lead length. In Fig. 17 it is shown how the temperature 

increases when the lead is not connected to anything (ST), connected to a 

pacemaker (PM) and when the lead connector was covered with silicone tube (AB) 

of infection risk. (AB) is to simulate a similar situation as for a correctly abandoned 

lead. The temperature increase depends on lead length and it is obvious that when 

the lead is connected to a pacemaker it causes lower temperature increasing when 

subjected to RF waves. This could be due to the impedance transformation effect of the 

lead. The lead length is the dominating factor for heating in all configurations and lead 

types, the longer the lead length is it can absorb more energy.  

 

 16 



 
Figure 17. Temperature increasing. 
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4 Discussion 

 Polarization and Stimulation impedance 

The stimulation impedance and the polarization determined according to Production 

Test method. The concentration of saline according to test production requirement 

is 0.9%. Blood impedance can be mimicked by using about 0.15% saline. The 

conductivity is nearly direct proportional to concentration. If we compare the results 

from production test with real patient data, the real patient i.e. the lead and the 

electrode impedance together with the conductivity of fluid is about 4 times higher. 

The pacing polarization for real patient is much lower if we compared to production 

test, besides the polarization phenomenon is undesirable parameter.       

Temperature measurement  

Different types of lead models have been used to find relations that influence the 

temperature increase. In this chapter, discussions are conducted about our understanding 

of the difference between the MRI system and our VE in-vitro system, in order to explain 

our analysis of the results.  

Table below lists the differences between the MRI used for our experiments and our VE 

in-vitro se-up. This will serve as a useful support for all technical discussions. 

 

MRI VE in-vitro 

RF sinc pulse  (small frequency 

variation in time) 

Continuous fixed frequency 

Rotating RF field   RF with dominating E field 

Both E and H field present Mainly E field component dominating 

Far field situation Near-field situation 

Inhomogeneous RF field (zero E field in 

center) 

Homogeneous E field 

Inductive RF source impedance  Capacitive RF impedance 

Pulsed gradient fields No gradient field 

Gradient field variation with distance 

from landmark 

N/A 

Static magnetic field No static magnetic field 
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 Table 1 Field properties in MRI and VE in-vitro vessel 
 

The fact that the lead heating decreases with lead length in MRI test was not expected, 

since it has been found to increase with length in our in-vitro tests. A possible reason 

could be due to the fact that the main part of the lead was exposed to a considerably lower 

field in the MRI case (unlike in the in-vitro case where the E field was almost 

homogenous).  
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5 Conclusion 

• Polarization 

The analysis shows that to wet the lead tip for at least 30 minutes give more 

stable results. 

• Stimulation impedance 

When analyzing the data the lead models show equally distributed results as 

expected. 

The stimulation impedance is proportional to the length of the lead.  

• Magnetic resonance imaging 

Measuring the series inductance of the coils when the lead was disassembled 

gives the same results as the series inductance of assembled leads. The 

mutual inductance can be neglected. 

• Temperature measurement 

The temperature increase depends on lead length. When comparing the 

results between pacemaker leads connected to a pacemaker and unconnected 

pacemaker leads, the connected leads show lower temperature rise when 

subjected to radio frequency (RF) wave in vitro. This can be explained by the 

impedance transformation effect of the pacemaker lead. 
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Appendix 

Appendix A 

Appendix A: Lead polarization and stimulation impedance data 

S/N Model Length 
Polarization  
[mV] 30min 

Polarization  
[mV] 5min 

Z uni 
tip [Ω] 

Z uni ring
[Ω] 

Z Bipolär 
 [Ω] 

BCJ28062 1888 46 95 95 91 98 164 

BCJ25983 1888 46 115 115 92 103 172 

BCJ28885 1888 46 118 118 96 105 170 

BCJ25229 1888 46 105 105 100 96 172 

BCJ28959 1888 46 103 103 91 96 172 

BCK17630 1888 52 106 106 92 101 181 

BCK19561 1888 52 96 157 98 105 183 

BCK17620 1888 52 85 85 88 99 175 

BCK17622 1888 52 106 106 93 99 181 

BCK19557 1888 52 99 99 97 106 185 

BCL14434 1888 58 106 106 98 105 188 

BCL11903 1888 58 124 192 95 108 181 

BCL11947 1888 58 97 97 97 97 188 

BCL14819 1888 58 112 112 102 202 313 

BCL11909 1888 58 112 157 101 105 187 

JR060294 1688 46 93 93 88 129 199 

JR060318 1688 46 97 97 100 132 208 

JR060282 1688 46 82 82 96 131 203 

JR060285 1688 46 89 89 96 132 200 

JR060292 1688 46 93 125 93 131 199 

JU128032 1688 52 89 89 98 134 210 

JU165361 1688 52 104 104 99 131 210 

JU165366 1688 52 100 168 99 131 210 

JU165368 1688 52 102 102 98 131 210 

JU165369 1688 52 95 95 98 132 210 

JW074609 1688 58 114 144 101 162 239 

JW074593 1688 58 103 103 99 163 235 

JW084582 1688 58 104 104 99 158 237 

JW068571 1688 58 103 103 102 151 237 

JW074608 1688 58 100 100 100 159 237 

WP16450 1646 46 92 92 141 125 252 

WP16451 1646 46 100 124 146 129 254 

WP16452 1646 46 89 89 143 127 254 

WP16453 1646 46 89 89 145 128 250 

WP16454 1646 46 83 83 144 129 252 

WR50301 1646 52 100 179 153 140 275 

WR50647 1646 52 116 116 152 140 275 

WR50305 1646 52 92 92 153 141 278 

WR50350 1646 52 95 95 153 137 274 

WR46275 1646 52 102 102 156 137 269 

WT176160 1646 58 153 153 162 143 290 

WT176706 1646 58 94 94 161 147 291 

WT172087 1646 58 94 94 159 147 292 

WT176113 1646 58 143 143 162 144 289 
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WT176388 1646 58 92 92 157 146 285 

BAL41903 Corad 46      

BAM25040 Corad 46 84 84 103 62 143 

BAM25039 Corad 46 108 108 103 60  

- Corad 46      

- Corad 46      

BAL41901 Corad 52      

BAM25033 Corad 52 120 120 107 67  

BAM25032 Corad 52 82 82 103 59 141 

- Corad 52      

- Corad 52      

BAL41902 Corad 58      

BAM25001 Corad 58 128 128 112 70 163 

BAM25010 Corad 58 199 199 123 64 169 

BAM25004 Corad 58 94 94 107 61 146 

25007 Corad 58 111 111 108 90 180 

 
 

Appendix B 

 Model Length S/N 
Inner coil 
[Ω] 

Outer coil 
 [Ω] Cp[pF] 

Ls100kHz[µH] 
Inner coil 

Ls100kHz[µH] 
outer coil 

1 1888/46 46 BCJ28062 18.54 34.17 76.48 0.95 1.63 

2 1888/46 46 BCJ25983 18.16 34.05 74.48 0.93 1.6 

3 1888/46 46 BCJ28885 18.56 34.27 81.7 0.96 1.61 

4 1888/46 46 BCJ25229 18.69 33.79 77.92 0.96 1.65 

5 1888/46 46 BCJ28959 18.33 34.34 72 0.95 1.62 

1 1888/52 52 BCK17630 21.02 38.72 91.64 1.13 1.62 

2 1888/52 52 BCK19561 20.88 39.52 93.17 1.11 1.91 

3 1888/52 52 BCK17620 20.76 38.37 86.4 1.11 1.85 

4 1888/52 52 BCK17622 20.97 38.26 87.16 1.14 1.87 

5 1888/52 52 BCK19557 20.85 39.38 95.9 1.13 1.92 

1 1888/58 58 BCL14434 23.18 43.66 97.22 1.22 2.13 

2 1888/58 58 BCL11903 23.46 44.05 95.12 1.24 2.16 

3 1888/58 58 BCL11947 23.69 44.16 93.82 1.25 2.18 

4 1888/58 58 BCL14819 23.59 44.18 92.28 1.27 2.18 

5 1888/58 58 BCL11909 23.38 43.96 91.88 1.23 2.17 

1 1688/46 46 JR060294 17.65 70.36 76.63 0.95 2.9 

2 1688/46 46 JR060318 18.6 72 77.89 0.96 2.99 

3 1688/46 46 JR060282 18.63 70.43 82.46 0.97 2.89 

4 1688/46 46 JR060285 17.66 71.18 76.71 0.94 2.93 

5 1688/46 46 JR060292 17.59 70.86 76.63 0.94 2.92 

1 1688/52 52 JU128032 21.42 72.68 90.16 1.1 2.77 

2 1688/52 52 JU165361 21.19 71.32 85.96 1.1 2.67 

3 1688/52 52 JU165366 21.16 71.16 82.93 1.1 2.66 

4 1688/52 52 JU165368 21.21 71.21 85.72 1.11 2.68 

5 1688/52 52 JU165369 21.23 71.75 81.52 1.12 2.71 

1 1688/58 58 JW074609 23.14 102.14 102.18 1.22 4.38 

2 1688/58 58 JW074593 23.22 99.56 89.77 1.24 4.23 

3 1688/58 58 JW084582 24.44 91.46 96.4 1.25 3.67 

4 1688/58 58 JW068571 24.16 102.63 107.46 1.25 4.45 

5 1688/58 58 JW074608 23.08 99.27 98.57 1.23 4.2 
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1 1646/46 46 WP16450 51.23 67.64 72.84 1.47 2.64 

2 1646/46 46 WP16451 51.24 66.73 73.61 1.47 2.58 

3 1646/46 46 WP16452 51.41 67.83 67.76 1.48 2.66 

4 1646/46 46 WP16453 51.33 67.53 76.29 1.47 2.62 

5 1646/46 46 WP16454 51.37 66.84 74.84 1.48 2.57 

1 1646/52 52 WR50301 58.94 76.43 79.51 1.69 2.93 

2 1646/52 52 WR50647 58.15 80.15 86.49 1.66 3.05 

3 1646/52 52 WR50305 59.25 77.67 79.81 1.67 2.99 

4 1646/52 52 WR50350 59.09 76.16 90.2 1.7 2.94 

5 1646/52 52 WR46275 58.45 79.51 90.76 1.69 3.03 

1 1646/58 58 WT176160 66.79 85.93 95.84 1.91 3.37 

2 1646/58 58 WT176706 65.26 88.7 93.47 1.89 3.58 

3 1646/58 58 WT172087 64.76 87.78 93.75 1.9 3.45 

4 1646/58 58 WT176113 66.65 86.76 99.04 1.9 3.39 

5 1646/58 58 WT176388 65.01 85.09 101.64 1.9 3.29 

1 coradiell/46 46 BAL41903 - - - - - 

2 coradiell/46 46 BAM25040 6.83 6.71 109.13 1.92 1.86 

3 coradiell/46 46 BAM25039 6.79 6.65 107.93 1.9 1.84 

4 coradiell/46 46 - - - - - - 

5 coradiell/46 46 - - - - - - 

1 coradiell/52 52 BAL41901 - - - - - 

2 coradiell/52 52 BAM25033 7.7 7.58 115.46 2.14 2.11 

3 coradiell/52 52 BAM25032 7.67 7.54 119.04 2.14 2.09 

4 coradiell/52 52 - - - - - - 

5 coradiell/52 52 - - - - - - 

1 coradiell/58 58 BAL41902 - - - - - 

2 coradiell/58 58 BAM25001 8.65 8.59 138.27 2.42 2.35 

3 coradiell/58 58 BAM25010 8.72 8.71 138.2 2.43 2.36 

4 coradiell/58 58 BAM25004 8.75 8.47 134.82 2.42 2.35 

5 coradiell/58 58 - - - - - - 
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Appendix C 

Descriptive Statistics: Inner coil [; Outer coil [; Capacitance ; ... 
 
Results for Model = 1646 
 
Variable            Length  N  N*    Mean    StDev  Minimum  Maximum 
Inner coil [R]       46     5  0    51,316   0,0792  51,230   51,410 

52     5  0    58,776   0,461   58,150   59,250 
58     5  0    65,694   0,954   64,760   66,790 

 
Outer coil [R]       46     5  0    67,314   0,496   66,730   67,830 

52     5  0    77,984   1,793   76,160   80,150 
58     5  0    86,852   1,435   85,090   88,700 

  
Capacitance [pF]     46     5  0    73,07    3,24    67,76    76,29 

52     5  0    85,35    5,45    79,51    90,76 
58     5  0    96,75    3,53    93,47    101,64 

 
Ls inner coil [µH]   46     5  0    1,4740   0,00548  1,4700  1,4800 

52     5  0    1,6820   0,0164   1,6600  1,7000 
58     5  0    1,9000   0,00707  1,8900  1,9100 

 
Ls outer coil [µH]   46     5  0    2,6140   0,0385   2,5700  2,6600 

52     5  0    2,9880   0,0531   2,9300  3,0500 
58     5  0    3,4160   0,1081   3,2900  3,5800 
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Results for Model = 1688 
 
Variable            Length   N   N*    Mean    StDev   Minimum  Maximum 
Inner coil [R]       46      5   0   18,026    0,538   17,590   18,630 

52      5   0   21,242    0,103   21,160   21,420 
58      5   0   23,608    0,641   23,080   24,440 

 
Outer coil [R]       46      5   0   70,966    0,667   70,360   72,000 

52      5   0   71,624    0,634   71,160   72,680 
58      5   0    99,01     4,48    91,46   102,63 

 
Capacitance [pF]     46      5   0    78,06     2,52    76,63    82,46 

52      5   0    85,26     3,32    81,52    90,16 
58      5   0    98,88     6,59    89,77   107,46 

 
Ls inner coil [µH]   46      5   0  0,95200  0,01304  0,94000  0,97000 

52      5   0   1,1060  0,00894   1,1000   1,1200 
58      5   0   1,2380   0,0130   1,2200   1,2500 

 
Ls outer coil [µH]   46      5   0   2,9260   0,0391   2,8900   2,9900 

52      5   0   2,6980   0,0444   2,6600   2,7700 
58      5   0    4,186    0,306    3,670    4,450 
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Results for Model = 1888 
 
Variable            Length   N   N*   Mean    StDev   Minimum  Maximum 
Inner coil [R]       46      5   0   18,456    0,210   18,160   18,690 

52      5   0   20,896    0,102   20,760   21,020 
58      5   0   23,460    0,197   23,180   23,690 

 
Outer coil [R]       46      5   0   34,124    0,216   33,790   34,340 

52      5   0   38,850    0,576   38,260   39,520 
58      5   0   44,002    0,211   43,660   44,180 

 
Capacitance [pF]     46      5   0    76,52     3,65    72,00    81,70 

52      5   0    90,85     4,03    86,40    95,90 
58      5   0   94,064    2,184   91,880   97,220 

 
Ls inner coil [µH]   46      5   0  0,95000  0,01225  0,93000  0,96000 

52      5   0   1,1240   0,0134   1,1100   1,1400 
58      5   0   1,2420   0,0192   1,2200   1,2700 

 
Ls outer coil [µH]   46      5   0   1,6220   0,0192   1,6000   1,6500 

52      5   0   1,8340   0,1230   1,6200   1,9200 
58      5   0   2,1640   0,0207   2,1300   2,1800 

 

Results for Model = Coradial 
 
Variable            Length   N   N*  Mean     StDev   Minimum   Maximum 
Inner coil [R]       46      2   3  6,8100    0,0283   6,7900   6,8300 

52      2   3  7,6850    0,0212   7,6700   7,7000 
58      3   2  8,7067    0,0513   8,6500   8,7500 

 
Outer coil [R]       46      2   3  6,6800    0,0424   6,6500   6,7100 

52      2   3  7,5600    0,0283   7,5400   7,5800 
58      3   2  8,5900    0,1200   8,4700   8,7100 

 
Capacitance [pF]     46      2   3  108,53     0,849   107,93   109,13 

52      2   3  117,25      2,53   115,46   119,04 
58      3   2  137,10      1,97   134,82   138,27 

 
Ls inner coil [µH]   46      2   3  1,9100    0,0141   1,9000   1,9200 

52      2   3  2,1400  0,000000   2,1400   2,1400 
58      3   2  2,4233   0,00577   2,4200   2,4300 

 
Ls outer coil [µH]   46      2   3  1,8500    0,0141   1,8400   1,8600 

52      2   3  2,1000    0,0141   2,0900   2,1100 
58      3   2  2,3533   0,00577   2,3500   2,3600 
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