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Abstract

Bulk Current Injection (BCI) is used in several industry standards to deter-
mine the resilience of electronic components against high frequency (HF)
disturbance. For this, a disturbance signal is injected into a cable harness
connected to the device under test (DUT). In case the DUT fails the test, the
necessary redesigns are time-consuming and costly.

Modelling the BCI test itself allows electronic system designers to observe
the impacts of the BCI test in circuit simulation and thus adapt initial designs
to the requirements of the BCI test before the first ”real-world” tests are
carried out. This promises to immensely increase the chance of passing the
test first time.

The proposed model describes the BCI probe, wire harness, and the coupling
between them from 9 kHz to 500 MHz. Based on S-parameter reflection
measurements, the probe is modelled by a passive RLC circuit that emulates
the BCI probe’s input impedance. As the model consists only of ideal passive
components, it can be easily imported into any SPICE circuit simulation
software. The modelling workflow is described in detail and allows for
replication and adaptation to different setups. Comparison to common mode
current measurements validates the merit of the proposed model.

vii





Contents

Abstract vii

Glossary xv

1. Introduction 1
1.1. Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2. Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3. Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . 4

1.4. Current State of Research . . . . . . . . . . . . . . . . . . . . . 4

2. Bulk Current Injection Immunity Test 17
2.1. Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1. Injection Probe . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.2. Measurement Probe . . . . . . . . . . . . . . . . . . . . 19

2.1.3. Calibration Fixture . . . . . . . . . . . . . . . . . . . . . 19

2.1.4. Wire Harness . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.5. Substitution Method . . . . . . . . . . . . . . . . . . . . 20

2.1.6. Closed-Loop Method . . . . . . . . . . . . . . . . . . . . 21

2.1.7. Test Signal . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2. Influence of Probe Position, Harness Length and Load Impedance 23

2.2.1. Probe Position . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.2. Load Simulator Impedance . . . . . . . . . . . . . . . . 26

2.2.3. DUT Grounding . . . . . . . . . . . . . . . . . . . . . . 27

3. Transmission Line 29
3.1. Transmission Line Theory . . . . . . . . . . . . . . . . . . . . . 29

3.1.1. Telegrapher’s Equation . . . . . . . . . . . . . . . . . . 29

3.2. Coaxial Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2.1. Capacitance . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.2. Shunt Conductance . . . . . . . . . . . . . . . . . . . . . 38

ix



Contents

3.2.3. Inductance . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.4. Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3. Two-Wire Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3.1. Capacitance . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3.2. Shunt Conductance . . . . . . . . . . . . . . . . . . . . . 44

3.3.3. Inductance . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3.4. Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4. Multiconductor Transmission Lines (MTLs) . . . . . . . . . . . 48

3.4.1. System of Wires . . . . . . . . . . . . . . . . . . . . . . . 48

3.4.2. System of Wires above a Ground Plane . . . . . . . . . 52

3.4.3. System of Wires within a circular Shield . . . . . . . . 54

3.5. RLGC Model of a Transmission Line . . . . . . . . . . . . . . . 55

3.6. Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.6.1. Skin Effect . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.6.2. Proximity Effect . . . . . . . . . . . . . . . . . . . . . . . 63

3.6.3. Dielectric Losses . . . . . . . . . . . . . . . . . . . . . . 64

3.7. Scattering Parameters . . . . . . . . . . . . . . . . . . . . . . . 66

4. Modelling 69
4.1. Cable Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2. Injection Probe Model . . . . . . . . . . . . . . . . . . . . . . . 69

4.2.1. Probe Impedance Circuit Model . . . . . . . . . . . . . 71

4.2.2. Probe 3D Model . . . . . . . . . . . . . . . . . . . . . . 78

4.3. Calibration Fixture . . . . . . . . . . . . . . . . . . . . . . . . . 81

5. Results 87
5.1. BCI Probe on Calibration Fixture . . . . . . . . . . . . . . . . . 87

5.2. BCI Probe on Twisted Pair . . . . . . . . . . . . . . . . . . . . . 89

5.3. BCI Probe on Copper Rod . . . . . . . . . . . . . . . . . . . . . 91

5.4. BCI Probe on two Copper Rods . . . . . . . . . . . . . . . . . . 92

5.5. BCI Probe on six isolated Wires . . . . . . . . . . . . . . . . . . 94

6. Discussion 101

A. Schematics 105

Bibliography 109

x



List of Figures

1.1. Classification of EMC tests. . . . . . . . . . . . . . . . . . . . . 2

1.2. The histogram depicts the number of publications on BCI
modelling over time. . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3. Bulk current injection test setup. . . . . . . . . . . . . . . . . . 6

1.4. Cross secitonal geomety of n-wire TL above a conducting
ground plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5. Cross section geometry of n-wire TL inside injection or mea-
surement probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6. Equivalent circuit for the injection and measurement probe. . 9

1.7. Simplified equivalent circuit for injection and measurement
probe networks. . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.8. BCI Model of Sultan. . . . . . . . . . . . . . . . . . . . . . . . . 10

1.9. Current distribution along a 1.8 m line. . . . . . . . . . . . . . 11

1.10. Passive three-port of the probe on the test fixture. . . . . . . . 13

1.11. Resulting lumped-Pi model on a single conductor form im-
plicit modelling approach. . . . . . . . . . . . . . . . . . . . . . 13

1.12. Explicit circuit model for the injection clamp on a single con-
ductor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.13. Equivalent model of the injection probe. . . . . . . . . . . . . . 15

1.14. Final probe model with frequency dependent resistance mod-
els for R2 and R3. . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.15. Equivalent circuit representation for the test fixture loaded
with the open circuit injection probe. . . . . . . . . . . . . . . 16

2.1. Test setup for BCI substitution method after ISO 11452-4:2011 18

2.2. BCI Probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3. Depiction of a calibration fixture for a BCI probe from [8]. . . 20

2.4. Injection Probe clamped on calibration fixture with termination
load and power-meter attached. . . . . . . . . . . . . . . . . . . 21

xi



List of Figures

2.5. BCI test applying the substitution/closed-loop method. . . . 22

2.6. The test signal modulation can be chosen as un-modulated
continuous sine wave, AM or PWM . . . . . . . . . . . . . . . 23

2.7. Test severity levels in mA over frequency. . . . . . . . . . . . . 24

2.8. Test setup for substitution method after ISO 11452-4:2011 with
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.9. Disturbance levels for different probe positions d at overall
harness length L of 1 m as shown in the circuit on the right [10]. 25

2.10. Disturbance levels for different probe positions d at overall
harness length of 2 m as shown in the circuit on the right [10]. 26

2.11. Disturbance levels for different load impedances Zload for 1 m
harness length and probe position d = 150 mm [10]. . . . . . . 26

2.12. Disturbance levels for different capacitive load impedances C1

for 1 m harness length and probe position d = 150 mm [10]. . 27

2.13. Influence of the DUT ground wire on the disturbance levels
for 1 m harness length and probe position d = 150 mm [10]. . 28

3.1. Illustration of a two-wire TL. . . . . . . . . . . . . . . . . . . . 30

3.2. Equivalent circuit diagram of a two-wire TL segment in differ-
ence depiction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3. Illustration of a two-wire TL. . . . . . . . . . . . . . . . . . . . 32

3.4. Wave propagating on TL. . . . . . . . . . . . . . . . . . . . . . 35

3.5. Transversal cross-section of a coaxial TL (a) and longitudinal
cross-section (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.6. Transversal cross-section of a two-wire TL and longitudinal
cross-section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.7. ”Flux linkage of (a) conductor A at point P and (b) conductor
B on conductor A at point B.” [12] . . . . . . . . . . . . . . . . 46

3.8. System of n+1 wires, with dielectric material as insulation (a)
and without insulation (b) [14]. . . . . . . . . . . . . . . . . . . 49

3.9. Example for mutual capacitance in a microstrip line over a
ground plane [16]. . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.10. System of n wires above a conducting ground plane, from [14]. 53

3.11. Wires in a conducting circular shield, from [14]. . . . . . . . . 54

3.12. Schematic of Fig. 3.11 with line charges and their respective
images [14]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

xii



List of Figures

3.13. Equivalent TL circuit elements, reverse Gamma (a), Pi (b) and
T structure (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.14. Lumped equivalent circuit for a lossless TL with mutual ca-
pacitance and inductance between conductors [19]. . . . . . . 58

3.15. Ring with radius r and thickness t. . . . . . . . . . . . . . . . . 59

3.16. The skin depth δ revers to the point where the current density
JS at the surface of the conductor reduces to 1/e or 37% [22]. 60

3.17. The skin depth δ for different materials over frequency. . . . . 60

3.18. Depiction of the ladder circuit. . . . . . . . . . . . . . . . . . . 62

3.19. Proximity effect in two conductors with same and opposing
current directions [27]. . . . . . . . . . . . . . . . . . . . . . . . 64

3.20. Equivalent circuit diagram of dielectric material. . . . . . . . . 65

3.21. Vector diagram of EEC in 3.20. . . . . . . . . . . . . . . . . . . 66

3.22. Two-port network with voltages and currents. . . . . . . . . . 66

3.23. Example of an RF line with voltage and current waves along
the line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.24. S-parameter network with incident and reflected power waves
ai and bi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.1. Equivalent circuit diagram of a transformer, depicted as a
two-port circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2. Equivalent circuit diagram of BCI probe on harness. . . . . . 71

4.3. Equivalent circuit diagram of BCI probe on harness. . . . . . 72

4.4. RLC-parallel circuit and impedances spectrum. . . . . . . . . 73

4.5. Injection probe model circuit and impedance spectrum. . . . . 74

4.6. Magnitude and phase of the measured and simulated probe
impedance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.7. Equivalent circuit diagram of a transformer. . . . . . . . . . . 76

4.8. Impedance conversion from secondary (a) to primary side (b). 77

4.9. 3D model of the injection probe (FCC 120-6A). . . . . . . . . . 79

4.10. X-ray images of the FCC 120-6A BCI probe. . . . . . . . . . . . 80

4.11. Magnitude of probe input impedance and ferrite permeability. 82

4.12. Equivalent circuit diagram of the calibration fixture. . . . . . . 83

4.13. Equivalent circuit diagram of the bci probe on the calibration
fixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.14. Magnitude and phase of calibration fixture input impedance. 84

xiii



List of Figures

4.15. Magnitude and phase of calibration fixture input impedance,
whilst injection probe is mounted in the fixture. . . . . . . . . 85

4.16. Magnitude and phase of injection probe input impedance,
whilst injection probe is mounted in the fixture. . . . . . . . . 86

5.1. Injection Probe on calibration fixture. . . . . . . . . . . . . . . 88

5.2. Measured and simulated current injected into the calibration
fixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.3. BCI test setup for injection into TWP and detail of angle bracket. 90

5.4. Measured and simulated current injected into a TWP. . . . . . 91

5.5. BCI test setup for injection into a copper rod and calibration
current profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.6. Measured and simulated current for BCI injection into a single
copper rod. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.7. BCI test setup for injection into two copper rods. . . . . . . . 95

5.8. Measured and simulated current for BCI injection into two
copper rods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.9. Measured and simulated current for BCI injection into two
copper rods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.10. Measured and simulated current for BCI injection into two
copper rods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.11. BCI test setup for injection into a six wire cable. . . . . . . . . 99

5.12. Measured and simulated current for BCI injection into a six
wire cable. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

A.1. Circuit model of the injection probe. . . . . . . . . . . . . . . . 105

A.2. Circuit model for the BCI probe on the calibration fixture. . . 106

A.3. Circuit model for the BCI probe on a copper rod. . . . . . . . 106

A.4. Circuit model for the BCI probe on two copper rods. . . . . . 107

A.5. Circuit model for the BCI probe on a TWP. . . . . . . . . . . . 107

A.6. Circuit model for the BCI probe on on six isolated wires. . . . 108

xiv



Glossary

ABS anti-lock braking system
AM amplitude modulation
AN artificial network

BCI bulk current injection

CM common mode
CW continuous wave

dBm decibel milliwatt
DC direct current
DM differential mode
DUT device under test

ECU electronic control unit
EEC equivalent electric circuit
EM electromagnetic
EMC electromagnetic compatibility
EMF electromagnetic field
EMI electromagnetic immunity
EUT equipment under test

IC integrated circuit

LISN line impedance stabilization network

MTL multiconductor transmission line

p.u.l. per unit length
PCB printed circuit board
PWM pulse width modulation

xv



Glossary

RF radio frequency

TL transmission line
TWC tubular wave coupler
TWP twisted wire pair

VNA vector network analyzer

xvi



1. Introduction

In this work methods to model and simulate a bulk current injection (BCI)
test according to ISO 11451-4 will be presented including the fundamentals
utilized in them. One method is adapted to meet the set objectives and the
results are presented and discussed.

1.1. Motivation

A modern vehicle holds up to to 5000 m of cables, 500 LEDs and more than
100 control units [1]. Those control units manage not only the radio, the
power windows or the air-conditioning they are also responsible for all safety
features like anti-lock braking system (ABS) or airbags. A malfunction of
one of the safety related systems could be very dangerous for the driver and
passengers. Therefore, it is essential to guarantee a certain level of safety and
reliability by reducing the level of emitted electromagnetic (EM) disturbances
to a minimum and on the other hand increasing the immunity against
EM disturbances of all systems in the vehicle. The advance of autonomous
driving increases the amount of sensors and electronics even further.

Suppliers of electronic appliances are required to test their devices for elec-
tromagnetic compatibility (EMC). EMC testing can be divided into tests to
determine immunity against EM disturbances and emission of EM distur-
bances (Fig. 1.1). Further separating into conducted or radiated emission
or immunity respectively. To guarantee that a device satisfies immunity
or emission levels the manufacturer needs to test it. For example, vehicle
manufacturers need to proof EMC compliance of the whole vehicle. One
way to do so is to proof that each utilized sub-system complies with EMC
regulations and none of the used sub-systems disturbs or is disturbed by
another sub-system.

1



1. Introduction

Electromagnetic
Compatibility

(EMC)

Emission
(EME)

radiatedconducted

Immunity
(EMI)

radiatedconducted

Figure 1.1.: Classification of EMC tests. In red are the sections that include BCI tests.

The BCI test applies to electronic systems and also integrated circuits (ICs)
with off-board wire connections, for example cable harness. For the test a
radio frequency (RF) current is injected into the wiring harness of the device
under test (DUT) through a toroidal injection probe clamped onto the wiring
harness. The injection probe can be seen as primary winding of a transformer
where the wiring harness forms the secondary winding. A RF voltage is
induced into the wires of the harness, producing a current. The level of the
current depends on the termination impedances on the source and DUT side,
respectively. An additional current measurement probe might be used to
monitor the induced current.

The BCI method of immunity testing is utilized in following standards:

ISO 11451-4 Test for vehicles and machines too large to fit into a standard
vehicle EMC.

ISO 11452-4 Harness excitation methodes for road vehicles, described in
Sec. 2.

IEC 62132-3 Integrated circuits - Measurement of electromagnetic immu-
nity (EMI), 150 kHz to 1 GHz.

SAE J1113/4 Immunity to radiated electromagnetic fields bulk current
injection method.

2



1.2. Objectives

MIL-STD 461 Requirements for the control of Electromagnetic Interference
Characteristics of Subsystems and Equipment Department
of Defence Interface Standard.

These tests are costly and can only be done when the first prototypes are
available. Not to mention that precious prototypes can be destroyed by the
test. If for example problems show up and make a design change necessary
the hole cycle starts from the beginning. This is associated with time delays
and additional EMC tests which result in a waste of resources and increasing
cost. A way of EMC testing in an earlier design stage, before production of
prototypes, is desirable and would save resources. Designers of electronic
systems and ICs want to predict EMC problems before fabrication. Therefore
EMC models like the proposed BCI Model have to be integrated into the
design flow. EMC problems could be detected earlier and necessary design
changes could be implemented before actual production.

1.2. Objectives

Various publications on modelling of BCI tests exist. The published ap-
proaches should be compared, combined and applied to the given test setup.
Scope of the thesis is to generate an equivalent circuit model of the complete
setup, that is specifically, the creation of a circuit model for the simulation
of injected BCI currents at the external pins of ICs or electronic systems.
The model should be composed of RLC equivalents, to allow versatile use
within different circuit simulation environments, e.g. LTSPICE, Keysight
ADS or Cadence Spectre. The model should include an equivalent circuit
of the current injection into the cable harness of multiple wires using a BCI
probe and equivalent circuits of electronic control unit (ECU) (or artificial
network (AN), line impedance stabilization network (LISN)) and DUT at the
harness ends to mimic their frequency dependent impedances.

The number of wires in the cable harness needs to be adjustable.

The obtained circuit level simulation results should match the measurement
results with an accuracy of ±3 dB from 10 kHz to 500 MHz, whereas shifts
in resonance frequencies of ±10 MHz are tolerated. Where possible, each

3



1. Introduction

component of the model should be validated regarding this accuracy speci-
fication. If the simulation does not achieve the requested performance, the
specific deviation and its influence on the overall test result (DC voltage at
the DUT) should be discussed.

Which components of the overall model (BCI probe, cable harness, printed
circuit board (PCB), DUT) have the most critical impact on the DC voltage
reading at the DUT? Which are the components parameters that need to be
modelled with high accuracy and which have no critical influence on the
overall result?

1.3. Structure of the Thesis

The thesis is structured in six chapters. Starting with the introduction which
explains the reasoning for this work and presents the foundaitions and
current state of work for BCI modelling. Chapter two illustrates the BCI test
method by the international standard ISO 11452 Part 4 [2], whilst the third
chapter recapitulates the theoretical foundations for the utilized techniques
in chapter four, where the used models are explained. The fifth and forelast
chapter compares conducted BCI tests with simulations of the proposed novel
BCI test model. The thesis concludes with the discussion about proposed
model capabilities and limitations. Also an outlook of further development
of the proposed model and scientific questions that need to be addressed is
given.

1.4. Current State of Research

This section gives a brief overview of the most influental works in the topic
of BCI modelling. Even though the first publication on the topic has been
long time ago the research interest considerably increased in the last couple
of years, as shown in Fig. 1.2.

In the paper ”Modeling of a bulk current injection setup for susceptibility
threshold measurement” [3] Sultan describes a mathematical model for the

4



1.4. Current State of Research

Figure 1.2.: The histogram depicts the number of publications on BCI modelling over time.
The utilized data is gathered from www.ieeexplore.ieee.org.

current distribution on a multiconductor transmission line (TL) and the
sensitivity of the injected current to different parameters.

In [3] the considered coupling effect is sole inductive coupling from the
injection probe to the harness wires. The coupling between the wires is
considered a mixture of capacitive and inductive coupling. Fig. 1.3 shows the
schematic test set-up for the BCI test with the DUT on the right, components
or controls on the left and the wiring harness in-between. The injection and
monitoring probe are shown on the harness. In [3] this setup is broken down
into smaller blocks for easier analytical describtion. The wiring harness is
modelled with TLs and the components to the left and the DUT on the
right are modelled through their respective input impedances as impedance
matrices.

In his approach [3] starts modelling the wiring harness as multiconductor TL
over an ideal ground plane as depicted in Fig. 1.4. To simplify calculations the
wires are modelled in a constant homogeneous medium with a wire-to-wire
distance of at least five times the diameter, to avoid the proximity effect. The

5



1. Introduction

Figure 1.3.: Bulk current injection test setup [3].

Figure 1.4.: Cross secitonal geomety of n-wire TL above a conducting ground plane [3].

6



1.4. Current State of Research

line impedance and inductive coupling coefficients are calculated from the
geometrical configuration of the wire cross-section. A TL model is used to
describe the cable harness over a conducting ground plane. The TL model is
described in Sec. 3.

For the TL model the per-unit-length inductance matrix L and capacitance
matrix C must be calculated from the cable harness geometry. The calculation
for wires above a conducting ground plane is described in Sec. 3.4.2.

Since [3] describes the injection and monitoring probe as sole inductive
coupling, it is necessary to calculate the mutual inductances between the
probe and the wires and also between the wires. Therefore [3] modelled the
portion of the cable harness that is inside the injection or monitor probe as
wires enclosed in a circular conducting shield to calculate the per-unit-length
parameters. In this configuration the circular shield acts as reference potential
as described in Sec. 3.4.3

The coupling of the injection probe and each wire of the multiwire harness
is approximated as transformer whereas the probe is the primary and the
wires form multiple secondary windings of the transformer as shown in Fig.
1.6,

where vp and zp are the probe voltage and impedance respectively, Lpp is the
probe self inductance which is coupled by the mutual inductance Mip to the
wire self inductances Lii. This is further simplified to a Thevenin source (Fig.
1.7, voltage source and impedance series circuit) where the inductive cou-
plings are substituted into the voltage source Vs and the complex impedance
Zs. The monitor probe uses the same equivalent circuit with the exception
that the voltage source equals zero.

With all components of Fig. 1.8 the solution is determined by calculating the
impedance at the terminals of the voltage source Vs and hence calculate line
currents injected into the wiring harness. With the line currents it is possible
to calculate the forward travelling voltage waves in every wire on the three
TLs between the left-end load and the injection probe, injection probe and
monitoring probe and monitoring probe and DUT on the right end. The line
current at any point of the TL can now be obtained with the equations in [3].
The bulk current as measured by the monitoring probe corresponds to the
vector sum of the line currents at any given point.
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1. Introduction

Figure 1.5.: Cross section geometry of n-wire TL inside injection or measurement probe [3].
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1.4. Current State of Research

Figure 1.6.: Equivalent circuit for the injection and measurement probe. For the measurement
probe the source is Vp=0 [3].
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1. Introduction

Figure 1.7.: Simplified equivalent circuit for injection and measurement probe networks (Vs=0

for measurement probe) [3].

ZL1

MTL
ZS

VS
MTL

ZM

MTL

ZL2

z
x1 xS xM x2

Figure 1.8.: BCI Model of Sultan.
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1.4. Current State of Research

Figure 1.9.: Current distribution along a 1.8 m line, 6 cm above a conducting ground plane and
the injection probe position at 0.1 meter. The utilized frequency is not mentioned.
[3]
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1. Introduction

Fig. 1.9 shows the current magnitude and distribution on the wiring harness
whereas the open circles are actual measurements of the bulk current and the
continuous lines are calculated values. The ordinate shows the current in each
line and the bulk current in dB mA and the abscissa shows the position on
the line whereas the arrow pointing down shows the position of the injection
probe and the arrow pointing up shows the position of the measurement
probe. One can see that the calculated and measured values for the bulk
current match fairly well.

The paper “Circuit Modeling of Injection Probes for Bulk Current Injection”
from Grassi et al. [4] presents two different approaches to modelling of
BCI Probes. The first modelling approach relies on scattering parameter
measurements in a well known test fixture and in the further course is called
implicit model. The second modelling approach relies on the measurement of
the probe input impedance and is called explicit model. Both the implicit and
explicit models result in equivalent lumped-Pi circuit structures.

The test fixture necessary for the implicit model is basically a single wire be-
tween to sheet metal plates where the connectors are mounted. The injection
probe mounts on this wire. The probe and the fixture form a three-port. The
three-port scattering parameters are measured. This passive three-port is
transformed into an active two-port by modelling the RF-source at the probe-
port as an non-ideal voltage source. This active two-port is now converted to
chain parameter representation and decomposed into the chain connection
of the connector, fixture and wire on each side and the active probe in the
middle, as shown in Fig. 1.10.

The probe two-port is extracted by de-embedding and a lumped-Pi circuit
model is calculated from it, depicted in Fig. 1.11. It is worth noting that
this so called implicit model of the injection probe is solely created from the
scattering parameter measurements.

The explicit model should represent the physical and circuit structure of the
probe on the conductor. The coupling is described as inductive between
the probe and wire inductance like in [3], although including frequency
dependent inductances in the probe and fixture circuit and hence a frequency
dependent mutual inductance shown in Fig. 1.12.
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1.4. Current State of Research

Figure 1.10.: Passive three-port of the probe on the test fixture, whereas the probe is loaded
by the RF source represented by an Thévenin source (a), active two port (b) and
chain parameter representation for decoposition (c) [4].

Both models match the measurements quite well but, due to the use of
frequency dependent values in both models, are problematic for the use in
standard circuit simulators.

In [5] Lafon et al. proposed a model for the injection probe that is suited
for the use in circuit simulators. The model is based on measurements of
the reflection coefficient S11 of the injection probe. A model based on the
physical structure of the probe similar to the explicit model before. The model
consists of two parts, the typ-N connector and the loop model whereas loop

Figure 1.11.: Resulting lumped-Pi model on a single conductor form implicit modelling
approach [4].
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1. Introduction

Figure 1.12.: Explicit circuit model for the injection clamp on a single conductor [4].

denotes the primary winding and the ferrite core of the injection probe.

The model uses frequency dependent resistances to achieve good correlation
with the measurements.

A model for the utilized test fixture was created with the emphasis on
differentiating between the coupled and non-coupled parts of the fixture,
shown in Fig. 1.15. The non-coupled part including the connectors would
resemble the fixture without the injection probe mounted on it. This is done
by measurements of the test fixture with and without the probe, whereby
the probe input was left open, to only measure the influence of the ferrite
core on the fixture.

To determine the coupled part [5] presumably used chain-parameters to
describe the parts of the test fixture, shown in Fig. 1.15, as series of two-port
networks. The unknown coupled part of the test fixture was extracted by
de-embedding of the measurements with the known structures (networks).

In this work capacitive coupling between the probe and the wires is neglected.
Mutual inductive coupling between the probe main inductance and the

14



1.4. Current State of Research

Figure 1.13.: Equivalent model of the injection probe [5].

Figure 1.14.: Final probe model with frequency dependent resistance models for R2 and R3
[5].
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1. Introduction

Figure 1.15.: Equivalent circuit representation for the test fixture loaded with the open circuit
injection probe [5].

fixtures coupled part is regarded as main coupling mechanism.

The model is validated until 500 MHz from there on until 1 GHz the model
shows deviations of 10 dB. Also for every change of the cable harness the
coupled part (capacitance, mutual inductance) has to be determined.
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2. Bulk Current Injection Immunity
Test

The BCI test is a method to test the immunity of electronic devices with an
attached cable harness. The method is applied in the international standard
ISO 11452 Part 4 [2] which scope is the immunity of electronic devices in
passenger cars and commercial vehicles.

The international standard states the following: ”The bulk current injection
(BCI) test method is based on current injection into the wiring harness
using a current probe as transformer where the harness forms the secondary
winding.” [2]

2.1. Setup

The BCI test after ISO 11452-4 [2] is conducted in an shielded enclosure
where the DUT with its cable harness and attached equipment is placed on
an insulating material, with low εr, 50 mm over a conducting ground plane.
Distances to other equipment or the edge of the ground plane are given in
the standard the positions of the injection probe and the current measuring
probe, on the harness, are also specified in the standard.

2.1.1. Injection Probe

The injection probe is a toroidal ferrite core with a copper winding on it. This
assembly is inside an aluminium housing. The copper winding goes from
the connector around the ferrite core to the aluminium housing which itself
is connected to the reference potential of the connector. The probe housing

17



2. Bulk Current Injection Immunity Test

Figure 2.1.: Test setup for BCI substitution method after ISO 11452-4:2011. This photo was
taken at the EMC Lab of the Institute of Electronics at TU Graz.

Condition Value
BCI test method 1 to 400 MHz
Tubular wave coupler (TWC) test
method

400 to 3 GHz

Test temperature 23± 5 ◦C
Supply Voltage 13.5± 0.5 V (12 V systems)

27± 1 V (24 V systems)
Ohter values shall be recorded

Modulation CW: 0.01 MHz to 18 GHz
AM: 0.01 MHz to 800 MHz (1kHz
at 80%)
PM: 800 MHz to 18 GHz

Dwell time min. 1 s (response time to control
the DUT

Frequency step sizes Table ISO 11452-1:2005

Definition of test severity levels Table 2.7
Test signal quality Amplifier harmonics content (ISO

11452-1:2005)

Table 2.1.: General BCI test conditions and values [2], [6].
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2.1. Setup

and ferrite core are split to allow mounting on a cable harness. Fig. 2.2
shows an opened injection probe. The injection probe acts as a transformer
during BCI tests. Whereas the injection probe forms the primary side of a
transformer, the ferrite corresponds to the iron core of a transformer and
guides the magnetic field and the harness inside the injection probe forms
the secondary winding. The aluminium housing has a slit on the inside to
avoid eddy currents.

Figure 2.2.: BCI Probe [7].

2.1.2. Measurement Probe

The measurement probe is in construction and principle similar to the injec-
tion probe but smaller and for less power.

2.1.3. Calibration Fixture

The calibration fixture as shown in Fig. 2.3 is used to calibrate the injection
fixture before a BCI test.

2.1.4. Wire Harness

The wiring harness for the BCI test is not specified in the standard and
can be different depending on purpose and requirements. Automotive cable
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2. Bulk Current Injection Immunity Test

Figure 2.3.: Depiction of a calibration fixture for a BCI probe from [8].

harnesses are typically multiple branches of different length. Shielded wires
are avoided to reduce costs.

2.1.5. Substitution Method

The substitution method applies a previously in calibration determined forward
power to the injection probe.

For the calibration the injection probe is clamped on the calibration fixture, as
shown in Fig. 2.4. The fixture is on one side terminated with a 50 Ω load and
on the other side with a 50 Ω current sensor. During the calibration run, the
forward power is adjusted so that the measured current reaches a predefined
test severity level as depicted in Fig. 2.7 and Tab. 2.2. The forward power
Pcalibration necessary to achieve the current for the specified test severity level
is recorded.

For the immunity test the DUT or equipment under test (EUT) together with
the cable harness and all necessary equipment is installed on the test bench
with the respective distances as in [2], as shown in Fig. 2.5. The injection
probe is clamped on the harness at the position specified in the standard.
For the test the prerecorded forward power curve is applied to the injection
probe. The use of a current measurement probe is optional because it is not
necessary in this test but it can be of interest to measure the actual bulk
current. The cable harness and termination impedances on both sides of the
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2.1. Setup

Figure 2.4.: Injection Probe clamped on calibration fixture with termination load and power-
meter attached [9].

injection probe have a significant influence on the bulk current and certainly
deviate from the calibration set-up. During the test the forward power for a
frequency step is applied and the operation of the DUT is monitored. The
DUT passes the test successfully if it keeps working normally during the
entire test.

2.1.6. Closed-Loop Method

With the closed-loop method the injected bulk current is continuously measured
during the test and the forward power can be adjusted within certain limits.

The calibration power Pcalibration is determined in the same way as for the
substitution method. With that, the maximum forward power limit for con-
tinuous wave test signals is defined in [2] as

PCWlimit = k · Pcalibration , (2.1)
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2. Bulk Current Injection Immunity Test

Figure 2.5.: BCI test applying the substitution/closed-loop method [9].

where Pcalibration is the in calibration recorded forward power to reach a
predefined severity level and k = 4 unless otherwise specified.

During the test the bulk current is measured by a monitoring probe which
is clamped on the harness close to the DUT. For the test the forward power
is increased, starting from the calibration power, until it reaches the power
limit or the bulk current reaches the specified test level. In case the DUT fails
the achieved forward power and bulk current are recorded and the test is
continued at the next frequency step.

2.1.7. Test Signal

The standard [6] lists three modulation techniques for test signals, continuous
wave (CW), amplitude modulation (AM) and pulse width modulation (PWM)
as depicted in Fig. 2.6. This work only regards CW test signals.

The test severity levels, given in Tab. 2.2 and Fig. 2.7, describe the values
for the bulk current that must be reached during calibration of the BCI
test. These current levels must be achieved in calibration only, because the
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2.2. Influence of Probe Position, Harness Length and Load Impedance
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Figure 2.6.: The test signal modulation can be chosen as (a) un-modulated continuous sine
wave, (b) sinusoidal test signal amplitude modulated with 1kHz sinusoidal or (c)
pulse width modulation [6].

Frequency
band

Test level I Test level II Test level III Test level IV

(MHz) (mA) (mA) (mA) (mA)
1 to 3 60 · F(MHz)/3 100 · F(MHz)/3 150 · F(MHz)/3 200 · F(MHz)/3
3 to 200 60 100 150 200
200 to 400 60 · 200/F(MHz) 100 · 200/F(MHz) 150 · 200/F(MHz) 200 · 200/F(MHz)

Table 2.2.: Test severity levels and frequency bands as stated in [2]

actual BCI test methods are based upon the forward power determined by
calibration of the injection probe on the calibration fixture.

2.2. Influence of Probe Position, Harness Length and
Load Impedance

In [10] Sato describes the influence of probe position, harness length and
load impedance on the injected current by a BCI test. The effects were
demonstrated in reference to a simplified simulation model based on the
test shown in Fig. 2.8. The simulation model consists of a Thévenin source
coupled via an ideal transformer to the harness which is represented by
lossless 50 Ω TL on either side. The characteristic impedance of the TL is
50 Ω for matching and to allow an isolated view on each of the discussed
effects. Be aware that under test conditions the characteristic impedance of
the harness is often not known and impedance matching is not possible.
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2. Bulk Current Injection Immunity Test
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Figure 2.7.: Test severity levels in mA over frequency as depicted in [2].

Figure 2.8.: Test setup for substitution method after ISO 11452-4:2011 with measurements
[10].
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2.2. Influence of Probe Position, Harness Length and Load Impedance

2.2.1. Probe Position

In the first example from [10] the impedance at the DUT is 50 Ω and 0 Ω at
the load side, as shown in Fig. 2.9 on the right. The probe’s position from
the DUT d is changed between 150, 450 and 750 mm. When the frequency
of the test signal approaches values of L− d = λ/4 the TL on the load side
acts as a quater-wave impedance transformer and the short on the load side is
transformed to an open and the injection current will become low. These
resonant frequencies depend on the probe position and the wave length for
the specific TL.

Figure 2.9.: Disturbance levels for different probe positions d at overall harness length L of
1 m as shown in the circuit on the right [10].

We can see the prior described effect in the plot in Fig. 2.9. At probe position
d = 150 mm the TL on the load side is L− d = 850 mm. 850 mm equals a
quarter of the wavelength at 88 MHz which coincides with the first minimum
of the curve. As previously explained the TL works at that specific frequency
as a quarter-wave transformer and the load impedance at the injection
point will appear high and therefore prevent current injection. The second
minimum of the blue curve appears at three times the frequency of the first
minimum. This can be seen as adding full rotations in the smith diagram
and therefore occur at odd multiples of the fundamental frequency. The
same happens for L− d = 550 mm at 136 MHz and for L− d = 250 mm at
300 MHz. Fig. 2.10 depicts the same for a harness length of 2 m.
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2. Bulk Current Injection Immunity Test

Figure 2.10.: Disturbance levels for different probe positions d at overall harness length of 2 m
as shown in the circuit on the right [10].

2.2.2. Load Simulator Impedance

For low frequencies the injected current flows through the harness, to the
DUT, through the ground plane to the load simulator Zload, and the harness
again back to the probe. Therefore the impedance of the load simulator is
very important for the disturbance levels as shown in Fig. 2.11. Terminating
the lines with capacitors, as depicted in Fig. 2.12, can be a solution to these
reduced disturbance levels.

Figure 2.11.: Disturbance levels for different load impedances Zload for 1 m harness length
and probe position d = 150 mm [10].
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2.2. Influence of Probe Position, Harness Length and Load Impedance

Figure 2.12.: Disturbance levels for different capacitive load impedances C1 for 1 m harness
length and probe position d = 150 mm [10].

2.2.3. DUT Grounding

The influence of a grounding wire to connect the DUT to the ground plane
locally is shown in Fig. 2.13. The capacitance of the DUT to the ground plane
and the inductance of the wire are represented by a LC parallel circuit. At
the resonance frequency this LC circuit is high impedance and prevents
current injection. The resonance frequency in the example circuit in Fig. 2.13

is f0 = 1/(2π
√

LC) = 79.5 MHz as in the plot, where C and L were 20 pF
and 200 nH respectively.
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2. Bulk Current Injection Immunity Test

Figure 2.13.: Influence of the DUT ground wire on the disturbance levels for 1 m harness
length and probe position d = 150 mm [10].
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3. Transmission Line

Transmission lines are used to transfer digital or analog signals between two
points. The influence of TLs on signal integrity increases with frequency.
Therefore it is necessary to now the TL in detail. Transmission lines in RF
can be divided into two classes, wave-guides and multi-conductor cables. In
this chapter the sole focus will be on multi-conductor cables. We will start
with a recapitulation of TL fundamentals from [11].

3.1. Transmission Line Theory

As described in [11], the voltage and current waves travelling along a pair
of conductors form EM fields around the conductors. The energy stored
in those fields can be assigned to a capacitance and inductance per unit of
length distributed over the line. Similarly the losses can be attributed to a
series- and shunt-resistances. Fig. 3.1 depicts a TL of length L and Fig. 3.2
shows a segment of length ∆z of the TL. The distributed per-unit-length
parameters are denoted with a prime (eg.: L′).

3.1.1. Telegrapher’s Equation

By applying Kirchhoff’s voltage and current laws to the circuit in Fig. 3.2 we
acquire two first order differential equations, describing a short TL segment
also known as telegrapher’s equations:
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3. Transmission Line

i1(t) i2(t)

u1(t) u2(t)

z
L

∆z

u(t, z)

i(t, z)

Figure 3.1.: Illustration of a two-wire TL.

I(z) R′∆z L′∆z I(z + ∆z)

G′∆z C′∆zU(z) U(z + ∆z)

∆U(z)

z
∆z

Figure 3.2.: Equivalent circuit diagram of a two-wire TL segment in difference depiction.
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3.1. Transmission Line Theory

−dU(z)
dz

= (R′ + jωL′) · I(z), (3.1)

−dI(z)
dz

= (G′ + jωC′) ·U(z). (3.2)

The Eqs. (3.1, 3.2) can be combined to form a second order differential
equation:

d2U(z)
dz2 − (G′ + jωC′) · (R′ + jωL′) ·U(x) = 0. (3.3)

At this point it is necessary to introduce the propagation constant γ which is
defined as:

γ = α + jβ =
√
(G′ + jωC′) · (R′ + jωL′), (3.4)

where α is the attenuation constant and β is refered to as phase constant. This
simplifies Eq. 3.3 to:

d2U(z)
dz2 − γ2 ·U(z) = 0. (3.5)

The general solution for this homogeneous second order differential equation
is:

U(z) = Up e−γz + Ur eγz, (3.6)

where the Up e−γz term represents the voltage wave propagating in positive
z direction, as indicated by the p index for propagation, and the Ur eγz term
propagates in the negative z direction, as indicated by the r index for reflection.
Similarly the current wave on the line is expressed as:

I(z) =

√
G′ + jωC′

R′ + jωL′
· (Upe−γz −Ureγz), (3.7)
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Figure 3.3.: Illustration of a two-wire TL.

which leads to the characteristic impedance ZL of a TL and is defined as:

ZL =

√
R′ + jωL′

G′ + jωC′
. (3.8)

Solution of Up and Ur

The integration constants Up and Ur are determined by the boundary con-
ditions at the beginning and the end of the TL. Furthermore the current
I(l) and voltage U(l) on the line can be calculated from the current I0 and
voltage U0 at the termination resistor ZA. To define the position on the line
the auxiliary variable l = −z is used.

At the coordinate origin l = 0, Eq. 3.6 and 3.7 simplify to:

U(l = 0) =U0 = Up + Ur, (3.9)
I(l = 0) · ZL =I0 · ZL = (Up −Ur). (3.10)

Applying the elimination method, for Ur and Up, on Eqs. 3.9 and 3.10 gives:
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3.1. Transmission Line Theory

Up =1/2(U0 + I0 · ZL) (3.11)
Ur =1/2(U0 − I0 · ZL) (3.12)

Inserting in Eqs. 3.6 and 3.7 leads to:

U(l) = 1/2(U0 + I0 · ZL) eγl + 1/2(U0 − I0 · ZL) e−γl ,

I(l) · ZL = 1/2(U0 + I0 · ZL)eγl − 1/2(U0 − I0 · ZL)e−γl ,

Using the following conversions:

sinh(γl) =1/2(eγl − e−γl)

and cosh(γl) =1/2(eγl + e−γl)

Gives the system of linear equations in Eq. 3.13 which is also the A-Parameter
representation.

(
U(l)
I(l)

)
=

(
cosh(γl) ZL sinh(γl)

1/ZL sinh(γl) cosh(γl)

)(
U0
I0

)
(3.13)

This matrix can be converted to S-parameters as explained in Sec. 3.7, by
applying l = L and ZS = ZL = ZA, as depicted in Fig. 3.3. The equal
impedances of source, load and characteristic impedance of the transmission
line is called matching.

[S] =
(

0 e−γl

e−γl 0

)
(3.14)

Because of matching the reflection coefficients, the elements in the main
diagonal of the matrix, are zero.
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3. Transmission Line

The low-loss Line

The low-loss line describes a TL where both the conductor and dielectric
losses are small, R′ � ωL′ and G′ � ωC′. This assumption is very close to
reality and leads to some simplifications for the propagation constant γ, as
shown in [11]

γ = α + jβ =
√
(G′ + jωC′) · (R′ + jωL′) (3.15)

γ =

√
jωC′

(
1 +

G′

jωC′

)
jωL′

(
1 +

R′

jωL′

)
(3.16)

γ ≈jω
√

C′L′
√

1 +
G′

jωC′
+

R′

jωL′
(3.17)

γ ≈jω
√

C′L′
(

1 +
G′

jω2C′
+

R′

jω2L′

)
(3.18)

γ ≈ jω
√

C′L′︸ ︷︷ ︸
= jβ

+
G′

2

√
L′

C′
+

R′

2

√
C′

L′︸ ︷︷ ︸
= α

. (3.19)

With this simplifications the characteristic impedance ZL adopts the same form
as in the loss-less case and therefore shows that for low-losses ZL can be
approximated as real values.

ZL =

√
R′ + jωL′

G′ + jωC′
=

√
jωL′

jωC′
·

√(
1 +

R′

jωL′

)
/
(

1 +
G′

jωC′

)
≈
√

L′

C′
(3.20)

The loss-less Line

For the loss-less line the quantities R′ and G′ are zero. Therefore α is also
zero and γ becomes γ = jβ. Eqs. 3.13 and 3.14 simplify to:
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2π
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Figure 3.4.: Wave propagating on TL.

(
U(l)
I(l)

)
=

(
cos(βl) jZL sin(βl)

j1/ZL sin(βl) cosh(βl)

)(
U0
I0

)
(3.21)

[S] =
(

0 e−jβl

e−jβl 0

)
(3.22)

Time Delay, Velocity of Propagation, Group Delay

Fig. 3.4 shows a TL of infinite length, to avoid reflections in this example. The
wave excited by the generator propagates from z = 0 in positive z direction.
At z = 0, or any other point, the wave oscillates with frequency f . The phase
of point z = 0 propagates with phase velocity vp and appears delayed by the
time tl at point xl .

In free-space (µ = µ0, ε = ε0) when there is no material between the conduc-
tors of the TL the phase velocity vp can be expressed as

vp =
xl

tl
= c0 = λ f =

1
√

µ0ε0
(3.23)

where tl is the time it takes the wave to travel the distance xl , c0 is the speed
of light, λ is the wavelength which in Fig. 3.4 corresponds to the length xl
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3. Transmission Line

and f is the frequency of the signal. In an application where some material is
between the conductors, like for example an coaxial cable, the phase velocity
reduces to

vp =
ω

β
=

1√
L′C′

=
c

√
µrεr

=
1
√

µε
(3.24)

where µ = µ0µr and ε = ε0εr. This reducing factor VF = 1/√µrεr is called
velocity factor. This leads to a shortening of the wavelength by the same
factor.

λ =
vp

f
=

c
√

µrεr f
=

2πvp

ω
=

2π

β
=

1
f
√

L′C′
. (3.25)

The time delay TD is the duration a wave needs to travel along a line of length
L . As already mentioned this time delay depends on the TL.

TD =
L

vp
(3.26)

The group delay describes how long it takes various frequency components
to pass through the system. If the group delay is not constant, because of
frequency dependent transmission behaviour (dispersion), the signal gets
distorted.

τg = −dφ(ω)

dω
= −d 6 S21

dω
(3.27)

The term electrical length E is the ratio of the physical length of the conductor
to the ”shortened” wavelength and is given with a reference frequency
at which the wavelength was calculated. The phase length θ is similar but
expresses the before mentioned ratio in degrees,

E =
L

λ
(3.28)
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3.2. Coaxial Line

θ =
L

λ
· 360° , (3.29)

where L is the physical length of the TL and λ is the wavelength.

3.2. Coaxial Line

In this section TL parameters are calculated on the basis of a coaxial line,
depicted in Fig. 3.5. The parameters of a TL depend mostly on geometry
and material except for the frequency dependent internal parameters like
internal inductance and resistance.

ri

ra

t

εr

(a)

I

I

∆z

ri

ra

r
Ω

εr

(b)

Figure 3.5.: Transversal cross-section of a coaxial TL (a) and longitudinal cross-section (b).
Where ri, ra and t are the inner and outer radius and the thickness of the outer
conductor respectively. εr is the permittivity of the material inbetween the conduc-
tors and Ω is the integration volume. The length of the considered line segment
is ∆z.
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3.2.1. Capacitance

The per unit length (p.u.l.) capacitance is calculated by applying a charge to
a coaxial cable of 1 m length.

Q′ = C′ ·V (3.30)

We start by calculating the electrical field in radial direction

Er =
τ∆z
2πε

1
r

, (3.31)

where τ is an uniform line charge density, ∆z is the length, ε is the permittivity
of the material between the conductors and r is the radius with ri ≤ r ≤ ra.
The integration region spans the area inbetween the conductors, as depicted
in Fig. 3.5. With this we can calculate the voltage between the conductors.

V = Vi −Va =
∫ ri

ra

E(r)dr =
τ∆z
2πε

ln
ra

ri
(3.32)

With Eq. 3.30 and Q = τ · ∆z the capacitance is defined as

C′ =
Q′

V
=

2πε

ln ra
ri

. (3.33)

3.2.2. Shunt Conductance

The shunt conductance can be calculated from the capacitance

G′ = σ
C′

ε
=

2πσ

ln ra
ri

, (3.34)

where σ and ε are the conductance and permittivity of the material inbetween
the conductors respectively. Another approach is by calculating the total
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3.2. Coaxial Line

shunt current by integrating the current density around the conductor and
then dividing by the potential difference from Eq. 3.32

Ishunt = ∆z
∫ 2π

0
σErdφ =

2πστ∆z
2πε

. (3.35)

3.2.3. Inductance

The inductance of a conductor is a combination of the external and internal
inductance

L′ = L′ext + L′int,ra + L′int,rb , (3.36)

where the external inductance L′ext is the dominant part and is only dependent
on the geometry and material whilst the internal inductance is frequency
dependent and can be neglected for higher frequencies.

Internal Inductance

The internal inductance is produced by the magnetic flux inside the conductor
itself. This flux is due to the current flow in the conductor. Since the current
distribution inside the conductor is frequency dependent (skin effect), this
internal inductance is only relevant for low frequencies. To determine the
internal inductance of a non-magnetic circular conductor with uniform current
distribution, radius ri and length of 1 m as depicted in [12], we start by
defining the current through a concentric circle with radius x where x ≤ ri.

Ix = I
πx2

πr2
i

(3.37)

Ampere’s law states that summing up the magnetic field intensity H along a
closed contour corresponds to the current flow through the enclosed area.
Therefore we can express the magnetic field intensity H at radius x as
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3. Transmission Line

Hx =
Ix

2πx
=

I
2πr2

i
x (3.38)

and the magnetic field density B as

Bx = µHx =
µ0 Ix
2πr2

i
(3.39)

From here we derive the differential magnetic flux dφ through a ring of thick-
ness dx.

dφ = Bxdx =
µ0 Ix
2πr2 dx (3.40)

Since the above expressed flux is not constant over the entire cross-sectional
area we have to link the flux to the relative conductor area spanned by a
circle of radius x.

dλ =
πx2

πr2
i

dφ =
µ0 Ix3

2πr4
i

dx (3.41)

The internal flux linkage λint is determined by integrating the differential flux
linkage dλ over the radius and thus leads to the internal inductance L′int.

λint =
∫ r

0
dλ =

µ0 I
8π

(3.42)

L′int,ri =
λint

I
=

µ

8π
(3.43)

The internal inductance of the outer enclosing conductor is expressed by [13]
as follows:
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3.2. Coaxial Line

L′int,ra =
µ

8π

1− 4
(

ra
rc

)2
+ 3

(
ra
rc

)3
+ 4

(
ra
ri

)4
ln
(

rc
ra

)

(
1−

(
ra
rc

)2
)2 , (3.44)

where ri, ra are the radii of the inner and outer conductors respectively as
depicted in Fig. 3.5 and rc = rb + t.

External Inductance

The external inductance describes the magnetic field in the space between
the inner and outer conductor

Hr =
I

2πy
, (3.45)

where I is the current in the conductor and y is the radius whereas ri ≤ y ≤ ra
holds. We get the magnetix flux density by multiplying with the permeability
µ of the material between the conductors.

By = µHy =
µI

2πy
(3.46)

With the magnetic field density B we calculate the flux through a ring of
thickness dy to obtain the differential flux. According to [12] since the total
current I is enclosed in the conductor the differential flux linkage dλ equals
the differential flux dφ.

dλ = dφ = Bydy =
µI

2πy
dy (3.47)

The flux linkage lambda is aquired by integration from the inner conductor
surface to the outer conductor surface.
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λext =
∫ ra

y=ri

dλ =
µI
2π

ln
ra

ri
(3.48)

L′ext =
λext

I
=

µ

2π
ln

ra

ri
(3.49)

3.2.4. Resistance

Low Frequency Resistance

The low frequency resistance is the resistance of the whole conductor without
taking the skin effect into account is given in Eq. 3.2.4, where σi and σa are
the conductivity of the inner and outer conductor respectively. Ai and Aa
are the area of the inner and outer conductor. This assumption proves to be
sufficiently accurate up until frequencies at which the skin depth δs is still
larger than the radius of the conductor.

R′lf =
1

σi Ai
+

1
σa Aa

=
1

σir2
i π

+
1

σaπ[(ra + t)2 − r2
a ]

(3.50)

High Frequency Resistance

The high frequency resistance R′h f of the coaxial line must be considered
above frequencies, where the skin depth δs( f ) decreases below the radius of
the inner conductor ri or the thickness of the outer conductor t respectively.
The skin depth δs is given in Eq. 3.81 in Sec. 3.6.1. The high frequency
resistance R′h f is defined as follows:
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3.3. Two-Wire Line

R′hf = R′i + R′a

=
1

σi Ai
+

1
σa Aa

≈ 1
σi[π2riδs]

+
1

σa[π2raδs]

=
1

2piδs

[
1

σiri
+

1
σara

]
,

(3.51)

where Ri and Ra are the resistances for the inner conductor and outer
shield respectively, σi and σa are the inner and outer conductivities. The
approximation used for the area is explained in Eq. 3.82.

3.3. Two-Wire Line

In this section the TL parameter of a two-wire line are explained and formulas
for the calculation of these parameters are provided. The geometry of the TL
is shown in Fig. 3.6.

3.3.1. Capacitance

The voltage for the two-wire line is defined as

V =
1

2πε
τ∆z ln

d2

r2
i

, (3.52)

similarly to the coaxial line we calculate the capacitance with Eq. 3.30 as
follows

C′ =
Q′

V
=

πε

ln d
ri

. (3.53)
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ri

ri

d

εr

(a)

I

I

Ω

∆z

εr

(b)

Figure 3.6.: Transversal cross-section of a two-wire TL (a) and longitudinal cross-section (b).
Where ri and d are the radius of the conductors and the distance of the conductors
respectively. εr is the permittivity of the material inbetween the conductors and
Ω is the integration volume. The length of the considered line segment is ∆z.

The capacitance can also be derived from the inductance with

C′ =
ε0µ0

L′
, (3.54)

as shown in [14], be aware that this gives you only the capacitance in free-
space ε = ε0 and is only possible with the free-space inductance.

3.3.2. Shunt Conductance

As with the coaxial line before the shunt conductance can be calculated from
the capacitance as

G′ = σ
C′

ε
=

πσ

ln d
ri

. (3.55)
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3.3. Two-Wire Line

3.3.3. Inductance

For the calculation we assume two conductors with radius ri, current I in
each conductor but in opposing directions and at distance d, as depicted in
Fig. 3.6. The conductors are at close enough distance for flux linkage to take
place in both conductors.

Internal Inductance

The internal inductance Lint for each of the two wires is calculated the same
way as for the inner conductor of the coaxial-cable shown in Eq. 3.43 in Sec.
3.2.3.

External Inductance

To calculate the external inductance we need to calculate the flux linkage λ
first. Since the magnetic fields of both conductors are affecting each other
the flux linkage for each conductor has two components. The flux linkage
for one conductor, denoted as λA consists of the flux produced by conductor
A and the flux produced by conductor B linked to conductor A. The same
holds for the other conductor. With this in mind we define the flux at an
arbitrary point P as follows:

λP = λAP + λBP = (λAAP + λABP) + (λBAP + λBBP) (3.56)

where λAP is the flux linkage from conductor A at point P, λAAP is the flux
linkage from the magnetic field of conductor A on conductor A at point P,
λABP is the flux linkage from the field of conductor B on conductor A at
point P and alike for λBP, λBBP and λBAP.

λAAP =
µ

2π
I ln

DAP

ri

λBBP =
µ

2π
I ln

DBP

ri
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3. Transmission Line

Figure 3.7.: ”Flux linkage of (a) conductor A at point P and (b) conductor B on conductor A
at point B.” [12] The current for conductor A goes into the plane and comes out
of the plane for conductor B. Distance DAB = DBA = d.

λABP =
∫ DBP

d
BBPdP = − µ

2π
I ln

DBP

d

λBAP =
∫ DAP

d
BAPdP = − µ

2π
I ln

DAP

d

The magnetic field densities BAP and BBP are the magnetic field densities at
point P generated by the current through conductor A and B respectively.
The negative sign derives from the opposing current direction to the referred
conductor IA = −IB.

λP =(λAAP + λABP) + (λBAP + λBBP)

=
µ

2π
I ln

DAP

ri
− µ

2π
I ln

DAP

d

+
µ

2π
I ln

DBP

ri
− µ

2π
I ln

DBP

d

=
µ

2π
I ln

(
DAP

ri

d
DAP

DBP

ri

d
DBP

)

=
µ

2π
I ln

(
d2

r2
i

)

(3.57)
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3.3. Two-Wire Line

The total flux linkage simplifies if both conductors have the same current
and radii, as defined in [12],

λ =
µ

2π
I ln

d2

r2
i

, (3.58)

where d is the distance between the conductors and ri is the radius of both
conductors. With this we can calculate the external inductance L′ext.

L′ext =
λ

I
=

µ

2π
ln

d2

r2
i

(3.59)

3.3.4. Resistance

The low and high frequency resistances of the two-wire line are defined in
the same way as the inner conductor of the coaxial line in Sec. 3.2.4.

R′lf =
2

σi Ai
=

2
σir2

i π
(3.60)

Ai is the area, σi is the conductance and ri is the radius of one conductor.

R′hf = 2R′i

=
2

σi Ai

≈ 1
σi[πriδs]

(3.61)

Ri is the resistance of one of the conductors and δs is the skin effect. The
approximation used for the area is explained in Eq. 3.82.
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3.4. Multiconductor Transmission Lines (MTLs)

Until this section we derived formulas for the TL parameters for two-
conductors but in real test scenarios cable harnesses often hold significantly
more wires. Therefore we take a look on the calcultation of cable parameters
for different arrangements of multiconductor transmission lines (MTLs). In
[14] Paul et al. described methods to calculate the capacitance C and induc-
tance L matrix of different MTLs configurations. The formulas presented
in [14] approximate a uniform charge distribution on the surface of the
conductor therefore a ratio of the wire-separation to wire-radius greater or
equal to four is required for this approximation (no proximity effect).

3.4.1. System of Wires

Fig. 3.8 depicts a system of (n + 1) wires. To calculate the TL parameters
for the arrangement in Fig. 3.8 (a) it is necessary to derive the generalised
capacitance matrix C .

The derivation for the generalised capacitance matrix is is given by Paul and
Clements in [15] and [14]. Therefore the total free charge q f i and the potential
φi at each conductor have to be derived. Since the derivation is quite long
and intricate it is omitted at this point.




q f 0
q f 1

...
q f n


 =




C00 C01 . . . C0n

C10 C11
...

...
Cn0 . . . Cnn



·




φ0
φ1
...

φn


 (3.62)

With Eq. 3.63 and 3.64 the generalised capacitance matrix can be converted
to the Maxwell capacitance matrix [14] as depicted in Eq. 3.65.

Vi = φi − φ0 (3.63)
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3.4. Multiconductor Transmission Lines (MTLs)

Figure 3.8.: System of n+1 wires, with dielectric material as insulation (a) and without insula-
tion (b) [14].
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q f 0 = −
n

∑
i=1

q f i (3.64)




q f 1
q f 2

...
q f n


 =




C11 C12 . . . C1n

C21 C22
...

...
Cn1 . . . Cnn



·




V1
V2
...

Vn


 (3.65)

The Maxwell capacitance matrix C from Eq. 3.65 is defined as follows

Figure 3.9.: Example for mutual capacitance in a microstrip line over a ground plane [16].

where the Cm,ii entries are the mutual capacitances to a reference point
(eg. ground) and the Cm,ij entries with i 6= j are the mutual capacitances
between conductors as shown in Fig. 3.9. The Maxwell capacitance matrix
is a symmetric matrix. The conductor-to-ground capacitances are easily
calculated by summation of all elements in a column or row, since the off-
diagonal elements are negative and the main diagonal holds the sum of all
elements in a row or column as depicted in Eq. 3.66.
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3.4. Multiconductor Transmission Lines (MTLs)

C =




∑N
i=1 Cm,1i −Cm,12 . . . −Cm,1N
−Cm,21 ∑N

i=1 Cm,2i . . . −Cm,2N
...

...
. . .

...
−Cm,N1 −Cm,N2 . . . ∑N

i=1 Cm,Ni


 (3.66)

This derivation simplifies considerably for the case in Fig. 3.8 (b). In this case
the entries of the capacitance matrix C0 can be calculated as follows:

[C−1
0 ]ii =

1
2πε0

ln

(
d2

i0
rwirw0

)
(3.67)

[C−1
0 ] ij

i 6=j

=
1

2πε0
ln
(

dj0di0

dijrw0

)
(3.68)

for i, j = 1, . . . , n. Where C0 denotes the capacitance matrix without dielectric
insulation, di0 is the distance of the ith conductor to the reference conductor,
in this case the conductor with the index 0, and rwi and rw0 are the respective
radii. With Eq. 3.69, the matrix correspondence of Eq. 3.54, the inductance
matrix can be derived from the free-space capacitance matrix as in Eqs. 3.70

and 3.71.

L = µ0ε0 C−1
0 (3.69)

[L]ii = µ0ε0[C−1
0 ]ii =

µ0

2π
ln

(
d2

i0
rwirw0

)
(3.70)

[L]ij
i 6=j

= µ0ε0[C−1
0 ]ij =

µ0

2π
ln
(

dj0di0

dijrw0

)
(3.71)
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3.4.2. System of Wires above a Ground Plane

Often in EMC testing a ground plane is used to create reference surface and
increase repeatability of the measurements. This arrangement of conductors
over a conducting ground plane is depicted in Fig. 3.10. In this case the
ground plane forms a electric wall [11] (Et = 0) where the electric field lines
end perpendicular on the plane. This can be solved with the method of images
[14]. Therefore the ground plane is replaced by a set of image conductors
for each original conductor. The image conductors match the dimensions of
their original counterparts though they are beneath the ground plane. The
potential and the charge distribution on the image conductor are the same
as at the original conductor but with opposite sign. When the images are
in place as depicted in Fig. 3.10 and the ground plane is omitted, we can
calculate the capacitance matrix in the same way as in Sec. 3.4.1.

The entries of the inductance matrix L are given by

[L]ii = µ0ε0[C−1
0 ]ii =

µ0

2π
ln
(

2hi

rwi

)
(3.72)

[L]ij
i 6=j

= µ0ε0[C−1
0 ]ij =

µ0

2π
ln

(
d∗ij
dij

)
(3.73)

where hi is the heigth of the ith conductor over the ground plane, rwi is the
radius and dij and dij∗ are the distances from conductor i to conductor j and
its image conductor respectively. The distance dij∗ is given as

dij∗ =
√
(hj + hi)2 + d2

ij − (hj − hi)2

=
√

d2
ij + 4hihj. (3.74)
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Figure 3.10.: System of n wires above a conducting ground plane, from [14].
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3.4.3. System of Wires within a circular Shield

The system of n-wires in a circular shield as depicted in Fig. 3.11 can also
be solved with the method of images as in Sec. 3.4.2, described by Paul in [14].
Therefore the image conductors are placed on a straight line through the
center of the shield and the ith conductor at distance r2

s /ri from the center,
where rs is the radius of the circular shield and ri the distance from the center
to the ith wire. Placement of the image charges is depicted in Fig. 3.12.

Figure 3.11.: Wires in a conducting circular shield, from [14].

With this the entries of the inductance matrix can be calculated the same as
before [14].

L′ii = µ0ε0[C−1
0 ]ii =

µ0

2π
ln
(

r2
s − r2

i
rsrwi

)
(3.75)
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3.5. RLGC Model of a Transmission Line

Figure 3.12.: Schematic of Fig. 3.11 with line charges and their respective images [14].

L′ij
i 6=j

= µ0ε0[C−1
0 ]ij =

µ0

2π
ln



(

rj

rs

)√√√√ (rirj)2 + r4
s − 2rirjr2

s cos(θij)

(rirj)2 + r4
j − 2rir3

j cos(θij)


 (3.76)

3.5. RLGC Model of a Transmission Line

With the p.u.l. parameters of the TL defined it is viable to represent the TL
by a cascade of lumped circuit elements as depicted in Fig. 3.13. These circuit
elements can be arranged in gamma, pi and t-structures. The later ones have
the advantage of a symmetric structure whereas the gamma structure needs
less circuit elements, especially when you take the mutual capacitances and
inductances between the conductors, which are not shown in Fig. 3.13, into
account.

The RLCG lumped-circuit model has a certain bandwidth determined by the
number of sections. Bogatin approximated the bandwidth for such a lumped
circuit in [17] as follows

BWmodel =
n
4
· f0

2
≈ n · f0

10
= n · 1

10 · TD
= n ·

vp

10 ·L (3.77)

55



3. Transmission Line

R′ L′

G′ C′

(a)

R′ L′

C′/2 G′/2 G′/2 C′/2

(b)

R′/2 L′/2 L′/2 R′/2

G′ C′

z
L

(c)

Figure 3.13.: Equivalent TL circuit elements, reverse gamma (a), pi (b) and T structure (c).
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3.6. Losses

where n is the number of sections, necessary to achieve the bandwidth, f0 is
the frequency at which the wavelength is equal to the length of the line, TD
is the time delay introduced by the line and vp is the phase velocity.

The length of a single line segment ∆L should suffice following convention

∆L ≤ λ

10
=

vp

fmax

1
10

=
1

10 f
√

L′C′
=

c
√

µrεr 10 fmax
, (3.78)

where L is the physical length of the line and λ the wavelength as in Eq.
3.25. When the segments are larger the behaviour of the TL can not be
reproduced satisfactory and if the segments are smaller the computational
effort increases. A sweet-spot needs to be found. The number of segments is
given in [18] by

N ≥ 10 fmax
L

vp
= 10 fmax

L
√

µrεr

c0
, (3.79)

where fmax is the maximum frequency of interest .

3.6. Losses

In this section the effects that cause losses in TLs are discussed and formulas
to describe their behaviour are presented.

3.6.1. Skin Effect

As Wheeler outlined in [20] the skin effect is a reduction of the current
density in the center of the conductor at high frequencies. With reference to
[21] this effect is due to eddy currents induced by the changing magnetic field
and the counter electromagnetic field (EMF) produced by them. This change
in current distribution leads to an increase of resistance with increasing
frequency. The current density changes from a uniform distribution at direct
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Figure 3.14.: Lumped equivalent circuit for a lossless TL with mutual capacitance and induc-
tance between conductors [19].
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r

t

Figure 3.15.: Ring with radius r and thickness t.

current (DC) to a current distribution only on the surface as shown in Fig.
3.16. The current density J decreases according to following formula:

J = JS e−(1+j)d/δs , (3.80)

where J is the current density at depth d, JS is the current density at the
surface and δs is the skin depth described in Eq. 3.81. The skin depth δs is the
depth where the current density is reduced by 1/e or 37% and is calculated
as follows

δs =

√
2ρ

ωµ
=

√
ρ

π f µ
, (3.81)

where ρ is the electric resistivity of the conductor, as listed in Tab. 3.1, ω is
the angular frequency and µ is the permeability of the conductor material,
which is for most non-magnetic conductors close to one and can therefore be
neglected. The resulting area shaped like ring and is given by

Askin = r2π − (r− t)2π = 2rtπ − t2π ≈ 2rtπ , (3.82)

where r is the outer radius of the ring and t its thickness as depicted in Fig.
3.15. In case of t� r the last term (πt2) is often omitted.
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Figure 3.16.: The skin depth δ revers to the point where the current density JS at the surface
of the conductor reduces to 1/e or 37% [22].
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Figure 3.17.: The skin depth δ for different materials over frequency.
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Material Resistivity Conductivity
ρ(Ω ·m) at 20 ◦C σ(S/m) at 20 ◦C

Silver 1.59× 10−8 6.30× 107

Copper 1.68× 10−8 5.96× 107

Aluminium 2.65× 10−8 3.77× 107

Tin 1.09× 10−7 9.17× 106

Steel 1.43× 10−7 6.99× 106

Table 3.1.: Resistivity and conductivity for different materials from [23].

The surface of the conductor has a certain roughness to it. As long as the
skin depth is larger than these surface contour variations the influence of the
surface rougness on the resistance is negligible but with increasing frequency
the skin depth reaches a point where the surface current has to follow the
varying contour and is therefore additionally increased by a rough sourface
finish. This can be solved easily by a smoother surface finish.

Equivalent Circuit Model for Skin Effect

Kim et al. proposed a non uniform ladder circuit in [24] to model the increase
in series resistance induced by the skin effect. Therefore the cross-section of
the conductor is divided into four concentric rings with the same relative
difference in resistivity from one ring to the other, as depicted in Fig. 3.18

(a). Each section of the ladder represents one of the rings. The ladder is
constructed so that every resistor has a R-L lowpass in parallel, as depicted in
Fig. 3.18 (b), and reducing the overall impedance. With increasing frequency
the impedance of each inductor increases until the overall impedance is
dominated by the remaining paths and therefore increases.

There are certain requirements on the circuit [24]. The DC resistance of the
ladder circuit must be the same as the DC resistance Rdc of the conductor
and similarly the low frequency inductance of the circuit must be the same
as the actual low frequency inductance Ll f of the conductor. The resistance
ratio is defined as

61



3. Transmission Line

(a) (b)

Figure 3.18.: Depiction of the ladder circuit proposed in [24]. Cross-section of the conductor
(a) and ladder circuit (b). Related conductor regions and circuit elements have
matching colors [25].

RR =
Ri

Ri+1
, i = 1, 2, 3, (3.83)

also the first resistance R1 is defined as

R1 = αRRdc, (3.84)

where Rdc is the DC resistance of the conductor and αR is

αR = 0.53
wire radius

δmax
, (3.85)

where δmax is the skin depth at the maximum frequency of interest. All those
requirements together lead to the following cubic equation:

(RR)3 + (RR)2 + RR + (1− αR) = 0 (3.86)

The inductance values are obtained the same way, starting with the induc-
tance ratio
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3.6. Losses

LL =
Li

Li+1
, i = 1, 2, 3, (3.87)

and the first inductance value L1 is defined as

L1 =
1

αL
Ll f , with αL = 0.315 αR (3.88)

where Ll f is the low frequency inductance and αL depends on αR. The
inductance ratio LL is obtained the same way from Eq. 3.89.

(
1

LL

)2

+

(
1 +

1
RR

)2 1
LL

+

([
1

RR

]2

+
1

RR
+ 1

)2

−αL

([
1 +

1
RR

] [(
1

RR

)
+ 1
])2

= 0

(3.89)

3.6.2. Proximity Effect

The proximity effect is a high frequency effect that increases the series resis-
tance of conductors when they are close together. Similar to the skin effect
[21] eddy currents are induced by a changing magnetic field and reduce
the current density. In this case the source of the changing magnetic field
is the alternating current in the opposing conductor. Both conductors are
affecting each other mutually. The resulting current distribution depends of
the current direction, conductor diameter, distance between the conductors,
the conductors form and the frequency. Fig. 3.19 shows the mutual attraction
or repulsion of the current distributions for different current directions. Prox-
imity effect does not affect coaxial lines because of their circular symmetry
[26], but is a significant factor in e.g. parallel wires or twisted-pair TLs. As
[26] points out a analytical solution tends to be complicated and there is no
general solution.
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3. Transmission Line

Figure 3.19.: Proximity effect in two conductors with same and opposing current directions
[27].

3.6.3. Dielectric Losses

The dielectric loss describes an energy loss through heating by polarisation
when a dielectric material is placed in a varying electric field. This is the case
for capacitors and also for cables or TLs with dielectric material between
its conductors, e.g. coaxial cables. The dielectric loss is dependent on the
dielectric material and the frequency. We start by examining the dissipation
current through a block of dielectric material, with surface area A and height
h, defined by [26] as follows:

I(ω) = V(ω)
A
h
(σ + jωε) (3.90)

where V is the applied voltage with angular frequency ω. σ and ε are the
conductivity and permittivity of the material. The current in Eq. 3.90 can be
separated into a real part (in-phase term), that is called the conduction cur-
rent, and the imaginary part (quadrature term), which is called displacement
current. Depending if your material is a conductor or a insulator one of both
is dominant.

ε(ω) = ε′ − jε′′ (3.91)

We rewrite Eq. 3.90 with Eq. 3.91 where ε′ is the lossless permittivity and ε′′

is associated with the losses due to bound charges and dipole relaxation.
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3.6. Losses

I(ω) G′∆z

C′∆z

Figure 3.20.: Equivalent circuit diagram of dielectric material.

I(ω) = V(ω)
a
h
((σ + ε′′) + jωε′) (3.92)

In some literature as [11] the losses are summarised into ε′′. The dielectric
loss tangent, denoted as tan δ, relates the losses to the energy storing capacity
of the material.

tan(δ) =
(σ + ε′′)

ε′
(3.93)

Note that it is often denoted as tan δ = ε′′/ε′ where σ is included in ε′′.

When we now think back at our TL from Fig. 3.2 we can take a closer look at
the shunt resistance depicted in Fig. 3.20. The shunt current is

I(z, ω) = V(z, ω)(G′ + jωC′)∆z. (3.94)

With the relations presented above we can express the conductivity G′ from
C′ and tan δ.

G′ = ωC′ tan(δ) ≈ ωC′ δ (3.95)

For dielectric materials with small losses tan(δ) ≈ δ holds, because of the
linearity around the origin of the tan(.) function.
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<(Y)

−=(Y)

0

Y

G′

ωC′

δ

Figure 3.21.: Vector diagram of equivalent electric circuit (EEC) in 3.20.

3.7. Scattering Parameters

A two-port network is a four terminal circuit where two terminals each are
consolidated into a port. Therefore the terminals of the port need to suffice
the port condition which states that the current flowing into one terminal,
has to match the current going out the other terminal of the port as shown
in Fig. 3.22 [11].

Port 1

I1

I1

[Z]

I2

Port 2

I2

U1 U2ZL1 ZL2

z1 z2

Figure 3.22.: Two-port network with voltages and currents.
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3.7. Scattering Parameters

These two-port networks can be described by Z- or Y-parameters as in Eq.
3.96 by linking the currents to voltages via Zij Parameters.

(
U1
U2

)
=

(
Z11 Z12
Z21 Z22

)(
I1
I2

)
(3.96)

The voltages and currents in Eq. 3.96 can be expressed by the forward
propagating and the reflected voltage waves, as already shown in 3.1.1.

U1 =Up1 + Ur1, I1 =
Up1

ZL
− Ur1

ZL

U2 =Up2 + Ur2, I2 =
Up2

ZL
− Ur2

ZL

Scattering parameters link the normalised reflected voltage wave bi to the
forward propagating voltage wave ai as shown in Eq. 3.99 and Fig. 3.23.

ai =
Upi√
<{ZLi}

(3.97)

bi =
Uri√
<{ZLi}

(3.98)

The normalised voltage waves have the dimension
√

Watt.

Port 1

I1 I2

Port 2

Ip
Ir

Up

Ur
U1 U2ZL1 ZL2ZL

Figure 3.23.: Example of an RF line with voltage and current waves along the line.
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3. Transmission Line

(
b1
b2

)
=

(
S11 S12
S21 S22

)(
a1
a2

)
(3.99)

The coefficients of the scattering parameter matrix S are determined by
driving port j with forward propagating wave aj and measuring the reflected
wave bi on port i whilst all other ports are terminated with matched loads to
avoid reflections ak = 0.

Sij =
bi

aj
|ak=0fork 6=j (3.100)

The coefficients for the example two-port circuit in Fig. 3.24 are defined in
[11] as follows:

S21 forward transmission factor with matched output

S11 input reflection coefficient with matched load at the output

S12 reverse transmission factor with matched input

S22 output reflection coefficient with matched load at the input

Port 1

[S]

Port 2

a1

b1

a2

b2

ZL1 ZL2

z1 z2

Figure 3.24.: S-parameter network with incident and reflected power waves ai and bi.
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4. Modelling

This chapter describes how the different parts of the BCI test are modelled
and put together to allow for simulation of the BCI test methode.

4.1. Cable Model

The modelling of the cable harnesses is a complicated task and commonly
used S-parameter representations from measurements or simulations result
in models that are not easily adaptable to changes in length or geometry.

Ch. 3 explains how to extract the TL parameters from different geometries
and Sec. 3.5 provides a methodology to create a TL model from the parame-
ters, as presented in [28].

The cable models used for simulations are either S-parameter files or RLCG
TL models as SPICE netlist files, since the used simulation environment
(Ansys, ED 2019R1) supports both representations.

4.2. Injection Probe Model

This section describes the different approaches chosen to model the BCI
probe F-120-6A from FCC.

The injection probe is in principle a transformer whereby it’s primary wind-
ing is wrapped around the ferrite core and connected to the type-N connector
and the secondary winding is formed by one or multiple wires, depending
on the cable harness, routed through the ferrite core. Therefore the approach
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4. Modelling

choosen to model the injection probe originates from the modelling of trans-
formers. To illustrate this Fig. 4.1 depicts an equivalent circuit diagram of
a transformer. The ohmic losses due to the wire resistance and the leakage
inductance due to leakage flux are not coupled to the secondary winding
are denoted as RP and LP respectively. The same repeats for the secondary
winding with R′S and L′S, these values are additionally denoted with an
apostrophe to show that these are values from the secondary referred to
the primary side e.g. R′S = RS/n2. The main inductance and core losses are
denoted as LM and RC respectively. For simplification the primary and sec-
ondary winding losses are combined into Zwp and Z′ws respectively and the
excitation branch is denoted as Zmp.

A simple and often used method to characterize a transformer is by open and
short measurement [29]. For this the impedance is measured at the primary
side while the secondary side is open or short circuited. In the open configu-
ration there is no current flow through the secondary winding and therefore
also no secondary winding losses Z′ws. The resistance of this configuration
is mainly determined by the excitation branch Zmp. This is in contrast to
the short measurement where the impedance is mainly determined by both
primary and secondary winding losses. Equation 4.1 and 4.2 describe the open
and short impedance respectively, where OS and SS stand for open secondary
and short secondary respectively. With this measurements the elements of the
equivalent cirucit in Fig. 4.1 can be determined.

RP LP

RC LM

L′
S R′

SI1 I ′2

V1 V ′
2

1:n

V2

Zwp Z ′
ws

Zmp

Figure 4.1.: Equivalent circuit diagram of a transformer, depicted as a two-port circuit.

Zp(OS) = Zwp + Zmp (4.1)
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4.2. Injection Probe Model

Zp(SS) = Zwp +
ZmpZ′ws

Zmp + Z′ws
(4.2)

In the case of the BCI probe the short measurement is impractical since the
secondary winding is determined by the used cable harness. Therefore only
the open measurement without the presence of a cable harness was performed.
Since the main excitation Zmp is much bigger than the primary winding losses
Zwp the winding losses were neglected. Therefore the following BCI probe
models were modelled upon the open measurement of the BCI probe.

Up Zp

Ip

R50 R50

i

Figure 4.2.: Equivalent circuit diagram of BCI probe on harness.

The measurements were made with a vector network analyzer (VNA) in one
port also known as reflection configuration. The measurement system was
calibrated (short, open, load) so that the reference plane was located at the
input of the probe connector.

4.2.1. Probe Impedance Circuit Model

In the objectives Ch. 1 it was mentioned that the probe circuit model is
required to consist of passive RLC-elements. This requirement excludes all
newer modelling variants described in Sec. 1.4. For this reason the injection
probe circuit was modeled following the procedure described in [30]. To
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4. Modelling

Up Zp

Ip

Figure 4.3.: Equivalent circuit diagram of BCI probe on harness.

recreate the probe impedance a number of series connected RLC parallel
circuits was used, as depicted in Fig. 4.5. The number of used parallel circuits
depends on the number of resonances that are in the impedance spectrum,
depicted frequency range and required accuracy.

fr =
1

2π
√

LC
(4.3)

Q = R

√
C
L

(4.4)

BW =
fr

Q
(4.5)

An RLC parallel circuit is a second-order circuit. At the resonance frequency
fr (Eq. 4.3) the impedance of the circuit is at a maximum and is soley
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Figure 4.4.: (a) RLC-parallel circuit and (b) magnitude of the impedance of a RLC-parallel
ciruit over frequency, where fr, XL and XC are the resonance frequency and the
reactance of the inductor and capacitor respectively.

determined by the resistor as depicted in Fig. 4.4. The resonance frequency
is defined by the relation of the values of the reactive components as shown
in Eq. 4.3. The quality factor Q (Eq. 4.4) can be changed by altering the
values of the reactive components by the same but inverse ratio. With this
the bandwidth of an RLC element can be changed as shown in Eq. 4.4 and
4.5.

The probe model is easily created by adding one parallel element for each
local maxima in the impedance spectrum to replicate. Further parallel ele-
ments are added depending on necessary accuracy, for example to better
match certain slopes. A series resistance, with the DC resistance value of
the coil, necessary to ensure correct DC behaviour in simulations is omitted
in this model. The resulting impedance graph is the superposition of all
resonances as depicted in Fig. 4.5. Fig. 4.6 depicts the finished probe model
versus measurements.

Coupling Model

In contrast to the 3D model where the coupling of the probe to the harness
is an inherent part of the model the circuit model needs a way of coupling
the probe circuit to the cable harness and DUT.
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Figure 4.5.: Plot of all individual parallel impedances and the superposition (red) next to
a measurement of the actual probe impedance (blue) (a), probe model circuit
framed in matching colours (b).
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Figure 4.6.: Magnitude (a) and phase (b) of the measured and simulated probe impedance.
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The circuit model explained in the former section consists of series connected
parallel RLC circuits. Each parallel circuit contains an inductance. Modelling
the coupling via mutual inductance statement e.g. SPICE [31] would also
require inductances in the receiving harness. The amount of inductances
involved would render the mutual inductance statement complicated and
prone to failure.

The coupling between the injection probe and the cable harness is modelled
as an ideal inductive coupling via the use of ideal transformers with coupling
coefficients of one. An ideal inductive coupling was chosen because both
windings utilize the same ferrite core. Capacitive coupling was disregarded
because of the construction of the injection probe whereby the outer housing
of the injection probe is connected to the signal ground. The injection probe
and the harness together form a multi-winding transformer with multiple
windings on one shared core as depicted in Fig. 4.7. Similar coupling meth-
ods for one wire harnesses were already proposed in [32]–[35], where the
couplings were modelled with ideal transformers.

Up Rp Lp

Ip

L1 R1

I1

LN RN

IN

ideal

Transformer

Figure 4.7.: Equivalent circuit diagram of a transformer with N + 1 windings.

A disadvantage of this approach is that the amount of necessary couplings
increases substantially with the number of wires in the harness as follows:
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4.2. Injection Probe Model

L1

I1

K

V1 L2 ZL

I2

V2

(a)

(
N1

N2

)2
ZL

I1

V1

(b)

Figure 4.8.: Impedance conversion from secondary to primary side.

L =
(N + 1) · N

2
, (4.6)

where N is the number of windings or wires in the harness and L is the
number of mutual inductances or couplings.

Source Model

During the BCI test the measurement equipment records forward and reverse
power at the directional coupler as well as the common mode (CM) current
in the cable harness. To compare the measured and simulated currents
it is necessary to source the model with the same power as during the
measurements. The net power (Pnet = Pfwd − Prev) describes the part of the
forward power that is not reflected and therefore goes into the probe. In
the utilized simulation environment only a frequency dependend sinusoidal
voltage source is available, therefore the net power was converted to voltage
for every frequency point. The net power was recorded in decibel milliwatt
(dBm) and is defined as:

Pnet, dBm( f ) = 10 · log10

(
Pnet

1 mW

)
, (4.7)

where Pnet( f ) =
V2

S
Zin

, VS is the voltage at the probe and Zin is the input
impedance of the injection probe loaded with the cable harness and its
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terminations on each side of the harness. With this we can calculate the probe
voltage as follows:

VS( f ) =

√
10

Pnet, dBm
10 −3 · Zin (4.8)

As mentioned earlier the BCI probe can be described as a transformer
whereby the cable harness embodies the secondary winding. Therefore
the probe is loaded with the harness and its terminations. To get the in-
put impedance Zin it is necessary to simulate or measure the respective
measurement setup. This was done for all BCI test setups.

4.2.2. Probe 3D Model

The 3D model of the injection probe (FCC 120-6A) was drawn up from
measurements and x-ray imaging, since dismantling the probe was not viable.
The x-ray images gave crucial information about the internal structures of
the probe, which allowed a very accurate model of the injection probe. It
revealed the off-centre placement of the ferrite core in its aluminium housing
as well as the form and connection of the primary winding as shown in
Fig. 4.10. This effort was necessary to achieve a mechanically very accurate
model of the probe, as depicted in Fig. 4.9, but still the ferrite material and
its frequency behaviour were unknown.

Since the ferrite core of this particular probe consists of two separate ferrits,
with visually different material appearences, emphasis was placed on deter-
mining an equivalent permeability µ̂(ω) to match the probe impedance over
the frequency range of interest.

Determine Permeability

For the 3D model to match the physical dimensions is not enough, it is also
necessary that the material properties of the ferrite are accurately depicted,
so that the model matches the probe input impedance.
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4.2. Injection Probe Model

Figure 4.9.: 3D model of the injection probe (FCC 120-6A).

To aquire the equivalent complex permeability µ̂(ω) of the ferrite core differ-
ent methods were tried as explained below.

It was not possible to match the probe impedance by assigning a constant
permeability to the ferrite core. Grassi provides an analytical formula for
a ferrite in [4]. The equivalent circuit for the probe is shown in Fig. 1.12.
For the following equations just the primary circuit is used. Eqs. (4.9, 4.10)
are the input impedance Zin rearranged for the self inductance L̂1 of the
probe or primary winding. Where the indices W and N denote winding and
N-connector related parasitics respectively.

L̂1(ω) =
1
D
{Zin(ω)− jω(LN + LW1)−ω2LW1× (CN +CW1)[Zin(ω)− jωLN ]}

(4.9)

D = jω{1 + jω(CN + CW1)[−Zin(ω) + jωLN ]} (4.10)

Alternatively Eq. 4.11 describes the self inductance of the probe as a function
of shape and dimensions with the assumption µr = 1 as follows
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(a) (b)

(c) (d)

Figure 4.10.: X-ray images of the FCC 120-6A BCI probe. The black areas in the images are
the ferrite core in its aluminium housing (light grey). Figure (a) displays the
off-centre position of the ferrite core in the housing. Figures (b), (c), and (d) show
the primary winding going from the N connector around the ferrite core and
terminating into the aluminium housing on the side of the probe. Tapering of
the coil to the connection points is noticeable. These X-ray images were made by
ams AG Premstätten.
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4.3. Calibration Fixture

L0 = µ0
N2

1 b
2π

ln

(
r(o)c

r(i)c

)
, (4.11)

were N1 is the number of turns, b, r(o)c and r(i)c are thickness, and outer and
inner radius of the ferrite core respectively. Multiplication with µr(ω) again
gives L̂1. With this one can calculate µr from Zin and the probe dimensions.

L̂1(ω) = L0[µ
′
r(ω)− jµ′′r (ω)] (4.12)

Due to the different construction of the probe used in this work simulations of
the model with the calculated permeability produced considerable different
values for the probe impedance compared to the measured probe impedance
as shown in Fig. 4.11.

To aquire the equivalent complex permeability µ̂( f ) of the ferrite core, first
an initial estimate for µ̂ was calculated with the analytical formulas derived
by Grassi for the explicit model shown in Fig. 1.12 [4].

To aquire the equivalent complex permeability µ̂( f ) of the ferrite core, the
analytically calculated permeability, denoted as inital estimate, was used
as start value for an optimization task. Goal of the optimization task was
to fit the permeability so that the 3D models impedance reproduces the
measurements as close as possible. The results of the optimization are shown
in Fig. 4.11. Due to a problem with the function fitting the model impedance
deviates significantly below 100 MHz.

4.3. Calibration Fixture

The calibration fixture was modelled as a pi-circuit similar to [5].

The measurements were made with a VNA in two port series configuration.
The measurement system was calibrated (short, open, load) so that the
reference plane was located at the input of the probe connector.
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(a)

(b)

Figure 4.11.: Magnitude of probe input impedance (a), measured, calculated and fitted, real
and imaginary part of ferrite permeability (b), calculated and fitted.
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18 nH 18 nH

5.5 pF 5.5 pF50 Ω 50 Ω

Figure 4.12.: Equivalent circuit diagram of the calibration fixture.

Up Zp

Ip

R50 R50

i

Figure 4.13.: Equivalent circuit diagram of the bci probe on the calibration fixture.
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(a)

(b)

Figure 4.14.: Magnitude (a) and phase (b) of calibration fixture input impedance, measured
and simulated.
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4.3. Calibration Fixture

(a)

(b)

Figure 4.15.: Magnitude (a) and phase (b) of calibration fixture input impedance, whilst
injection probe is mounted in the fixture. The port of the injection probe is
terminated with 50 Ω.
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(a)

(b)

Figure 4.16.: Magnitude (a) and phase (b) of injection probe input impedance, whilst injection
probe is mounted in the fixture. For the measurement the fixture ports are
terminated with 50 Ω.
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This chapter compares measured common mode currents from actual BCI
tests to simulated currents with either the described circuit model or the 3D
model.

To validate the presented model several quasi BCI tests were executed in
different setups and configurations. The measured common mode currents
were recorded and compared to the simulated currents. The subsequent BCI
tests adhere to the test methods described in Sec. 2 and in the ISO standard
[2].

5.1. BCI Probe on Calibration Fixture

For this test the probe is mounted on the calibration fixture similar as during
the calibration process, as depicted in Fig. 5.1. The calibration fixture is also
terminated with 50 Ω.

The first test utilized the substitution method, as described in Sec. 2.1.5. For
the substitution method, first a power profile needs to be recorded on the
calibration fixture. A constant target current of 150 mA is selected, because it
corresponds to the maximum current of Test Level III from Tab. 2.2.

For this, the injection probe is mounted in the calibration fixture. The fixture
is terminated with 50 Ω. The forward power necessary to achieve the target
current in the calibration fixture is recorded at every frequency step.

When the probe is mounted on the actual test setup the DUT is then exposed
to a disturbance signal generated by the RF amplifier and injected into the
cable harness. The RF amplifier replicates the same net power as previously
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recorded during the calibration. The current injected into the actual test setup
depends on the input impedance of the test setup.

Figure 5.1.: The BCI injection probe on the calibration fixture. A termination resistor, and
power probe were visible on the left and right side of the calibration fixture
respectively. The power amplifier was connected via an attenuator to the probe.

Since this test setup is the same as the calibraton setup the measured current
is around 150 mA as expected.

For the S-parameter model a two-port measurement between the probe and
one side of the calibration fixture is used using the same source data as
the circuit model and terminated by 50 Ω. Therefore the relatively constant
deviation between the s-parameter model and the measurement current
can be affiliated to the source data. The drop in the current of the circuit
model after 200 MHz is related to problems or inaccuracies of the circuit
model of the calibration fixture. Since the calibration fixture is relatively
short compared to the wavelength of the highest frequency we don’t see any
resonances caused by the geometric dimensions.
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Figure 5.2.: Measured and simulated current injected into the calibration fixture.

5.2. BCI Probe on Twisted Pair

For this setup a twisted wire pair (TWP) transmission line is spanned between
two angle brackets made of aluminium. The line is 1 m long and 65 mm above
a conducting ground plane. The TWP is mounted in the angle brackets with
SMA connectors which are terminated with 50 Ω resistors. The measurement
and injection probe are positioned at 500 mm and 900 mm from the right
bracket respectively.

The line length of 1 m was choosen to match the copper rods used in follow-
ing tests.

According to [36] a difference in the injected current can be observed if the
harness is placed close to the body of the probe. Therefore the angle brackets,
depicted in Fig. 5.3b, were designed so that the cable harness passes through
the center of the probe opening, resulting in a bigger distance of the cable
harness to the ground plane than specified in the ISO standard. For the TWP
two vertically stacked holes in the angle bracket were used to mount the
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SMA connectors resulting in a harness height of 65 mm above the conducting
ground plane.

Deviating from the standard, the position of the injection and monitoring
probe was altered to make room for additional current probes to measure the
current in each conductor. The probes were connected to an oscilloscope. Un-
fortunately this resulted in disturbance of the Oscilloscope and no utilisable
data.

(a)
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7
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(b)

Figure 5.3.: Test setup of the 1 m long TWP between aluminium angle brackets (a). The
TWP is mounted 65 mm over a conducting ground plane. The wire ends are
soldered to SMA connectors and where terminated with 50 Ω SMA resistors. The
measurement and injection probes are positioned at 500 mm and 900 mm from
the right. Detail of the aluminium angle bracket (b).

This test used the closed loop method. Similar to the substitution method, the
closed loop method starts with recording the power profile of the injection
probe on the calibration fixture whilst terminated with 50 Ω. During the test
the calibration power is applied and the injected CM current is measured.
Is the measured current below the target current the power is increase, up
to 6 dB until the target current is reached as explained in Sec. 2.1.6. For this
setup the target current is set to 150 mA.

Fig. 5.4 shows a flat current curve until 30 MHz as a result of the controlled
input power. Above that frequency, the injected current decreased because
the input power reached its limit. The decrease of the injected current below
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Figure 5.4.: Measured and simulated current injected into a TWP, with closed loop method.

150 mA arises from an increased input impedance in that region. There the
input impedance increased so high that the target current could not be
reached within the power limits. The capability of this test method to adjust
the output power according to the target current is the reason why there is
no influence of the termination on the injected current.

The peak above 200 MHz is the result of a reduced input impedance at that
Frequency. A resonance resulting from the line length would be expected at
300 MHz, due to the isolation material between the conductors this resonance
frequency is reduced, as deduced in Eq. 3.25.

5.3. BCI Probe on Copper Rod

This test investigates the injection into a straight copper rod of 5 mm diameter
and a length of 1 m. SMA connectors were soldered to each end. The copper
rod was mounted into the formerly mentioned angle brackets and is situated
at 72 mm above a conducting ground plane, as displayed in Fig. 5.5. The
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measurement probe is located 50 mm from the right bracket and the injection
probe is placed in the center. Both ends of the copper rod were terminated
with 50 Ω

From here on the following test setups utilize the substitution method with
a different current profile for calibration. The calibration current is similar
to Test Level IV, as shown in Tab. 2.2, without the current decrease at the
end. The target current increases exponentially from 6.67 mA at 100 kHz to
200 mA at 3 MHz and stays constant from then on till 400 MHz, as depicted
in Fig. 5.5b. The linear increase of the current in Fig. 2.7 comes from the
logarithmic scaling of the Y-axis.

Fig. 5.6 presents the comparism of the measured and simulated injection
current for the injection into a single copper rod. The circuit for this setup is
depicted in Fig. 4.3. The path for the injected current is formed by the copper
rod, termination resistors and ground plane. The impedance of this loop is
mainly determined by the sum of the terminations and adds up to 100 Ω.

Similar to the results of the TWP the input impedance increases substantially
above 10 MHz. The peak at 300 MHz corresponds to the expected resonance
resulting from the line length of 1 m. Due to the lack of dielectric material
the resonance is exactly at 300 MHz.

5.4. BCI Probe on two Copper Rods

The setup from before is now extended by a second copper rod of the
same dimensions, as shown in Fig. 5.7. Several measurements with varying
injection probe positions and termination resistances were conducted. In the
first test the injection probe is positioned at the center, 500 mm from the right.
The measurement probe is located 50 mm from the right, for all tests. For the
other tests the injection probe is put at 850 mm from the right. Termination
of the terminals was varied. As the last setup, this setup also utilizes the
substitution method with the prior introduced calibration profile, depicted in
Fig. 5.5b.

The first thing that is immediately recognizable in Fig. 5.8, Fig. 5.9 and Fig.
5.10 is that the injected current increased in all tests. The current increase
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5.4. BCI Probe on two Copper Rods

(a)

(b)

Figure 5.5.: BCI injection into a single copper rod of 1 m length, 72 mm over a conducting
ground plane (a). The measurement and injection probes are positioned at 50 mm
and 500 mm from the right side respectively. Target and measured calibration
current for the substitution method (b).
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5. Results

Figure 5.6.: Measured and simulated current for BCI injection into a single copper rod. The
injection probe and the measurement probe were positioned in the center and
50 mm from the right bracket. Both ends were terminated with 50 Ω SMA resistors.

results from the impedance reduction due to the parallel circuit formed by the
second copper rod. In the case of Fig. 5.8, the loop impedance decreased to
50 Ω from 100 Ω in the previous test. The resonance at 300 MHz is noticeable
in Fig. 5.8 and less pronounced in Fig. 5.9 and Fig. 5.10. In Fig. 5.9 and Fig.
5.10

Additionally to the much smaller resonance at 300 MHz, there appears a
new resonance at 150 MHz. The difference between these tests is the position
of the injection probe. Therefore it must be assumed that this resonance is
contingent on the changed probe position.

5.5. BCI Probe on six isolated Wires

In this test a 2.5 m harness consisting of six automotive wires was used, as
depicted in Fig. 5.11. The measurement probe was again placed at 50 mm
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5.5. BCI Probe on six isolated Wires

(a) (b)

Figure 5.7.: First test setup with the injection and measurement probe at the center (500 mm)
and 50 mm from the right (a). Second setup with the measurement probe again at
the same position and the injection probe at 850 mm from the right side (b).

and the injection probe was put at 900 mm from the right angle bracket. All
terminals were equally terminated with 50 Ω.

As a result of the additional wires the impedance of the setup decreased
again and we see therefore that the current in this setup is larger than in
the previous ones. Fig. 5.12 illustrates excellent correlation of resonance
frequencies of measurement and the simulation, although the model shows
resonance exaltation for the simulated current.

The current peak at 120 MHz corresponds to the expected resonance resulting
from the line length of 2.5 m.

It is noticeable in Fig. 5.12 that the second and third current peaks of the sim-
ulation were slightly higher than in the measurement. This can be attributed
to inaccuracy in the cable models parameters like the isolation material.
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5. Results

Figure 5.8.: Measured and simulated current for BCI injection into two copper rods, with the
injetion position at the center, and all terminals terminated with 50 Ω resistors.
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5.5. BCI Probe on six isolated Wires

(a)

(b)

Figure 5.9.: Measured and simulated current for BCI injection into two copper rods, with the
injetion position at 850 mm from the right side, and varying terminations. (a) all
terminals are terminated with 50 Ω. (b) both terminals on the left are terminated
with 100 Ω and both terminals on the right are shorted.
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5. Results

(a)

(b)

Figure 5.10.: Measured and simulated current for BCI injection into two copper rods, with
the injetion position at 850 mm from the right side, and varying terminations. (a)
one terminal on the right side is shorted all other terminals are terminated with
50 Ω. (b) one terminal on the right side is terminated with 100 Ω and the rest is
again terminated with 50 Ω.
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5.5. BCI Probe on six isolated Wires

(a) (b)

(c) (d)

Figure 5.11.: This test setup consists of a 2.5 m long harness comprised of six isolated au-
tomotive wires (a). The harness was suspended 50 mm over the conducting
ground plane with foam blocks. The foam blocks have a varepsilonr close to one
and were therefore omitted in the simulation. The measurement and injection
probe are positioned at 50 mm and 900 mm from the right side. All terminals are
terminated by 50 Ω SMA resistors, shown in (c) and (d).
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5. Results

Figure 5.12.: Measured and simulated current for BCI injection into a 2.5 m six wire automo-
tive cable.
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6. Discussion

This work illustrates that the proposed circuit model can accurately replicate
the behaviour of the injection current during a BCI test. The resonance
location in the spectrum is accurately reproduced by the model even though
the current was in some cases exaggerated at the resonance frequency. The
proposed model showed comparable results to full 3D FEM simulation,
whilst being far less computationally intensive. Because of the use of passive
components, integration into any circuit simulation tool should work without
hindrance.

Designers can easily integrate the model into their existing design and check
at which frequencies during the test the common mode current will pose
a risk to the performance of the DUT. With this new tool, designers can
optimize their devices and protection circuitry for the harsh conditions of
the BCI test before the first prototype is even produced.

This modelling approach is not without flaws. Models of distributed circuits,
especially large distributed structures like cable harnesses, need a large
number of passive components to replicate their frequency behaviour, even
more so if you include RF effects like skin-effect or increase the bandwidth
of the model. Similarly, the number of conductors included in the harness
rapidly increases the component count and complexity. This is a significant
drawback in case of setup changes and makes the model not easily suitable
for recurring modifications, e.g. different wire harnesses.

Comparing the measurements with the simulations showed a constant devia-
tion between the measured and simulated current for the injection into the
calibration fixture. This can either be attributed to the source or the coupling
model and should be investigated. There is also a deviation of the injection
current for higher frequencies that is most likely related to inaccuracies of
the calibration fixture model.
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6. Discussion

Further investigation of the coupling path from the probe to the harness
and distinguishing between the coupled and non-coupled parts of the probe
model could have potential to lead to improve the model of the coupling
path. Also, currently, there is no data about proposed models performance
regarding differential mode (DM) currents. Futher measurements would be
necessary to evaluate the models performance regarding DM currents. A
more modular and adaptable approach is intended to ease the workflow for
circuit designers.

The missing of frequency dependent sources in LTSpice does not allow ef-
fortless simulation of the BCI test. This can be avoided by remote controling
LTSpice and constructing the BCI simulation results from many simula-
tion runs. This would ease access to this simulation method and increase
dissemination of the proposed model.

102



Appendix

103





Appendix A.

Schematics

Figure A.1.: Circuit model of the injection probe.
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Appendix A. Schematics

Figure A.2.: Circuit model for the BCI probe on the calibration fixture.

Figure A.3.: Circuit model for the BCI probe on a copper rod.
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Figure A.4.: Circuit model for the BCI probe on two copper rods.

Figure A.5.: Circuit model for the BCI probe on a TWP.
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Appendix A. Schematics

Figure A.6.: Circuit model for the BCI probe on six isolated wires.
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