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Abstract

This thesis presents a quantitative study into the errors in measuring automotive vehicle
radiated emissions using the CISPR 12 method. This method is based upon a limited
set of tests, when compared to that used for many other commercial electrical devices.
This research, details the errors introduced in recording the maximum amplitude of the

radiated electric field from the vehicle by using the simplified method.

Two key differences between the CISPR 12 setup and other radiated emissions test
methods were researched, in order to quantify the errors. These were: not scanning the
receive antenna in height, and not rotating the vehicle through 360° in the azimuth plane
whilst the E-field is measured. It was concluded that the current CISPR, 12 method has
the potential to under-estimate the maximum amplitude of the E-field by up to 30 dB.

Research was then performed to investigate alternative methods to those defined in
CISPR 12. A number of approaches were considered before being subsequently discounted.
The final alternative method considered was the “Test Wire Method’, which was originally

designed for performing tests on large, industrial machines.

The Test Wire Method, TWM, was initially used as a ‘proof of concept’ that the approach
could be used for testing a much smaller device than it was originally designed for.
Once the method had been successfully used, and a reduction in the error compared
to the CISPR 12 method confirmed, the TWM was then further developed into a
novel, new measurement system, designated the MicroStrip Method. A small, near-field
probe was designed which, along with the use of a calibration factor, allows for a
closer approximation of the maximum amplitude of the radiated E-field to be recorded.
Measurements performed on a range vehicles, resulted in a reduction in the mean error

of over 10 dB, compared to using the CISPR 12 method.



Contents

Abstract ii
List of Tables vii
List of Figures viii
Acknowledgements xiv
Declaration of Authorship XV
1 Introduction 1
1.1 Overview . . . . . o 1
1.2 Research Motivation and Scope . . . . . . . .. .. ... ... L. 2
1.3 Original Contributions . . . . . . . . . ... ... L 4
1.4 Outline of the Thesis . . . . . . . . . ... o 6
2 Overview of Automotive Radiated Emissions Testing 8
2.1 Introduction . . . . . . . . . . e 8
2.1.1 A Brief History of Radiated Emissions Measurements . . . . . . . . 8
2.1.2 Radiated Emissions Test Methods . . . . ... ... .. .. .... 12
2.1.2.1 Open Area Test Site . . . . . . ... .. ... ... 12
2.2 Overview of Current Test Procedures used for Automotive and IT Products 16
2.2.1 Introduction. . . . . . . . ... .. 16
2.2.2  Automotive Vehicles: CISPR 12 . . . ... .. ... ... .. ... 16
2.2.3 Receiver Detectors . . . . . . . . . . ... .o 22
2.2.3.1 Radiated Emissions Test Limits . . . . . . ... ... .. 23
2.2.4 Information Technology Equipment:CISPR 32 . . . . . . ... ... 25

2.2.5 Summary of Measurement Differences between the CISPR 32 and
CISPR 12 . . . . . o 28
3 EM Modelling for Automotive Applications 29
3.1 Introduction . . . . . . . . . . . . 29
3.1.1 EM Modelling Development . . . . . . ... .. ... ... .... 30
3.1.1.1 Meshing . . . . . . Lo 31
3.1.2 EM Modelling Validation . . .. ... ... ... ... .. ..... 32
3.1.3 Validation Techniques . . . . . .. ... ... ... .. .. ..., 33

iii



Contents iv

3.1.3.1 Convergence Testing . . . . . ... .. ... ... ... 33

3.1.4 Electromagnetic Modelling of Electrically Large Systems . . . . . . 35

3.1.4.1 Electromagnetic Vehicle Body Shell Model . . . ... .. 38

3.1.4.2 VBS EM Model Design . . . .. ... ... ... .... 41

3.1.4.3 Chapter Summary . . . . . .. . . .. ... 43

4 Factors Affecting Radiated Emissions Results 44

4.1 Introduction . . . . . . . . . 44

4.2 Receive Antenna Height Scan . . . . . . .. ... ... L. 45

421 Introduction. . . . . ... . oL 45

4.2.2 Height Scan Theory . . . . . . ... . ... ... ... ... ... 47

4.2.3 Height Scan Investigations . . . . . . . ... .. ... ... 52

4.23.1 Introduction . . . ... ... 92

4.2.4 Measurements - Electrically Small Noise Source . . . . . . . . . .. 53

4.24.1 Measurements Setup . . . . . .. ... o4

4.2.4.2 Measurement Results . . . . .. ... ... .. ... ... 55

4.2.5 Measurements - Electrically Large Noise Source . . . . . . ... .. 64

4.25.1 Introduction . . . ... ... L 64

4.2.5.2 Measurements Setup . . . . . . ... 64

4.25.3 Measurement Results . . . .. ... ... .. ... ... 67

4.3 Azimuth Device Under Test Scan . . . . . . .. ... ... ... ...... 79

4.3.1 Introduction. . . . . . . . . . ... 79
4.3.2 Azimuth Scan Investigations - Vehicle Body Shell EM Simulations

and Measurements . . . . . . ... ..o 83

4.3.2.1 Introduction . . . ... ... L 83

4.3.2.2  Simulation Results . . . . . . ... .. ... 0. 84

4.3.3 Vehicle Measurement Azimuth Scan Investigations . . . .. . ... 96

4.3.3.1 Measurements Setup . . . . . ... ... 97

4.3.3.2  Vehicle Azimuth Measurement Results . . . . . . . .. .. 99

4.4 Frequency Range . . . . . . . . ... L Lo 108

441 Introduction. . . . . . . . . ... 108

442 DMethod . . . . . . 108

443 Results . ... . 112

4.5 Conclusions . . . . . . . ... 115

5 Alternative Test Methods 118

5.1 Alternative Measurement System . . . . . . . . .. ... ... ... ... 118

5.1.1 Introduction. . . . . . . . . .. ... 118

5.1.2 Spherical Antenna Scan . . . . . ... 119

5.1.3 Receive Antenna / Azimuth Scan - CISPR 22 Method . . . . . .. 121

5.1.3.1 Error as a Function of Number of Azimuth Angles Used . 121
5.1.3.2  Alternate Azimuth Angles - CISPR 12 Test Parameters . 125

5.1.4 Reverberation Chamber . . . . . . . . ... ... L. 127
5.1.4.1 Introduction . . . .. ... ..o 127
5.1.4.2 Reverberation Chamber Background . . . . . . .. .. .. 128

5.1.4.3 Reverberation Chamber: Number of Independent Samples 133
5.1.5 Test Wire Method . . . . . .. .. .. ... L. 134



Contents v

5.1.6 Introduction. . . . . . . . . .. ... 134
5.1.7 Test Wire Method History . . . . . . . ... ... ... ... ... 135
5.1.7.1  Test Wire Configuration . . . . . . .. ... .. ... ... 136

5.1.7.2 Calibration Factor . . . .. .. .. ... ... ... ... 138

5.1.7.3 Development of the Test Wire Method . . . . . . . .. .. 139

5.1.8 Conclusions . . . . . . . .. L 140

6 Test Wire Method 143
6.1 Introduction . . . . . . . . . . . .. 143
6.2 Original Test Wire Method Investigations . . . . . . ... ... ... ... 144
6.2.1 Simulation Model . . . . . . .. ... .. 144
6.2.1.1 SVTC Test Wire Termination Impedance Investigations . 148

6.2.1.2 Test Wire Locations . . . . . ... ... ... ...... 150

6.2.1.3 Simple Vehicle Test Case Physical Model . . . .. .. .. 154

6.2.1.4 SVTC EM Model Simulations . . .. .. ... ... ... 158

6.2.1.5 SVTC Physical Model Measurements . . . . .. .. ... 159

6.22 Results . . .. .. 160
6.2.2.1 EM Model Simulated Error Bias Results . . . . .. ... 160

6.2.2.2  Physical Model ‘Error Bias’ Results . . . . . .. ... .. 162

6.2.2.3 Derivation of the K-Factor . . . . .. .. ... ... ... 164

6.2.2.4 Test Wire Measurement Results . . . .. ... ... ... 166

6.2.2.5 Original TWM Conclusions . . . . . . .. ... ... ... 169

7 MicroStrip Method 171
7.1 MicroStrip Method . . . . . . . . ... 171
7.1.1 Introduction. . . . . . . . ... . 171
7.1.2  Microstrip Theory / History . . . . . ... ... ... ... ... . 172
7.1.3 Microstrip Design Parameters . . . . . ... ... ... .. ..... 174
7.1.4 Microstrip Design Used . . . . ... ... ... ... .. 176
7.1.5 Surface Currents . . . . . . . . . .. ... ... ... 184
7.1.5.1 Introduction . .. .. ... ... ... ... ... ... 184

7.1.5.2 Investigation of Vehicle Surface Current Distribution . . . 185

7.1.5.3 Surface Current Investigation Measurements . . . . . . . 190

7.1.6 Surface Current Investigations Results . . . .. ... .. ... ... 194
7.1.7 MicroStrip Calibration for Vehicle Measurements . . . . . .. . .. 199
7.1.8 Deriving the K Factcor . . . . . .. .. ... ... 0. 201
7.1.9 MicroStrip Measurement Setup . . . . . . . . ... 203

7.2  MicroStrip Measurement Results . . . . . ... .. ... ... ....... 206
7.2.1 Nissan Micra Results . . . . . . .. ... ... oL 208
722 Fiat Van Results . . . . . ... .. .o oo 210
7.2.3 Ford Focus Results . . . . . ... .. ... .. L. 212

7.3 MicroStrip Conclusions . . . . . . . .. .. Lo 216
8 Conclusions and Further Work 218
8.1 Conclusions . . . . . . . . . . ... 218
8.1.1 Overall Conclusion . . . . ... .. .. ... ... ... 222

8.2 Further Work . . . . . . . . . L 223



Contents vi
8.2.1 Frequency Range and K-Factor . . . . ... .. ... ... ..... 224
8.2.2 MicroStrip Design . . . . . . . .. 225
8.2.3 Vehicle Emissions and Ambient Signal Levels . . . . .. ... ... 225

8.2.4 Using the MicroStrip Method on Boats and Internal Combustion
Engines . . . . . . .. 226
8.2.5 Using the MicroStrip Method to Perform Radiated Immunity Tests 226
8.2.6 Further Work - Summary . . . ... . ... ... ... ... . 227
Abbreviations 229
Physical Constants 231
Symbols 232
Bibliography 234



List of Tables

2.1
2.2
2.3
2.4

4.1
4.2
4.3
4.4
4.5
4.6
4.7

5.1
0.2
9.3

6.1

7.1

Devices Not Covered under the EMC Directive . . . .. .. .. ... ... 11
Scope of Devices covered by CISPR 12 . . . . . .. ... .. ... ... .. 17
Internal Combustion Engine Operating Speeds. . . . . . .. .. ... ... 19
Differences Between CISPR 12 and CISPR 32 . . . . .. . ... ... ... 28
Ambient E-field Amplitude . . . ... ... 69
Simulation Model Noise Source Positions. . . . .. ... ... .. .. ... 84
E-Field References . . . . . . . . . . L 85
Mean Error Bias for All Noise Source Positions (Horizontal Polarisation). 95
Mean Error Bias for All Noise Source Positions (Vertical Polarisation). . . 96
Azimuth Vehicle Scan Investigations. . . . . . .. ... ... oL 96
Vehicle Designation Examples. . . . . . . . . ... ... ... ... 109
Increased Azimuth Angle Increment Investigation . . . . . ... .. .. .. 122
Test Time Increases Due to Decreased Azimuth Angle Increment . . . . . 124
Estimated Reverberation Chamber Timings . . . . . .. . ... ... ... 134
Relative Harness Positions and Dimensions . . . . . .. .. .. ... ... 147
MicroStrip Parameters. . . . . . . . . . ..o oo 177

vii



List of Figures

1.1 Emissions Radiating From Equipment Under Test . . . . . . . . ... ... 1

2.1 CISPR OATS Size Requirements. Reproduced from CISPR 16-4-2 . ... 13
2.2 CISPR12 OATS Typical Arrangement. Located at Eurofins Castleford. . . 14
2.3 CISPR12 OATS Typical Arrangement. Located at HORIBA MIRA, Nuneaton. 14

2.4 CISPR12 Test Layout for Vehicles. Reproduced from CISPR 12 . . . . . . 18
2.5 CISPRI12 Determination of Conformance of Radiated Disturbance. Reproduced

from CISPR 12 . . . . . . . . . e 21
2.6 Detector Level Indication . . . . . . . .. ... ... .. ... .. ..., 23
2.7 CISPR 12 Radiated Emissions Limits . . . . . . . . . ... ... ... ... 24
2.8 Typical CISPR 32 EUT Setup on Non-Conductive Table. Reproduced

from CISPR 22 . . . . . . . . . e 26
3.1 Correctly Discretized Mesh Surface Current Vector Distribution . . . . . . 34
3.2 Under Discretized Mesh Surface Current Vector Distribution . . . . . . . . 35
3.3 Example of Wire Not Connected to Nodein Mesh . . . .. ... ... .. 36
3.4 Example of Wire Connected to Nodein Mesh . . . . ... ... ... ... 37
3.5 Vehicle Body Shell (VBS), Electromagnetic Model . . . . ... ... ... 38
3.6 Vehicle Body Shell 2 (VBS2), Electromagnetic Model . . . . . . . ... .. 39
3.7 Vehicle Body Shell Model Detailing ‘Gaps’ Around Doors . . . . . .. .. 39
3.8 Location of ‘A’, ‘B’ and ‘C’ Pillars on Vehicle . . . . . ... ... .. ... 40
3.9 Location of Sources 1 and 3 Within VBS Model . . . . . . ... ... ... 40
3.10 Location of Source 2 Within VBS Model . . . . . . . ... ... ..... 41
3.11 Surface Current Investigation . . . . . . . ... .. ... .. ... ... 42

3.12 VBS Model with Locally Refined Mesh around ‘A’ Pillars and Top of Door 42

4.1 Basic EN55022 OATS Antenna/ EUT Setup . . . ... ... ... .... 46
4.2 Basic CISPR 22 Antenna/ EUT Setup . . . . .. ... ... ... ..... 47
4.3  Uniform Plane Wave with an Oblique Incidence to a Perfect Conductor . . 49
4.4 Height of E,q, for OATS Measurements . . . . . . .. . .. .. ... ... 50
4.5 Height Scan Investigation Setup, Electrically Small Source . . . . . . . .. 54

4.6 100 MHz Height Scan Electrically Small Source, Horizontal Receive Antenna 55
4.7 100 MHz Height Scan Electrically Small Source, Vertical Receive Antenna 56
4.8 400 MHz Height Scan Electrically Small Source, Horizontal Receive Antenna 57
4.9 400 MHz Height Scan Electrically Small Source, Vertical Receive Antenna 57
4.10 600 MHz Height Scan Electrically Small Source, Horizontal Receive Antenna 58
4.11 600 MHz Height Scan Electrically Small Source, Vertical Receive Antenna 58
4.12 1000 MHz Height Scan Electrically Small Source, Horizontal Receive Antenna 59

viii



List of Figures ix

4.13
4.14

4.15

4.16

4.17
4.18
4.19
4.20
4.21
4.22
4.23

4.24

4.25
4.26
4.27
4.28
4.29

4.30
4.31
4.32
4.33
4.34
4.35
4.36
4.37
4.38
4.39
4.40
4.41

4.42
4.43

4.44

4.45

1000 MHz Height Scan Electrically Small Source, Vertical Receive Antenna 59

1000 MHz Height Scan Electrically Small Source, Vertical Receive Antenna,

8.5 m Source to Antenna Distance . . . . . . ... ... 60
Antenna Height Maximum Emissions Recorded Against Frequency, Horizontal
Antenna . . . ... 61
Antenna Height Maximum Emissions Recorded Against Frequency, Vertical
Antenna . . . ... 61
800 MHz Height Scan Electrically Small Source, Horizontal Receive Antenna 62
Error Bias due to Height Scan, Horizontal Antenna . . . . . . . .. .. .. 63
Error Bias due to Height Scan, Vertical Antenna . . . . . . .. ... ... 63
Electrically Large Source (Nissan Micra), Height Scan Measurement Setup 65
Electrically Large Source, Wire Harness, Height Scan Measurement Setup 66
Electrically Large Source, Wire Harness on Non-Conductive Table . . . . 67
CNE E-Field Output Compared to Ambient Noise Floor, Horizontal Receive
Antenna . . . ... 68
CNE E-Field Output Compared to Ambient Noise Floor, Vertical Receive
Antenna . . ... L 68
100 MHz Height Scan Electrically Large Source, Vertical Receive Antenna 69
100 MHz Height Scan Electrically Large Source, Horizontal Receive Antenna 70
600 MHz Height Scan Electrically Large Source, Horizontal Receive Antenna 70
600 MHz Height Scan Electrically Large Source, Vertical Receive Antenna 71
Antenna Height Maximum Emissions Recorded Against Frequency, Vertical
Antenna . . . . ... 72
Antenna Height Maximum Emissions Recorded Against Frequency, Horizontal
Antenna . . . . ... 72
100 MHz Height Scan Long Wire Source, Horizontal Receive Antenna . . 73
100 MHz Height Scan Long Wire Source, Vertical Receive Antenna . . . . 73
600 MHz Height Scan Long Wire Source, Horizontal Receive Antenna . . 74
600 MHz Height Scan Long Wire Source, Vertical Receive Antenna . . . . 74
Antenna Height Maximum Emissions Recorded Against Frequency, Vertical
Antenna . . ... L. 75
Antenna Height Maximum Emissions Recorded Against Frequency, Horizontal
Antenna . . ... L 75
Error Bias Due to Height Scan Only, Electrically Large Source, Horizontal
Antenna . . . ... 76
Error Bias Due to Heigh Scan Only, Electrically Large Source, Vertical
Antenna . . . ... 77
Error Bias Due to Height Scan Only, Long Wire, Horizontal Antenna . . . 77
Error Bias Due to Height Scan Only, Long Wire, Vertical Antenna . . . . 78
CISPR 12 Radiated Emissions Measurement Configuration . . .. .. .. 81
Error Bias Investigation Setup . . . . . . . . . ... 0L 83
Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 1,
Horizontal Polarisation . . . . . . . . . . ... ... 0. 86
Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 1,
Vertical Polarisation . . . . . . . . ... ... ... 86
Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 2,

Horizontal Polarisation . . . . . . . . . . . . . . ... 7



List of Figures X

4.46

4.47

4.48

4.49

4.50

4.51

4.52

4.53

4.54

4.55

4.56

4.57
4.58

4.59
4.60
4.61
4.62
4.63
4.64
4.65
4.66
4.67
4.68
4.69
4.70
4.71
4.72

4.73
4.74

Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 2,
Vertical Polarisation . . . . . . . . . . ... . ... 87
Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 3,
Horizontal Polarisation . . . . . . . . . ... ... ... ... ... ... 88
Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 3,
Vertical Polarisation . . . . . . . . . . . ... ... 88
Polar Plot of Simulated E-field around VBS Model, 98 MHz to 99 MHz,
Source 2, Vertical Polarisation . . . . . . .. ... ... ... ... ..... 89
Polar Plot of Simulated E-field around VBS Model, 98 MHz to 98.5 MHz,
Source 3, Vertical Polarisation . . . . . . .. ... ... ... ... ..... 89
Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 1,
Horizontal Polarisation . . . . . . . . . . . . ... ... ... ... 90
Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 1,
Vertical Polarisation . . . . . .. ... . ... ... ... ... . ... ... 90
Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 2,
Horizontal Polarisation . . . . . . . .. ... . ... ... ... ..... 91
Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 2,
Vertical Polarisation . . . . . . . . .. ... ... . ... ... ... ... 91

Worst Case Error Bias Against Frequency for All Source Positions, Horizontal
Polarisation . . . . . . .. L 92
Worst Case Error Bias Against Frequency for All Source Positions, Vertical
Polarisation . . . . . . .. L 92

Polar Plot of E-field around Vehicle, 50 MHz, Source 2, Vertical Polarisation 93
Polar Plot of E-field around Vehicle, 49 to 50 MHz MHz, Source 2, Vertical
Polarisation . . . . . . . ... 93
Polar Plot of E-field around Vehicle, 49 to 50 MHz MHz, Source 2,
Horizontal Polarisation . . . . . . . . . . . . ... ... ... ... 94
Polar Plot of E-field around Vehicle, 300 MHz, Source 1, Vertical Polarisation 95
General Setup Details, Vehicle in MIRA OATS . . ... .. .. ... ... 98
Noise Source in Vehicle, Position 1 . . . . . .. .. ... .. ... ..... 98
Noise Source in Vehicle, Position 2 . . . . . . .. ... ... ... .. 99
Noise Source in Vehicle, Position 4 . . . . . . ... ... ... ... ... 99
Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,
Source 1, Horizontal . . . . . . . . .. ... ... 100
Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,
Source 1, Vertical . . . . . . . . . 100
Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,
Source 3, Horizontal . . . . . . . . .. ... oo 101
Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,
Source 3, Vertical . . . . . . . . Lo 101
Undersampled Polar Plot of Measured E-Field around Vehicle 3, 500 MHz,
Source 1, Horizontal . . . . . . . . .. .. ... o 102
Undersampled Polar Plot of Measured E-Field around Vehicle 3, 500 MHz,
Source 1, Vertical . . . . . . . . ..o 102
Nigsan X Trail, Error Bias Against Frequency, Source 1, Horizontal . . . . 103
Nissan X Trail, Error Bias Against Frequency, Source 1, Vertical . . . . . 103
Nissan Micra, Error Bias Against Frequency, Source 1, Horizontal . . . . . 104

Nissan Micra, Error Bias Against Frequency, Source 1, Vertical . . . . . . 104



List of Figures xi

4.75 Fiat Van, Error Bias Against Frequency, Source 1, Horizontal . . . . . . . 105
4.76 Fiat Van, Error Bias Against Frequency, Source 1, Vertical . . . . . . . .. 105
4.77 Ford Focus, Error Bias Against Frequency, Source 1, Horizontal . . . . . . 106
4.78 Ford Focus, Error Bias Against Frequency, Source 1, Vertical . . . . . .. 106
4.79 CISPR 12 Example Vehicle Measurement Setup . . . . . . . .. ... ... 109
4.80 CISPR 12 Ambient (Measurement System Noise Floor) Level . . . . . .. 110
4.81 CISPR 12 Vehicle Emissions . . . . . . . .. .. ... ... ... ...... 111

4.82 CISPR 12 Vehicle Emissions relative to Measurement System Noise Floor 111
4.83 Vehicle Meas-A CISPR 12 Radiated Emissions Frequency Investigations . 112
4.84 Vehicle Meas-B CISPR 12 Radiated Emissions Frequency Investigations . 113
4.85 Vehicle Meas-D CISPR 12 Radiated Emissions Frequency Investigations . 113
4.86 Vehicle Meas-F CISPR 12 Radiated Emissions Frequency Investigations . 114

4.87 Worst Case Emissions Frequency Investigations . . . . . . ... ... ... 114
4.88 Summary of Error Bias Due to CISPR 12 Configuration . . . . . ... .. 116
5.1 Hemi-Spherical General Test Setup . . . . . . . .. .. ... ... ... 120
5.2 Cylindrical Scan General Test Setup . . . . . . .. ... .. ... .. ... 121

5.3 Error Against Number of Measured Azimuth Angles, Horizontal Polarisation123
5.4 FError against Number of Measured Azimuth Angles, Vertical Polarisation 123
5.5 Time against Number of Measured Azimuth Angles . . . . . . . ... ... 124
5.6 Azimuth Angle Maximum Amplitude of E-Field Recorded, Three Vehicles 126
5.7 Azimuth Angle Maximum Amplitude of E-Field Recorded, Nissan Micra 127
5.8 Reverberation Chamber Configuration. Figure reproduced from BS EN 61000-4-21130
5.9 Reverberation Chamber Configuration. Figure Reproduced from BS EN 61000-4-21133

5.10 Basic Layout of Test Wire Method . . . . . . . .. ... .. ... ... .. 137
5.11 Test Wire Orientations Around EUT . . . . ... ... .. .0 .. 137
6.1 Simple Vehicle Test Case (SVTC) EM Simulation Model - 3D View . . . . 144
6.2 Simple Vehicle Test Case (SVTC) EM Simulation Model - Front View . . 145
6.3 Simple Vehicle Test Case (SVTC) EM Simulation Model - Side View . . . 145

6.4 Simple Vehicle Test Case "Simulation” Model’, Showing Surface Currents . 146
6.5 Simple Vehicle Test Case "Simulation’ Model’, Showing Refined Mesh . . . 147
6.6 Floor Pan of Simple Vehicle Test Case Passenger Compartment Showing

Monopole Location . . . . . . . . ... 148
6.7 Stripline Above a Metallic Ground Plane EM Model . . . . .. ... ... 149
6.8 Characteristic Impedance Plot of Example Wire Transmission Line . . . . 150
6.9 SVTC Model Showing Test Wire Locations . . . . . .. .. .. ... ... 152
6.10 Plan View of SVTC Model Showing Test Wire Locations . . . . . . . . .. 153
6.11 Test Wire 2 Impedance Plot for SVTC Model . . . . . . . ... ... ... 153
6.12 Third Scale SVTC Dimensioned Physical Model (Front) . . . . ... ... 154
6.13 Third Scale SVT'C Dimensioned Physical Model (Side) . . . . . .. .. .. 155
6.14 Third Scale Physical Model . . . . . . . .. ... ... ... ... ... 156
6.15 Close Up Detail Showing Test Wire Spacers . . . . . . .. ... ... ... 156
6.16 Noise Source Inside Model . . . . . .. .. ... .. L. 157
6.17 Test Wire Termination . . . . . . . . . . . .. ... ... .. 157
6.18 Measured Input Impedance of Test Wire . . . . . . .. .. ... ... ... 158

6.19 SVTC EM Model E-Field Points Used . . . . . . . . . . . ... ... ... 159



List of Figures xii

6.20
6.21
6.22

6.23

6.24

6.25

6.26

6.27
6.28
6.29

6.30

6.31

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15
7.16
7.17
7.18
7.19
7.20
7.21
7.22
7.23
7.24

7.25
7.26

SVTC Model CISPR 12 Method Mean Error Bias for All Source Positions 161
Error Bias for All Sources (50 -300 MHz) . . ... ... ... ....... 162
Polar Diagram of Measured E-Field Emissions from Source 1 at 300 MHz

(100 MHz Scaled), Horizontal Polarisation . . . . . . . . .. .. ... ... 162
Polar Diagram of Measured E-Field Emissions from Source 1 at 300 MHz

(100 MHz Scaled), Vertical Polarisation . . . . . . ... .. ... ..... 163
Polar Diagram of Measured E-Field Emissions from Source 1 at 450 MHz

(150 MHz Scaled), Horizontal Polarisation . . . . . . . . .. .. ... ... 163
Polar Diagram of Measured E-Field Emissions from Source 1 at 450 MHz

(150 MHz Scaled), Vertical Polarisation . . ... ... ... ... ..... 164
Test Wire Measured Voltage and Maximum E-Field Measured Against

Frequency, Source Position 1, Horizontal Polarisation . . . . . . . . . . .. 165
Spread of Measured K-Factor for Source Positions 2to 5 . . . . ... ... 166
Comparison of the Error Bias Using K-Factor; and K-Factor,, . . . . . .. 167
Comparison of the Average CISPR 12 Method Error Bias with Test Wire

Method, Source 1 . . . . . . . . .. L 167
Comparison of the CISPR, 12 Method Error Bias with Test Wire Method,

Source 1, Horizontal Polarisation . . . . . . ... ... ... ... ..... 168
Comparison of the CISPR 12 Method Error Bias with Test Wire Method,

Source 1, Vertical Polarisation . . . . . . . .. ... ... ... ... 169
Basic Stripline Design . . . . . . . . Lo 173
Basic Microstrip Design . . . . . . . . . ... Lo 173
Characteristic Impedance for Strip Line For Different Values of ¢, . . . . . 176
Strip Height Against Characteristic Impedance . . . . . .. .. ... ... 179
Characteristic Impedance for Strip Line with Polycarbonate Substrate . . 179
MicroStrip Construction Diagram . . . . . . . .. . ... ... ... ... 181
MicroStrip Simulation Model . . . . . . ... ..o 182
MicroStrip Impedance (Simulated) . . . . . ... ... ... ... ... .. 183
Measured MicroStrip Impedance (Real Values) . . . ... ... ... ... 184
VBS Source Positions (Plan View) . . ... ... . ... ... ... ... 185
VBS2 Source Positions - Source 1and 2 . . . . ... ... ... ... ... 186
VBS2 Source Positions - Source 3 . . . . . . ... oL 186
VBS2 at 50 MHz, Single Source in Position 1 . . . . .. . ... ... ... 187
VBS2 at 300 MHz, Single Source in Position 1 . . . .. .. .. ... ... 187
VBS at 300 MHz, Single Source in Position 1 . . . .. ... .. ... ... 188
VBS at 300 MHz, Single Source in Position 5 . . . . ... ... ... ... 188
VBS Model, Detailing Seams Around Bonnet . . . . ... ... ... ... 189
Surface Current Test Positions . . . . . . .. ... ... .. .. ...... 190
Noise Source Inside Vehicle, Source Position 1 . . . . . . . ... ... .. 191
Surface Current Measurement Setup . . . . . . . . ... ... ... ... 192
Surface Current Probe, Test Position 33 . . . . . ... ... ... ..... 192
Surface Current Measurement Point Conversion . . . . . . .. . ... ... 193
Surface Current Probe Measurement Equipment Setup . . . . . . .. ... 193
Surface Current Amplitude Recorded at 50 MHz Compared of to Amplitude

Recorded at 200 MHz . . . . . . . . . ..o 194
Scatter Plot of Simulated Surface Current to Measured Data (150 MHz) . 195
Plot of Simulated Surface Current to Measured Data (150 MHz) . . . . . 195



List of Figures xiii

7.27
7.28
7.29
7.30
7.31
7.32
7.33
7.34
7.35
7.36
7.37
7.38
7.39

7.40
7.41

7.42

7.43
7.44
7.45

7.46
7.47
7.48

7.49
7.50
7.51
7.52

Scatter Plot of Simulated Surface Current to Measured Data (200 MHz) . 196
Plot of Simulated Surface Current to Measured Data (200 MHz) . . . . . 196
Scatter Plot of Simulated Surface Current to Measured Data (250 MHz) . 197
Plot of Simulated Surface Current to Measured Data (250 MHz) . . . . . 197
Scatter Plot of Simulated Surface Current to Measured Data (300 MHz) . 198
Plot of Simulated Surface Current to Measured Data (300 MHz) . . . . . 198
MicroStrip Measurement Setup, Position 3 . . . . . . ... ... ... ... 200
Surface Current Test Positions . . . . . . .. .. ... ... ... 200
Measured K-Factor for Source Positions 1to4. . . .. ... ... .. ... 202
Final K-Factor . . . . . . .. . . 203
MicroStrip Measurement Positioning on Different Vehicles, A Pillar . . . . 205
MicroStrip Measurement Positioning on Different Vehicles, Top of Door . 205

Test Wire Measured Voltage and Maximum E-Field Measured Against
Frequency, Source Position 1, Horizontal Polarisation . . . . . . . . . . .. 206
CISPR 12 Error Bias Recorded for Three Test Vehicles . . . . . . . . . .. 207
Maximum E-Field E;;q;, Maximum CISPR 12 Amplitude, Ec;spr and
Maximum MicroStrip Amplitude, Nissan Micra . . . . . . ... ... ... 208
Scatter Plot of MicroStrip Amplitude Against Maximum E-Field Amplitude,
Nissan Micra . . . . . . . . . . . 209
MicroStrip Error Bias, Nissan Micra . . . . . . . . ... .. .. ... ... 209
Maximum E-Field Amplitude, Fiat Van . . . . .. . ... ... ... ... 210
Scatter Plot of MicroStrip Amplitude Against Maximum E-Field Amplitude,
Fiat Van . . . . . . . . 211
MicroStrip Error Bias, Fiat Van . . . . . . . ... ... 211
Maximum E-Field Amplitude, Ford Focus . . . . . ... .. .. ... ... 212
Scatter Plot of MicroStrip Amplitude Against Maximum E-Field Amplitude,
Ford Focus . . . . . . .. 213
MicroStrip Error Bias, Ford Focus . . . . . .. ... ... ... ... ... 213
MicroStrip Error Bias, All Vehicles . . . . . . .. . ... ... ... .... 214
Error Bias Comparison Using MicroStrip Method for All Vehicles . . . . . 215

Error Bias Comparison of MicroStrip Method to CISPR 12 for All Vehicles215



Acknowledgements

I would like to thank my supervisors Dr John Dawson and Professor Andy Marvin for
their support and encouragement during the development and writing of this thesis.
Their help, particularly from Dr Dawson and his attention for detail and guidance were

invaluable in the completion of my research.

This thesis would not have been possible without the financial support of HORIBA MIRA
Ltd. T would like to thank Dr Anthony Martin, Dr Anthony Baxendale and Mr Stewart
Howat of HORIBA MIRA for providing both the funding and allowing time out from my
position at MIRA for my many visits to the University of York and attendance at three
international conferences. Dr Alastair Ruddle, Dr Yu Xian Teo and Mr Mark Emery
of HORIBA MIRA and Dr Lester Low of Bentley Motors for help with the questions I
posed to them on a regular basis, their specialist knowledge have helped me to a much

greater understanding in the field of EMC testing and Electromagnetic Modelling .

I would like to thanks HORIBA MIRA Ltd for the use of their EMC measurement

facilities, without which this research would have proved impossible.

My gratitude is extended to Professor Davy Pissoort and Professor Johann Catrysse
for their support with providing the reports and background information regarding the
‘Test Wire Method’ and their continued interest and encouragement in my research.
Additionally, I would like to thank Mr Mart Coenen for his help regarding the ‘Surface

Current Sense Wire’ project.

I would like to thank my wife Wendy and daughter Matilda for putting up with the late
nights and early mornings of me sitting working in the office, without their love, support

and encouragement this thesis would never have been written.

A final thanks goes to Mrs Sheila Yeomans for her hospitality on my many visits to York.

xiv



Declaration of Authorship

I, Max Paterson, declare that this thesis is a presentation of original work, and that I
am the sole author. This work has not previously been presented for an award at this,
or any other university. All sources are acknowledged as References. In addition to this
thesis I have published the following papers as part of the research conducted towards

part of my PhD.

1. M. Paterson, J.F. Dawson ‘An Investigation into the Errors in the CISPR 12 Full
Vehicle Radiated Emissions Measurements Due to Vehicle Directivity’, International
Symposium on Electromagnetic Compatibility (EMC Europe), Brugge, pages 310
- 315, September 2013.

2. M. Paterson, J.F. Dawson ‘Using the Test Wire Method as an Alternative to
the CISPR 12 Full Vehicle Measurement Method’, International Symposium on
Electromagnetic Compatibility (EMC Europe), Wroclaw, pages 649 - 654, September
2016.

3. M. Paterson, J.F. Dawson ‘An Investigation into Alternatives to the CISPR 12
Full Vehicle Measurement Method’, International Symposium on Electromagnetic
Compatibility (EMC Europe), Amsterdam, pages 885 - 889, August 2018.

Signed:

Date:

XV



Chapter 1

Introduction

1.1 Overview

Radiated emissions can be defined as:

An unintentional release of Electromagnetic, EM, energy from any piece of

electronic equipment

All electronic devices have the ability to propagate electromagnetic fields; whether it be

intentional as in the case a radio transmitter, or un-intentional from a domestic audio

e

equipment, for example.

N

' &

FIGURE 1.1: Emissions Radiating From Equipment Under Test

1
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The fields radiated by the device have the potential to cause disruption to the operation
of other electrical equipment in the vicinity. With this in mind, the ability to both
measure and control the emissions is essential. Control of the level of the emissions can
be achieved by many means, starting with the original design of the device, through to
additional filters and shields that can be added to the device after it has been built. By
using good EMC practices in the design process, many emissions problems can be dealt
with before the design reaches the prototype stage. This is by far the most cost-effective
approach. There is an increasing scale of cost to addressing emissions problems once the
design has gone into production. The position all manufacturers aim to avoid is product

recall in order to ‘fix’ a problem.

As well as being able to control the emissions radiated from a device, a method of
measuring the amplitude of the emissions, and confirming that they are below a level that
can be considered acceptable is necessary. The level of radiated emissions of the device
allowed is strictly defined through International Standards. Some of these Standards are
described in more detail in later chapters of this thesis. Compliance with these standards
is used to give a level of confidence that the device will not cause potential interference

with other electrical equipment.

1.2 Research Motivation and Scope

This thesis presents a quantitative study into the errors in measuring an automotive
vehicle radiated emissions signature using the CISPR 12 [1] method. All electrical
devices can be considered as a transmitter of Radio Frequency, RF, energy, whether
it be intentional or unintentional as is the case with a motor vehicle. This energy
will propagate away from the device with unknown directions and amplitudes. This,
it is known [2], [3], means that an electrically large item will have a complex emissions
radiation pattern and if the maximum amplitude of the energy is to be recorded a full,
spherical scan around the device would be required. This is both complex, in terms of
the equipment required, and also very costly due to the time required to perform the
tests. As a typical vehicle , car, van bus lorry etc., can be considered as electrically large
over the frequency range of 30 MHz to 1000 MHz, specified in CISPR 12, a complex

radiated emissions pattern can be expected.
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The CISPR 12 method involves performing radiated emissions measurements from two
positions around the vehicle; broadside to the passenger and driver side. Almost all
other commercial radiated emissions test standards specify that as a minimum a full 360°
azimuth scan of the EUT should be employed, along with receive antenna height scanning
being specified in many cases to further maximise the measured emissions. Within the
automotive industry, a minimal programme of testing used for radiated emissions has
been employed, mainly due to financial constraints, as full azimuth and receive antenna
scanning would dramatically increase both the cost and time taken to perform the test.
However, should this approach to testing be used; for instance to determine the tallest
person in a given population, the idea of measuring only two people and extrapolating
the data to imply significance would be wholly inaccurate. Ergo, the process of CISPR 12
measurements, it can be argued, fails to fully and significantly determine the maximum
field amplitude, rather follows the given analogy and simply measures the EM equivalent

of ‘two people’.

It is acknowledged that an electrically large radiator will have a radiation pattern that
is not omni directional at all frequencies [3]. For a typical vehicle: a car, van or bus
for example, this will be the case over the full frequency range of 30 MHz to 1 GHz, as
specified in CISPR 12. Tt follows, therefore, that following the Standards requirements,
and performing measurements at just two azimuth angles, will drastically reduce the
likelihood of recording the maximum emissions signature of the vehicle in that particular

test environment L.

Having worked within an automotive research organisation for many years, predominantly
within the EMC department, I have developed an interest in the methods employed
during automotive radiated emissions measurements. In particular why the methods
employed differ from those used for almost all other product types and the impact this

may have upon electronic devices in the near vicinity.

To date, little research has been published to investigate either: the effect that the limited
scope of the test methods defined in CISPR 12 has on the maximum amplitude of the
measured emissions, or possible alternative methods that could be employed to address

this problem.

Tt has been shown by the author that errors of up to 30 dB can be recorded using the CISPR. 12
method [4]
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The scope of the research presented in this thesis includes:

e Measurement and simulation of the radiated emissions from a range of devices,
both electrically small and large devices using both the CISPR 12 and CISPR, 22
[5] method.

e Define the upper and lower frequency of emissions from a range of commercially

available vehicles

e Perform a study into possible alternative techniques to the CISPR 12 method that

could potentially reduce the errors recorded in the maximum emissions amplitude
e Development of the Test Wire Method for automotive emissions measurements

e Production of the MicroStrip Method for measuring vehicle level radiated emissions

1.3 Original Contributions

This thesis presents the following original contributions to the field of automotive radiated

emissions measurements:

1. The analysis of the error in the maximum amplitude of the electric field, recorded
during a CISPR 12 radiated emissions test, as a consequence of performing measurements
at a limited number of azimuth angles around the vehicle, and using a single receive

antenna height. This analysis enabled the following:

e Consequences of not using EUT azimuth scanning during a CISPR 12 measurement,
error introduction for both electrically small and large EUTs was determined
and additionally quantified. Full details of this can be found in Section 4.3 of

this thesis, the results are summarised in Section 4.5.

e Consequences of not using antenna height scanning during a CISPR 12 measurement,
error introduction for both electrically small and large EU'Ts was determined
and additionally quantified. Full details of this can be found in Section 4.2 of

this thesis, the results are summarised in Section 4.5.
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2. A novel, new method for measuring the radiated emissions from a vehicle, that
reduces the errors in the maximum amplitude of the electric field recorded by over
10 dB, compared with those recorded during a CISPR 12 full vehicle radiated
emissions test. The background and development of the MicroStrip method is
detailed in Section 7.1, measurement results from the validation of the MicroStrip

Method are detailed in Section 7.2 of this thesis.
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1.4 Outline of the Thesis

An overview of radiated emissions testing methods are described in Chapter 2. The
chapter begins a brief history of radiated emissions measurements, describing how the
early emissions tests and Standards were developed. A typical facility, an Open Area
Test Site (OATS), for performing radiated emissions measurements is then detailed. The
test procedure used to perform radiated emissions measurements on a vehicle is then
contrasted with a method used to perform the measurements on an item of Information
Technology, I'T, equipment. The two methods have a number of fundamental differences
in how the test are performed and as a consequence, the likelihood of each the tests
recording the maximum amplitude of the emissions radiated by the equipment under

test.

Chapter 3 contains an overview of Electromagnetic (EM) Modelling for automotive
applications. The chapter gives a brief introduction to the subject of EM modelling,
detailing some of the parameters needed to build a model of the device to be simulated.
The mesh size used to build the model is described and guidelines for the minimum
mesh element size is introduced. Details of how the results can be validated once the
simulations have been run is discussed. The final Section of the chapter illustrates the
EM model of the Vehicle Body Shell (VBS) that was simulated in the later chapters of
this thesis.

Chapter 4 describes the experimental work carried out to investigate the affect that
receive antenna height scanning and EUT azimuth scanning during a radiated emissions
tests has upon the likelihood of recording the maximum amplitude of E-field. The
affect of the two parameters is used to quantify the errors introduced during a vehicle
level radiated emissions tests by using a simplified test methodology. The chapter also
describes analysis of the radiated emissions measured from a range of different vehicle
types. From this analysis, the frequency range utilised in the measurements performed

in the research described in this thesis, were determined.

In Chapter 5 a range of alternative test methods to the procedure currently used to
measure radiated emissions from automotive vehicles is described. The chapter highlights
the advantages and disadvantages of the alternate methods and concludes with the a

suggested alternative, to be further investigated, to the current vehicle level test. F
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Chapter 6 describes the investigation into the ‘Test Wire’ Method (TWM), suggested
as a possible alternative in Chapter 5. The TWM is used as a basis for measurements
performed on a sub-scale model, as a means of proof of concept, to determine if the
Error Bias could be reduced. Based upon the results obtained, it was concluded that the
TWM was a viable alternative to the current vehicle level test, although it still exhibited

a number of disadvantages.

Chapter 7 describes further development of the TWM, resulting in an improved design,
designated as the ‘MicroStrip Method’ (MSM). The MSM recorded an improved Error
Bias, compared to the TWM and also addressed the disadvantages that were found with
using the TWM. The EB recorded using the MSM was quantified, and compared to the

EB recorded using the current vehicle level test methods.

Chapter 8 closes the thesis with details of the conclusions that were drawn from the
previous chapters of the thesis. A discussion of the key achievements of the research

presented and future work to further develop the MicroStrip Method is proposed.



Chapter 2

Overview of Automotive Radiated

Emissions Testing

2.1 Introduction

In this Chapter an introduction to radiated emissions measurements is presented. Starting
with a brief history of radiated emissions measurements from the early days, around the
time of Marconi’s telegraph transmissions, through to the current requirements of the
EMC Directive [6]. A time-line of how the current test Standards and Directives became
European and worldwide law is described. The second part of the chapter describes
an Open Area Test Site, OATS, the typical test site used for performing vehicle level
radiated emissions measurements. Finally an overview of a range of commercial radiated
emissions standards is then detailed, contrasting how the methods used for automotive
measurements detailed in CISPR 25 [7] and CISPR 12 [1]| differ from those used for

almost all other types of product.

2.1.1 A Brief History of Radiated Emissions Measurements

Radiated emissions can be described as an electromagnetic field emitted from any source,
whether it be intentional or non-intentional. One of the earliest man made intentional
transmission sources was produced in the late 1900’s by Marconi when he made the first

transatlantic transmissions. It could be argued that this transmission ‘sparked’ the need
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for corrective action to be taken to address interference caused with early radio receivers.
Radio equipment at this time was very crude by today’s standards; and were prone to

problems with interference.

In 1892, the German Parliament issued the first law that dealt with electromagnetic
interference, known as the ‘Law of Telegraph in the German Empire’ [8]. This law also
gave details regarding the procedures that should be followed when cases of interference

were encountered.

The United States, US, Navy started to implement radio telegraphy onto its ships in
1899. They encountered what is possibly the first case of radio frequency interference.
At the time all radios transmitted on the same frequency. The Navy found that when
multiple transmitters were used simultaneously, reception of the signal was corrupted.
The problem became known as Radio Frequency Interference, RFI. As technology has
advanced, the sources of emissions and the proliferation of devices that could be prone to
being affected has increased massively. By the 1930’s electric motors, the electrification
of the railway network and a multitude of other electrical devices were beginning to cause

widespread problems with interference with the broadcast radios of the day. [9].

This increase in development of electrical devices accelerated during World War 11,
with the military being the main driving force. Cases of breakdown and interference
noise in communication devices due to navigation equipment on board planes and other
military vehicles started to become widespread. However, at this time a simple change
in transmission frequency was sufficient to remedy the problem due to the minimal use
of the RF spectrum at that time. At the end of the war, a special subcommittee of
the American Standards Association, ASA, known as the Sectional Committee C63,
Radio-Electrical Coordination issued the Radio Frequency Interference, RFI, standard
known as the Joint Army-Navy Specification JAN-1-225 [10]. Around this time the
first conferences to discuss the issue of RFI started, the Armour Research Foundation

conference on Radio Frequency Interference [11] being one of the first in 1954.

By the end of the war electronic device development had moved on significantly and
the advent of the semiconductor age introduced a whole range of new interference
problems. By the 1970’s, the introduction of integrated circuits had helped, in part,
to allow electronic designers to introduce digital signal processing techniques, which by

virtue of the ever increasing digital switching speeds and reduction in device size lead to
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systems that contained more and more sources of components all generating waveforms
with a spectrally rich content. Electromagnetic Interference, EMI as it became known,
was now a problem to a wider range of devices. As the amount of electronic devices
purchased by the general public increased, the interference problems that had previously
been encountered only on military platforms began to manifest themselves on radios,

HI-Fi equipment and televisions in the home and workplace.

With the rise in EMI issues being reported, Europe lead the way in tackling the problem.
In 1933 a meeting of the International Electrotechnical Commission, IEC, suggested
the formation of the International Special Committee on Radio Interference (Comité
International Spécial des Perturbations Radioélectriques), CISPR. CISPR published a
document that outlined the need for measurement equipment required to determine the
level of interference being caused by electronic devices. In the post-war years, CISPR
held meetings that delivered a range of technical papers dealing with all aspects of
measurement systems and also defined recommended emissions limits. Some FKuropean
countries also started to implement their own requirements for the emissions from digital
electronic devices, based upon the CISPR recommendations. In 1973 the IEC set up
Technical Committee TC77 whose function was to develop the standards related to the
field. The Federal Communications Commission, FCC, in the USA published regulations
in 1979 that detailed the maximum level of emissions that were acceptable from electronic
devices. The FCC took things one stage further, making the compliance with the limits

a legal requirement rather than a recommendation.

Many European countries continued to use the recommendations of CISPR up until the
launch of the EMC Directive, 89/336/EEC [12],in January 1989, as one of a series of
measures introduced under Article 100a of the Treaty of Rome. The primary objective of
Article 100a was to create a single Furopean market for goods and services. The Directive
set out to standardise the requirements across Member States of the European Union,
it details the essential legal requirements for the protection of electronic devices from
radio interference that are placed on the market within Europe. The Directive, does not,
however, detail specific emissions limits, this information is provided through a range
of generic and in some cases, product type specific standards. These Standards were
then used by the manufacturer of the item trying to release their device onto the market
as a means to be able to demonstrate compliance with the Directive. Compliance can

be achieved through a range of tests or by the production of a Technical Construction
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File, TCF. There is no mandatory requirement under the Directive to physically test
the device, however, proving compliance by a purely documentation route is not always
straightforward and testing may be the only option. The original version of the EMC
Directive has subsequently been revised and re-issued, at the time of writing this thesis

under the reference of 2014/30/EU [13]

While the vast majority of products must comply with EMC Directive there are a number
of exceptions, these include; components and sub-assemblies that have no intrinsic function
and products that are covered by other Directives. Examples of products covered by
different Directives are detailed in Table 2.1.

TABLE 2.1: Devices Not Covered under the EMC Directive

Device Type Applicable Directive
Medical Devices Medical Device Directive (93/42/EEC) [14]
Marine Equipment Marine Equipment Directive (2014/90/EU) [15]

Agricultural Tractors Agricultural and Tractors Directive (2009/64/EC) [16]
Cars and Vans Automotive EMC Directive (UNECE Regulation 10.05) [17]
Radio Equipment Radio Equipment Directive (2014/53/EU) [18]

Since the early 1970’s the suppression of radio interference from spark ignition engines
has been covered by the Automotive Directive. The automotive industry initiated an
amendment to the EMC Directive to cover the EMC requirements of motor vehicles. The
first generation of the document was released in 1972 under the reference of 72/245/EEC
|19] with the aim of regulating the radio interference problems found in vehicles. The
scope of the directive was limited, at this time due to the minimal amount of electronics
found in cars of the day. However, by the mid 1990’s cars, and other automotive vehicles,
were beginning to advance and more and more electronic devices were beginning to be
implemented into the latest designs. In an attempt to keep pace with the automotive
industry, 72/245/EEC was replaced with a new Directive, 95/54/EC [20] which extended
the frequency range at which radiated emissions and radiated immunity tests were
required to comply. Where 72/245 /EEC only required measurements to be performed up
to 300 MHz, 95/54/EC required emissions tests to be performed up to 1 GHz. In the late
1990°’s a project was setup by the EU Commission, which set out to examine revisions

to the then current EMC Directive 95/54/EC. The project was run by York EMC
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Services and detailed changes to the Directive that had been requested by automotive
manufacturers, automotive Tier 1 suppliers and EMC test houses. The result of the
report was the issue of a revised Directive under the reference of 2004/104/EC [21]. One
of the major differences implemented in the latest version was that it now referenced
international automotive test standards for some of the test methods and setups. The
latest incarnation of the Directive is known as ECE Regulation 10, revision 5 [17] being
the current version. This Directive is no longer regulated regulated under the Furopean
Directives, instead it is legislated by the United Nations Economic Commission for
FEurope, UNECE. In order for a vehicle to be released on to the open market compliance

must be shown with the requirements of the Regulation.

2.1.2 Radiated Emissions Test Methods

2.1.2.1 Open Area Test Site

Radiated emissions measurements can be performed at a number of different test sites,

possibly the most common being the Open Area Test Site, OATS.

An OATS test site should be flat and free from electromagnetic reflecting objects, other
buildings etc., this means that the test support building will need to be located some
distance away from the test site; very often underground. As the ground around the
test site will reflect RF differently depending on such factors as conductivity of the
soil, surface roughness and moisture content the ground effect is regulated by the use
of a metal ground plane. The minimum dimensions of this ground plane are defined in

CISPR 16-1-42 |22] and shown in Figure 2.1.
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Equipment Under Test

Antenna

Y

D=d+2m
W=a+2m
L=3morl0m

F1GURE 2.1: CISPR OATS Size Requirements. Reproduced from CISPR 16-4-2

The ground plane employed at an OATS should preferably be made of solid metal sheets
that have been welded together, this is not, however, always practical. There will be
a tendency for such a ground plane to hold water in wet conditions and warp in hot
weather. A popular method of avoiding both of these problems is to use a metal mesh,
this will allow water to drain and will resist distorting due to high temperatures. The
mesh should not have any holes greater than 0.1 A at the highest frequency of operation,
typically 3 cm at 1GHz. Scattering from the edges of the ground plane is possible [23],
[24], so the edges should be terminated into the soil.The ground plane should be flat
to within 0.15 A at the highest frequency of operation, typically 4.5cm at 1 GHz for a
3 m test site or 0.28 A, 8.4 cm for a 10 m site. Figures 2.2 and 2.3 show two typical
OATS layouts. The site at Eurofins Castleford shows a small enclosure for the EUT

being tested while the receive antenna in not enclosed,
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F1GURE 2.2: CISPR12 OATS Typical Arrangement. Located at Eurofins Castleford.

The test area is very often covered over with a non RF reflective structure usually
fibreglass or plastic, this allows for all weather testing to be performed. It has been
shown that test results can be affected by this structure in wet or icy weather as the
moisture can cause the enclosure walls to become reflective [25]. Care should be taken
to guard against this.

»

FiGUure 2.3: CISPR12 OATS Typical Arrangement. Located at HORIBA MIRA,
Nuneaton.

The site at HORIBA MIRA has the entire measurement area covered by a non-conductive

building.



Chapter 2. Overview of Automotive Radiated Emissions Testing 15

A major source of uncertainty in the OATS facility is that of the ambient RF environment.
Not only will the measurement antenna be receiving the emissions from the EUT, but it
will also be receiving emissions from any number of RF sources within the the local area
of the test facility, from machinery in a local factory, a nearby person with a mobile phone
to a passing taxi cab etc. All these ambient sources will have the tendency to swamp
the wanted emissions from the EUT. Steps can be taken to minimise the affect of this
problem. The site should, where possible, be chosen to take advantage of a naturally
quiet RF environment, i.e not in the middle of a large industrial estate, or next to a
mobile phone mast. However a naturally quiet RF site is almost an impossibility to
find due to the presence of TV and radio signals, amongst others. There are guidelines
defined for the minimumn field strength that broadcasters are required to produce, while
this is good news for anyone wanting to listen to the radio or watch the TV it makes the
job of the EMC test engineer very difficult. Within the frequency ranges occupied by TV
and radio the ambient signal will almost certainly be over the allowed EMC emissions
limits, resulting in any emissions from the EUT being masked. An option offered by some
test standards, EN55032 [26] for example, is to perform the measurements at a closer
distance, with a corresponding reduction in the limit line. This attempt at a solution
has two problems, firstly even at 1 m measurement distance the likelihood of the EUT
emission being stronger than that of the local TV transmitter are very unlikely and,
secondly reducing the measurement distance to 1 m introduces further issues, such as
near field uncertainty and antenna coupling. A further problem with ambient signals is
that of transient ambients. If a signal is emitted at a constant frequency, even if it is
not possible to actually measure the EUT emissions at that frequency, it can at least
be tagged and ignored. Transient emissions are more difficult to deal with, and must
be investigated every time a measurement is performed to determine whether they are
from the EUT or are an ambient signal that can be discounted. Ambients are generally
dealt with by performing an initial frequency sweep with the EUT switched off in order
to obtain a baseline level. A further measurement is then performed with the EUT in
its operational mode and the two sweeps compared. In theory any emissions evident in
the second sweep that were not present in the first one should be attributed solely to the

EUT.
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2.2 Overview of Current Test Procedures used for Automotive

and IT Products

2.2.1 Introduction

As described in section 2.1.1 the measurement of radiated emissions involves using a test

procedure determined by one, or a combination, of the following:

e product type of concern
e the market into which the item will be sold

e the customer to whom the item may be sold for fitting into another item (a car for

example)

The actual test method used to measure radiated emissions varies considerably, depending
on the exact product type. Automotive tests are, as previously stated in Section 2.1.1,
not required to meet the limits of the EMC Directive. They are instead regulated under
the Automotive Directive. The methods used to perform the emissions test detailed in
the Automotive Directive, which references CISPR 12 [1], differ from the methods used
to measure most other electrical items. This section will describe the methods used for
performing CISPR 12 measurements and those used for a typical piece of I'T equipment.

The methods will be compared and contrasted to highlight the key differences.

2.2.2 Automotive Vehicles: CISPR 12

CISPR 12 [1] is the document referenced by the Automotive Directive and is intended to
set out a procedure for the testing of radiated emissions from vehicles, boats and internal
combustion engine driven devices. The emissions amplitude limits defined in CISPR 12

alm to provide:

Protection for broadcast receivers in the frequency range of 30 MHz to 1000 MHz

when used in the residential environment
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CISPR 12 aims to ensure that the vehicle does not cause interference with receivers
outside its bounds, i.e other passing vehicles domestic radio/TV receivers situated in
houses etc. The test may not ensure protection to receivers located closer than 10 m

from the test vehicle.

The Standard defines the radiated emissions requirements of the following:

e Vehicles propelled by an internal combustion engine, an electric motor or hybrid

vehicles powered by a combination of the two.

e Boats propelled by an internal combustion engine an electric motor or hybrid

vehicles powered by a combination of the two

e Devices equipped with an internal combustion engine or traction batteries

Table 2.2 details examples of each product type listed above, note that this list is by no
means exhaustive and is shown to indicate the range of vehicles and devices covered by
the Standard.

TABLE 2.2: Scope of Devices covered by CISPR 12

Car, Van Truck, Moped, Agricultural Machinery, Earth
1 Vehicle Moving Machinery and Tractors, Mining Equipment,

Snowmobiles.

Any vessel to be used on the surface of the water, no longer
2 Boats
in length than 15 m

Chainsaws, Irrigation Pumps, Snow Blowers,
3 Devices

Air Compressors, Lawn Mowers

The measurements can be performed at an Outdoor Test Site, OTS, an Anechoic Lined
Shielded Enclosure, ALSE, or an Open Area Test Site (OATS). The reference test site
detailed in CISPR 12 is the OTS, with a clause that the tests may be performed at with
an OATS or ALSE if correlation to the results obtained using an OTS can shown. The
research described in this thesis is based around measurements performed at an OATS.
Other test methods, such as performing the tests in a Reverberation Chamber, RC, are

not allowed as a method of showing compliance with the requirements of CISPR 12. A
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brief description of RCs and their use for performing radiated emissions measurements

can be found in Section 5.1.4 of this thesis.

Engine midpoint positioned
on normal from antenna
midpoint

-|

Vehicle Under Test

10.0m +/-0.2m

Measurement
Antenna

Restricted Region
No Measuring
Equipment Allowed

Permitted Region for
Measuring Equipment

F1GURE 2.4: CISPR12 Test Layout for Vehicles. Reproduced from CISPR 12

The distance between the phase centre of the receive antenna and the closest metallic
part of the vehicle, when the bore sight of the antenna is in line with the engine midpoint,
is 10 m £0.2 m. A caveat is included in the standard that a 3 m (£0.05 m) measurement
distance may be used under circumstances where ambient levels preclude measurement
at 10 m. If the test vehicle is longer than the area illuminated by the 3 dB beam width of
the receive antenna (approximately 60 degrees for a typical log periodic antenna, which
equates to a distance of 1.75 m either side of the antenna centre line at 3 m distance),
multiple antenna positions must be used to fully quantify the entire emissions signature
of the vehicle. If a 3 m measurement distance is used the test limits should be increased
by 10 dB. The restriction is based upon the inverse distance square law |27| which states
that field radiated from a point source is inversely proportional to the square of the
distance from the source. The increase in limits has, however, been shown to not follow
the % assumption for all devices under test. Studies performed by Garn et al|28] and
Hoolihan [29] have shown that when the measurement distance was reduced from 10 m

to 3 m the actual measured E-field amplitude was found to vary by between 1 dB and
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18 dB across the frequency range of 30 MHz to 1 GHz and not 10 dB as is implied in
CISPR 12.

The receive antenna should be placed on a non conductive mast at a height of 3m £0.05 m
for a measurement distance of 10 m and a height of 1.8 m £0.05 m for a measurement
distance of 3 m. A single antenna height is used throughout the test, i.e height scanning
between 1 m and 4 m is not used. This is one of the key differences between the methods

described in CISPR 12 compared to those used to measure IT equipment, for example.

Measurements will be made on the left and right hand side of the vehicle with the
receive antenna aligned with the centre point of the engine. For vehicles with an internal

combustion engine the engine speed shall be as described in Table 2.3.

TABLE 2.3: Internal Combustion Engine Operating Speeds.

Number of Cylinders | Engine Speed

1 2500 rev/min
> 1 1500 rev/min

Vehicles are tested for compliance against two separate limit lines, designated ‘Broadband’

and ‘Narrowband’. The International Electrotechnical Vocabulary, IEV,[30] defines narrowband

disturbance as:

An electromagnetic disturbance, or component thereof, which has a bandwidth
less than or equal to that of a particular measuring apparatus, receiver or

susceptible device.

A broadband disturbance is consequently defined as:

An electromagnetic disturbance which has a bandwidth greater than that of

a particular measuring apparatus, receiver or susceptible device

During the broadband test the vehicle is measured in ‘Engine Running’ mode and is
configured to have all sources of electrical noise active, i.e. air conditioning at full speed,

set to its coldest temperature, windscreen wipers at full speed, headlights on, engine at
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the speed specified in table 2.3, CD Playing etc. The engine speed is held as detailed
in Table 2.3. For vehicles that utilise an electric propulsion system, the vehicle should,
additionally, be configured on a dynamometer, with the vehicle driving the wheels at a
constant speed of 40 km /h, where a dynamometer is not available the vehicle should be
fitted onto non-conductive axle stands. For the narrowband test the vehicle is measured
in ‘Key On, Engine Off’ mode with the engine switched off and the ignition switched
on, in the ‘Run’ position, as the intention of the test is to measure the emissions from
sources such as oscillators and clock signals produced by devices such as the infotainment

system within the vehicle.

Within CISPR 12 a flowchart is shown that should be used to ascertain which limit level

should be applied to the data, this is shown in Figure 2.5.
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CISPR12 Determination of Conformance of Radiated Disturbance.

Reproduced from CISPR 12

In practice the measurements are performed as two discrete tests. The broadband test

is performed with the measurement receiver recording the amplitude of the emissions

using a quasi peak detector. The quasi peak, peak and average detectors are described

in Section 2.2.3. The narrowband test is run using a peak and average detector at the

same time. In order to discriminate whether an emission is narrowband or broadband

the peak and average value are compared, if there is greater than 6 dB between them

the emission is deemed to be broadband in nature and not investigated as part of the

narrowband test, as can be seen in figure 2.5. A brief description of the receiver detectors

used during a emissions measurement are detailed below:



Chapter 2. Overview of Automotive Radiated Emissions Testing 22

2.2.3 Receiver Detectors

Peak Detector

It is normal practice to perform initial measurements using the peak detector in the
measurement receiver. The peak detector responds almost instantaneously to the peak
value of the received signal, then discharges very rapidly. Thus if the receiver dwells on
the frequency being measured, 10 ms being typical during an automotive measurement,
the detector will follow the envelope of the signal and respond rapidly to any changes.
The main advantage of the peak detector is the speed in which it enables measurements
to be performed; with the detector very often being used for performing the initial

investigations.

Average Detector

As the name implies this detector records the average amplitude of the received signal,
the output is proportional to the Pulse Repetition Frequency, PRF, of the signal. The
PRF is defined as the number of pulses of a repeating signal in a specific unit of time. If
the detector is used to measure a continuous wave signal the amplitude recorded will be
the same as if a peak detector were used. However, for pulse signals the average detector
will always record a lower amplitude than the peak. If the PRF increases by a factor of

10 the average signal will increase 20 dB.

Quasi Peak Detector

The radiated emissions limits specified in CISPR 12 allow for a quasi peak detector to be
used. The historic intention of CISPR type radiated emissions tests was to confirm
that on-board radios would not be interfered with by other components within the
vehicle. When the radiated emissions tests were first being developed the broadcast
radios received signals in the long wave or medium wave bands using Amplitude Modulated,
AM, signals. The quasi peak detector design was based on the output from a survey of
a board of listeners. They were tasked with rating the ‘annoyance factor’ of signals with
different PRF’s on the AM radio reception as they perceived it. They concluded that

high PRF signals offered the most annoying type of interference to their radio reception
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experience. The quasi peak detector was designed to have a short charge time and long
discharge time, thus a pulse type signal will show a lower value when measured with a
quasi peak detector compared to the same signal measured with a peak detector. The
output of the quasi peak detector is very dependent on the PRF of the input signal, the
higher the PRF the higher the output of the detector. The limits allowable for radiated
emissions, using the quasi peak detector, were then specified to guard against high PRF
signals. Due to the long discharge times quasi peak measurements require a longer dwell

time making the measurement very time consuming.

A comparison of the three detector types is shown in Figure 2.6.

——— PK QP AV

CW Signal

— I [ e PK

7 - B I I R S N A, T o e -]

Pulse Signal, Low Duty Cycle

FIGURE 2.6: Detector Level Indication

2.2.3.1 Radiated Emissions Test Limits

The limits specified in radiated emissions Standards vary depending upon the frequency
of interest and also the receiver detector being used to measure the amplitude of the
E-field. As described in Section 2.2.3, the three main detectors used for performing
radiated emissions measurements, peak, average and quasi peak, each has their own

characteristics and will affect the amplitude of the signal that is recorded.
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FiGure 2.7: CISPR 12 Radiated Emissions Limits

Figure 2.7 shows the limits defined in CISPR 12 for each of the three measurement
detectors. The EUT emissions measured must be below all three limit lines, for each of

the detectors in order to comply with the requirements of the Standard.
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2.2.4 Information Technology Equipment:CISPR 32

The first edition of CISPR 32 [31], which replaced CISPR 22 [5], was released in 2015 and
has become the major international standard adopted for the measurement of radiated
emissions from Information Technology Equipment, ITE. Within CISPR 32, ITE equipment
is defined as any item who has a primary function of either, or a combination of the
following: receiving data from external sources, processing received data, outputs data,
stores data, displays data, switches or controls data or equipment that has a supply

voltage rated at less than 600 V.

Many different economies have used CISPR 22 and more lately CISPR 32 as the basis
for their own local standards, BS EN 55032 [26] in the UK for example. Since its
initial release in 1985 CISPR 22 has been revised to the latest revision, version 6, being
released in 2008 before finally being superseded by CISPR 32 in 2015. The standard
describes procedures needed to measure the spurious emissions generated by ITE and
states limits in the frequency range of 30 MHz to 6 GHz. Limits are applied only at
certain frequency ranges within the full frequency span, measurements do not need to be
performed where no limit is specified. Equipment is designated as being either Class A
or Class B: Class A equipment being marketed for installation into light commercial,
industrial or commercial environments, Class B devices are those marketed for use within
domestic environment [26] and may include: Equipment with no fixed place of use,
telecommunications equipment powered by a telecommunications network and personal

computers and connected peripheral equipment.

The limits applied to Class B equipment are more stringent than those applied to for

Class A products.

CISPR 32 specifies that equipment should be measured with a distance of 10 m between
the EUT and the receive antenna. If measurements can not be performed at 10 m due to
high ambient signal levels, for example, a 3 m measurement distance may be used. The
following statement is made in Section C2.2.4 of CISPR 32 with reference to the reduced

measurement distance:

‘Where a test facility has been validated for a different measurement distance

not defined in Table A2 to A7, the measurement may be performed at that
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distance. In this case the limit Lo, corresponding to the selected measurement

distance dg shall be calculated by applying the following formula:’

d
Ly=1Li+ 20109(672) (2.1)

where L is the specified limit at the distance d; and Ls is the limit at distance ds,

For measurements performed at 3 m, the final version of CISPR 22 [32] detailed a limit
increase of 20 dB should be applied. This change in limit has been reduced to 10 dB in
CISPR 32 for the same measurement distances. This revised statement would suggest
that the investigations performed by Garn et al, described in Section 2.2.2 should possibly

be taken into account and testing at 3 m should be used with caution.

Measurements are normally performed at an OATS, ALSE or Fully Anechoic Room,
FAR, with the ALSE and FAR being the more popular sites in recent years. The OATS,
if used, should be flat, free of overhead cables and nearby reflecting surfaces. A ground
plane shall extend by at least 1 m beyond the periphery of the EUT and receive antenna
and cover the area in between the two. Measurements may be performed at an ALSE,
provided it fulfils the criteria of the site attenuation test. The EUT is placed on a non
conductive table, nominally 1.5 m x 1 m, this size may be increased if necessary to

accommodate larger EUTs.

Non-conductive table

Termination

IEC 472005

FiGurge 2.8: Typical CISPR 32 EUT Setup on Non-Conductive Table. Reproduced
from CISPR 22
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In contrast to the standard used for automotive components, the guidelines for the layout
of the EUT within CISPR 32 are not so clearly defined. It is stated that the EUT should
be positioned so that in the case of an EUT with peripheral devices there is a separation
of 0.1 m between units. The rear of the EUT(s) should be flush with the support table
any inter unit cables should be draped over the back of the support table. If the cable
hangs closer than 0.4 m from the ground plane it should be bundled such that the
centre of the bundle is at least 0.4 m above the ground plane. In order to record the
maximum emissions from the EUT it should be operated in a mode and orientation of
inter-connecting cables that is expected to produce this result, this ‘cover all” description
places the onus onto the test house to ensure that investigations are carried out to ensure
that the maximum emissions are recorded. The mode, along with the rationale behind

its choice should be stated in the report produced after the testing is complete.

During the measurement process the emissions are maximised by recording the emissions
profile during a full 360° rotation of the EUT. In practice this is generally achieved by
performing an initial measurement sweep at a a small number of angles, typically less
than 10. From these data the frequencies of maximum emissions are noted, the EUT is
then rotated in order to find the angle at which the maximum level is recorded. Once this
angle is found the receive antenna is scanned in height between 1 m and 4 m and once
again the maximum emissions are recorded at each frequency. Using this method means
that performing measurements is a very time consuming and in many cases expensive
process. The likelihood that the maximum emissions amplitude from the EUT will be
recorded depends in part on the azimuth resolution used during the EUT rotation and
also the receive antenna height scan resolution. The finer the increment used, the higher
the likelihood of recording the maximum amplitude will be. Test times will be affected
by the increment size used, in both azimuth and height scan, the finer the increment,
the longer the measurements will take. The above process is repeated with the receive

antenna both horizontally and vertically polarised, with respect to the test facility floor.
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2.2.5 Summary of Measurement Differences between the CISPR 32
and CISPR 12

As has been described in Sections 2.2.4 and 2.2.2 it can be seen that there a number
of major differences between the CISPR 12 and CISPR 32 methods for recording the
radiated emissions from a device under test. These differences are summarised in Table 2.4:

TABLE 2.4: Differences Between CISPR 12 and CISPR 32

Test Parameter CISPR 12 | CISPR 32
Emissions Maximised No Yes
Azimuth Scanning No Yes
Receive Antenna Height Scanning No Yes

Height scan and azimuth scan maximisation will be investigated further in Chapter 4
of this thesis. Through a program of simulations and measurements, the both factors
are examined to determine the level of error in recording the maximum amplitude of the

vehicle emissions introduced by not utilising them.



Chapter 3

EM Modelling for Automotive

Applications

3.1 Introduction

Electromagnetic Compatibility measurements can be a very time consuming activity,
with a typical suite of emissions or immunity measurements taking between several
hours to several days to complete (depending upon the Standard being applied to
measurements). With the advent of faster and more powerful computing capabilities it is
though that simulating real world EMC problems, such as radiated emissions signatures,
can become a reality. The use of simulation software to solve complex electromagnetic
problems has been the aim of a great deal of research since the early 1960s, but up
until very recent times the computing power offered by even some of the most advanced
super computers has meant that the simulation of complex problems at high frequencies
has not been possible. As computers have continued to increase in speed, in line with
Moore’s Law [33], it has been possible to increase the possibilities for EM simulation. It
is not not known whether simulation will ever develop to the level whereby it can replace
measurements altogether (if so, this juncture is probably still many years away). However
the use of simulations during the design stages of a an electrical device development may
help to reduce the amount of issues seen when the device enters the EMC validation

process.

29
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The complexity of Electromagnetic, EM, modelling techniques when applied to automotive
applications is increased by a number of variables [34]. Two of the most influential of
these variables are the complexity of the vehicle body shell and the wiring harness. In a
modern road car the harness can be in excess of 3 km long if it were to be laid end to end,
this enormous length, coupled with its very small cross sectional area make producing
accurate EM models of it very difficult. This is further complicated by not only the

electrical tolerances of the wiring, but also by the geometrical tolerances.

3.1.1 EM Modelling Development

When a model is originally designed the engineer is faced with a number of important
decisions, possibly the first being what is the intention of the model i.e. what is the
engineer hoping that the model will be able to tell them about its electromagnetic
characteristics. This may range from electric and magnetic fields, currents, voltages,
through to derived quantities such as scattering parameters and far field properties of
antennas. The design of an EM model is always a compromise between the amount of
time required to firstly produce the model, and also to run the simulations using the
model and the amount of extra information contained in the results as a consequence
of the more detailed model. Once the output has been decided upon, the level of detail
required in the model can be deduced. The engineer is constantly facing the compromise
of reducing the amount of detail contained in a model to the simplest level to produce the
required results without reducing it so far that the results become meaningless. Even
the most detailed models will only ever produce an approximation of the results that
would be obtained through actual measurement of the item the model was based upon.
It can be argued, however, that a measurement will also only record an approximation
of the E-field. specific to the particular test setup used. The output of the simulation
software is able to deliver information such as the X, Y or Z component of the radiated
electric field, field amplitudes based upon the model being placed in a perfectly anechoic
position amongst others. Obtaining the orthogonal components of the electric field in
isolation may never be fully achieved by using real world measurements, an antenna
receives a portion of the vertical component of the electric field when it is in the horizontal
orientation and vice versa. The overall quality of the output from any simulation software
will be governed by: the overall fidelity of the Computer Aided Design, CAD, data used

to develop the EM model, how well the electrical properties of the different materials
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used in the model were defined and the discretization methodology used when the model

was meshed [35].

It should be noted that in the context of this research a standard CAD model that may be
used during crash or aerodynamics investigations is not the same as an Electromagnetic
model, which in turn, is not the same as an EMC model. If an ‘EMC’ model were to be
developed, and this is the ideal goal hoped for by many vehicle manufacturers, the model
would not only contain a comprehensive, detailed model of the device to be simulated; a
vehicle for example, but it would also contain full electromagnetic information of all the
individual modules and components within the vehicle and how they interact with one
another. This ideal may be many years away, but with current advances in computing

power and as EM modelling knowledge expands it may yet become a reality.

3.1.1.1 Meshing

With the advent of modern CAD and its subsequent use within the automotive design
process, highly complex electronic model data of vehicles is being developed. These
data are being used for a number of functions during the design flow, ranging from
aerodynamics to crash worthiness simulation. The models produced contain many layers
of detail, down to the smallest nut, bolt and bracket. Whilst this level of detail is needed
for certain functions it is not required, nor can today’s EM simulation packages deal with

this amount of data.

The output of industry standard CAD packages such as Computer Aided Three Dimensional
Interactive Application, CATIA, organise the vehicle parts into different categories, these
categories can then, in turn, be extracted individually to form the required data to
produce an EM model. When items such as the body shell are extracted from the initial
CAD data a certain amount of work is still required to get the model to a usable state.
For the purposes of an initial investigation, for example, the bare minimum of detail may
be required to describe the body shell, features such as gaps between panels, air vent
holes and plastic parts are more than likely not required. The body shell can quite easily
amount to several thousand different parts. If all of this detail were to be included into
the EM model the meshing requirements needed to model this fine detail would be far
in excess of that needed or able to be dealt with by even the fasted modern Personal

Computers, PC.
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When a CAD model is imported from a package such as CATIA it will invariably have
defects due to the import process, such as missing surfaces or incorrectly generated
surfaces. These defects must be corrected using a CAD modelling package; in the case
of this research GMESH [36] was used. The process of correcting problems in the model
can be very time consuming, often taking several man days in the case of a complex

model

3.1.2 EM Modelling Validation

In order to produce results that can be considered reliable, any electromagnetic model
needs some method of validation. The preferred method of validation is to compare the
unknown case against a known set of results |37], where no standard known reference is
available validation can be achieved using a self referencing method. The self referencing
method, though not as comprehensive as the known reference method, can still offer a

high level of confidence if implemented correctly.

Validation methods can be split into a hierarchy of three levels: Mathematical level,
Implementation Level and Model Level. The first of these three levels is useful to
determine whether the actual computational technique being used is correct, Method
of Moments, MoM, Boundary Element Method, BEM, Transmission Line Method TLM,
Partial Element Equivalent Circuit, PEEC. The second level can then check that a
particular software vendor’s implementation of the chosen technique is correct and finally
the third level validates the actual model being used. In order to obtain reliable results

all three of these stages must be correct.

For many users the top level of the hierarchy is unnecessary. The actual techniques;
the method by which the Maxwell’s equations are solved, have been validated by many
sources. If the user is developing a completely new technique, then this stage would

become necessary in order to determine the strengths and weaknesses of the new approach.

The second level is needed to determine if the chosen software implementation of the
computational technique is suitable for the actual problem in hand. One technique may
offer excellent results for a particular problem; it does not follow that this method will
be the best for every, or indeed any, other problem. Generally the software vendor will

be able to supply a number of example problems where the results show good correlation
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with calculated or measured results. By choosing an example problem that is similar
to the users problem, confidence can be gained that the technique, and the vendors

implementation of it are suitable for use.

The third level is by far the most frequently used. It is used to validate a particular
model. This is, however, where some of the problems with model validation manifest
themselves. If the top two levels of validation have been confirmed to be good, it can
probably be relied upon that the output of the simulation software will be a very accurate
representation of the solution to the ‘question asked’, whether that question was the
‘correct’ question is an entirely different matter. It can be very easy for the user to

incorrectly specify vital parameters during the design stage of the model.

The Standard for the validation of Computational Electromagnetic, CEM, models [37]
suggests that user must apply a certain amount of engineering judgement when designing
and validating a CEM model to gain some confidence that the basic principles utilised in
the model are technically sound. The Standard recommends that when using methods
such as MoM and PEEC, the output of the simulation will be based upon the calculation
of the surface currents over the whole structure, these currents are then used to determine
the radiated electric fields. By viewing the currents at specific frequencies, in particular
at resonant frequencies, standing wave behaviour around discontinuities in the metal
surface of the structure can be observed. The currents should not vary rapidly in adjacent
segments and should be approaching zero at the ends of planes and wires. A simple
check on these points can immediately indicate that there is a problem with the model.
Additionally it is suggested that a popular approach to the third level of validation is to
perform simulations on the same model using two or more different modelling techniques.
A similar result with the different technique should give the user confidence that the

model correctly describes the physics of the problem.

3.1.3 Validation Techniques
3.1.3.1 Convergence Testing

Convergence testing is a popular method of validating a model [38]. Before the convergence
testing can begin, a number of parameters within the model must be defined. Firstly the

mesh size should be set, often a starting point of 1—’\0 is used in an attempt to satisfy the
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condition that the current / fields etc. do not vary much within each individual mesh
element. For models where the observed field or current varies rapidly with distance over
the structure, the mesh size may need to be further decreased in order to ensure that the
the %0 assumption regarding variation across an element is met. In order to validate the
model, the mesh size is decreased and the results compared with the previous iterations,
if the results have changed then the mesh size can be regarded as being too coarse, if no

change is observed a fine enough meshing has been achieved.

As a further method of validating a model, the surface current distribution can be
examined after the simulation has been run. The current flow lines should be smooth
with slowly varying changes in orientation of the current vectors. If the vectors show
sudden direction changes in adjacent patches this is a sign of a possible problem with
the model, a common fault being the mesh being too coarsely discretised compared to
the frequency at which the simulation is to be applied. This is illustrated in Figures 3.1
and 3.2, these figures were generated using CONCEPT II EM Modelling software [39]:

F1GURE 3.1: Correctly Discretized Mesh Surface Current Vector Distribution

As can be seen in Figure 3.1 the arrows describing the orientation of the surface current
vectors can be seen to vary very little in direction from one patch to the next, forming

a smooth and gentle variation.
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FIGURE 3.2: Under Discretized Mesh Surface Current Vector Distribution

In comparison the arrows in Figure 3.2 show an almost random direction in some places;
their orientation varying dramatically from one patch to the next. These two images
were produced using the same model but with the simulation run at 100 MHz and 1 GHz
respectively. The only physical difference between the two simulations is at 100 MHz the
model is correctly discretised, the mesh length being less than %), whilst at 1000 MHz

the model is under discretised, the mesh length being greater than 1%)

3.1.4 Electromagnetic Modelling of Electrically Large Systems

Electrically large systems, such as a motor car, along with its wiring harness and on-board
antenna, can be considered as a complex multi port antenna [34]. If elements of the
system are changed, such as the design of the body shell, repositioning of wiring or
modules or fitting of items such as heated windscreens, the ‘antenna’ formed by the

whole system will be re-tuned resulting in a different emissions signature [40].

When modelling items such as a whole vehicle there are many things that must be taken
into consideration during the process of producing the model, a selection of the questions
one needs to address are: what is the model trying to show, is basic CAD data available
on which to base the EM model, how will the model be validated, what level of accuracy
is needed, what materials are the parts of the model made from (metal, dielectric) and

what is the frequency range of interest ?
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The starting point for an EM model of an item such as a car is very often a CAD model.
These models are not necessarily the same. While the CAD model of a vehicle will
generally show construction information to a very fine level of detail, this probably wont
be required for the EM model. One of the first tasks to be under taken is to remove
unwanted details in the CAD model. For the purpose of early investigations into the
field levels inside the vehicle a basic body shell model may be all that is required, thus
all items such as dashboard, wheels, drive train, lights etc. may be deleted. However as

the design process continues some of these items could get added back in.

The outer surfaces of the vehicle body shell will determine the scattering characteristics
of the vehicle under illumination from an external RF source [41], whereas the internal
structure of the body shell will determine the internal resonances. In cases where the
separation between the external and internal surfaces is significant both will be required

in the model.

An important point to consider when producing an EM model is that all wires are
connected at a node in the mesh of the model, i.e. not in the middle of a patch. This

is shown graphically in Figures 3.3 and 3.4. In the example shown in 3.3 it can be seen
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FIGURE 3.4: Example of Wire Connected to Node in Mesh

The vehicle wiring harness forms a very important part of the model. There are a number

of possibilities when it comes to modelling the harness within the vehicle; initially the

simplest method is to integrate the harness using a ‘thin wire’ representation. To fulfil

the requirements of a thin wire, the length of the wire, L, must fulfil L >> a and a << A,

where a is the wire radius, L is its length and A is the wavelength of interest. Hence it

can be seen that wires should be much longer than they are thick.

A method that is becoming increasingly more common, and that overcomes some of

the inherent problems of the ‘integrated harness’ method, is to model the harness as a

transmission line. In a vehicle the harness is generally routed very close to the metal

chassis, thus enabling separated methods to be employed. This method involves the

combination of CEM simulation of the vehicle without the harness present, with many

network simulations of the harness. This method is only of benefit for the sections of the

harness that run in places such as the foot well and along the rear body work (rear lighting

harness for example). Where the harness is located further away from the body shell

(engine bay and within the dashboard for example) the transmission line approximation

no longer holds true and the harness needs to be modelled as part of the overall vehicle

model.
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3.1.4.1 Electromagnetic Vehicle Body Shell Model

The two electromagnetic Vehicle Body Shell (VBS) models used for the simulations
within this thesis consisted of the main body shell, with doors, bonnet and a hatchback.
The model did not have any interior, wheels, drive train, suspension etc. This simplified
model then allowed for a reduction in the computational requirements for performing
the simulations. The VBS model was based on a typical family hatch back, the overall
size of the model is 3.9 m x 1.6 m x 1.4 m. The VBS 2 model is 3.8 x 1.8 x 1.3m.
Due to most actual production vehicle CAD data being commercially sensitive it was
not possible to obtain a model of a ‘real’ vehicle. The models actually used are generic
body shell supplied with the CONCEPT II EM Modelling software used to perform the

simulations. Figure 3.5 and 3.6 show further details of the models used:
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FIGURE 3.5: Vehicle Body Shell (VBS), Electromagnetic Model

Details of the VBS2 model are shown in Figure 3.6.
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FIGURE 3.6: Vehicle Body Shell 2 (VBS2), Electromagnetic Model

Around the doors and boot / bonnet, a small gap was modelled to delineate the body

from the other panels of the vehicle as detailed in Figure 3.7.
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F1GURE 3.7: Vehicle Body Shell Model Detailing ‘Gaps’ Around Doors

Figure 3.8 shows the locations of the ‘A’, ‘B’ and ‘C’ pillars on a vehicle body shell. These
locations will be referred to in later sections of this thesis as a means of identifying specific

points on the vehicle.
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F1GURE 3.8: Location of ‘A’, ‘B’ and ‘C’ Pillars on Vehicle

The model of the VBS was simulated using CONCEPT II [39], over the frequency range

of 50 MHz to 500 MHz for the purposes of the investigations performed during the course

of this project. The model was excited using a short monopole antenna positioned at the

3 discrete positions within the body shell structure detailed in Table 4.2, two positions

were within the passenger compartment and the third was in the engine bay of the car.

The two monopole antennas positioned inside the passenger compartment of the model

were vertically orientated, the engine bay monopole was positioned horizontally, across

the width of the engine bay, as can be seen in Figures 3.9 and 3.10.
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F1GURE 3.9: Location of Sources 1 and 3 Within VBS Model
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F1GURE 3.10: Location of Source 2 Within VBS Model

3.1.4.2 VBS EM Model Design

The EM models were built using a triangular mesh size of 0.06 m x 0.06 m, the dimensions
were chosen in order to meet the suggested minimum mesh size of % at the maximum
frequency of interest, 500 MHz [39]. A general mesh size that meets the criteria stated
above was used for the majority of the model, however, it is known that in areas of high
surface current density, or rapid spatial current change, a more refined, or smaller mesh
size should be used. In order to determine the likely positions of the high level surface
currents simulations were performed at 500 MHz, the highest frequency being considered
for this research. Once the simulations were performed a surface map of the currents
induced onto the body of the vehicle were produced. This procedure was repeated for
each of the source positions to investigate whether the high current areas occurred in
any common positions on the body shell. As detailed in Figure 3.11 the areas of high

surface current can be seen.
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F1GURE 3.11: Surface Current Investigation

A finer mesh was used in areas that high surface current density or rapid spatial rate

change of the current were evident from the surface current investigations. These areas

were around the location of the monopole antennas, the door frame ‘A’ pillars, and gaps

around the bonnet lid. The refined mesh size utilised was 0.03 m x 0.03 m, as shown in

Figure 3.12. The use of localised refinement of the mesh enables these areas to be more

accurately modelled without significantly affecting the overall simulation time, as would

be the case if a finer mesh were used throughout the model.
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3.1.4.3 Chapter Summary

This Chapter has highlighted that EM modelling is becoming an increasingly more
important part of the design process of electrical items. It allows the designer to
investigate the EMC properties of their chosen design early in the process, very often
before any items have actually been manufactured. The increase in computing power
has allowed EM simulations to be run in a much more timely manner, speeding up the
design process as multiple iterations can now be investigated in a much shorter period of
time. In the realm of automotive EMC, it is felt that the industry is still some way off
being able to simulate a ‘complete’ vehicle, i.e. one that comprises of all the constituent

parts of the vehicle, however, this goal is getting closer with each passing year.

As an investigation tool into fundamental properties of an EM model, such as radiation
patterns from sources inside the vehicle, electric fields inside the cavity of the body
shell, surface currents flowing over the body shell for example, it offers many advantages
over traditional measurements. Both measurements and simulations are not without
their own inherent problems and both should still only be considered as producing
an approximation to to the results they are aiming to produce. The comparison of
measurement and simulation data is becoming an integral part of the design iteration
development. However, as a method of producing EMC data with minimal financial
expenditure building physical models of the device under development, EM modelling

has many positive benefits to offer the design engineer.

Both EM simulations and physical measurements are used in the following chapters of this
thesis, with ‘proof of concept’ being confirmed by simulations prior to any measurements
being performed. Overall, in the majority of cases detailed through this research, a good

level of agreement between the measured and simulated data was recorded.



Chapter 4

Factors Affecting Radiated

Emissions Results

4.1 Introduction

This chapter presents a review of some of the fundamental concepts used in vehicle
radiated emissions measurements are presented in this chapter. The main objective of
this chapter is to quantify each of the parameters that affect the results of the radiated
emissions test. Each of the factors will be discussed in turn. Measurement and simulated

test results are presented that will quantify the effects.

The factors investigated are: receive antenna height, number of azimuth angles used, and
the frequency range over which the measurements are performed. The first two items
listed above have a direct influence on the amplitude of the emissions recorded and are
also the parameters that differ mostly when the CISPR 12 method is compared to other
radiated emissions test standards used for non-automotive applications. The frequency
range was investigated to determine the typical upper cut-off frequency; where vehicle
emissions have fallen to a sufficiently low threshold that they can be considered as not
causing an interference issue. This upper threshold will be quantified and be used later

in this study.

44
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4.2 Receive Antenna Height Scan

4.2.1 Introduction

The main philosophy behind performing radiated emissions measurements is to give a
level of confidence that an item will not interfere with other radios and other electronic
devices when it is put into service. The methods employed at an OATS facility will
not necessarily measure the absolute maximum emissions of the EUT, but will record a
maximum level for that particular test setup in that test environment. What is meant
by that is, the measurement process will only record the maximum emissions within the
bounds of the parameters used, for example the rotational angular increment used, the

frequency range of the measurement, height over which the receive antenna is scanned.

As described in Section 2.1.2.1 a conductive metal ground plane is employed at most
OATS. The ground plane is used with an aim of improving the repeatability of the
measurements, this does not represent how the emissions will impinge on other equipment
in the ‘real world’. If the measurements were performed without the ground plane,
reflections off the ground would still occur but the reflected signal would vary over time
due to variations in the moisture content and conductivity of the ground. If a conducting
ground plane is used an electric field incident upon it is reflected at an angle equal to the
angle of incidence, through Snell’s Law: 6; = 0, |9]. If the ground were non conductive,
soil for example, a vertically polarised field would be reflected at all angles of incidence
with a small amount being refracted through the soil as described above, except at an

angle known as the Brewster angle |9]:

0 = arctan_2 (4.1)

n
where nq and ny are the refractive indices of the two media in question, in this case
air and the soil / ground. At this angle the electric field is no longer reflected but it is
fully absorbed into the ground. This angle is also dependent upon the wavelength of the
electric field since the refractive index of the medium is also frequency dependent. The

Brewster angle does not apply for horizontally polarised fields.
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FIGURE 4.1: Basic EN55022 OATS Antenna/ EUT Setup

Due to the presence of the ground plane as shown in Figure 4.1 the measurement system
in an OATS and also in a semi anechoic chamber, will actually be recording the sum of

the direct and reflected emissions paths.

As detailed in Section 2.2.4 most commercial radiated emissions standards define that
the amplitude of the emissions recorded should be maximised by scanning the receive
antenna in height above the ground. The CISPR 12 radiated emissions test does not
include height scanning of the receive antenna, instead a fixed height of 3 m for a 10 m
measurement distance is used. Studies have shown [24] that by scanning the receive
antenna in height to maximise the emissions, amplitude values of between 5 dB and

7 dB higher than by using a fixed 3 m receive antenna height can be recorded.

Next a summary of the theory of how scanning the receive antenna in height affects
the amplitude of the emissions recorded will be explained. The theoretical calculations
presented in the section are based upon the test object being an electrically small,
isotropic point source. Simulated and measured test results from an electrically small
dipole source are then presented to qualify the theory. The measurements were performed
using both an electrically small EUT, a wide-band noise source with short monopole
antenna and also using a larger, extended source; a car. The results recorded using both

source EUTs will be discussed and compared to the theory.
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4.2.2 Height Scan Theory

It has been shown [42] that the maximum emissions of an electrically small, isotropic
source, measured at a distance of 10 m, over a conducting ground plane, do not occur
at a single antenna height above the ground. In order to record the maximum level of
E-field the receive antenna must be scanned in height, the height at which the maximum
will be recorded varies depending on frequency. Due to the emissions being reflected by
the metal ground plane the antenna will actually receive a direct signal and a reflected
signal from the Equipment Under Test, EUT. These signals will add or subtract from
each other, due to their phase difference caused by the differing path lengths. This would
result in erroneous results if the antenna was left at a single height above the ground.
To overcome this problem the antenna should be scanned in height, between 1 m and
4 m for a 10 m and 3 m test distance. At some point over this scan range a maximum
emission will be found, the point at which the direct and reflected signal arrive in phase
with one another and add together constructively. The maximum emissions will occur

when the receive and transmit antenna are in the same plane.

TX

~
~
he

h,

dy

FIGURE 4.2: Basic CISPR 22 Antenna/ EUT Setup

The theory of operation of the OATS can be described using the method of images, it
is based on geometric optics and considers a direct and a ground reflected emission path

from the EUT to the receive antenna. The total electric field received at the antenna is
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a combination of the direct signal line of sight signal, E; and the ground reflected signal

E..

The EUT is placed at height of 0.8 m ( h¢), and the antenna is scanned in height from
1 m to 4 m (h,).If the free space E-field is Fy at a reference distance, dy, from the EUT
then the E-field recorded at an OATS would be the vector sum of Fy and FE,, and is

given by

ﬁTotal(da t) - ﬁd + Er (4:2)

which becomes:

Eodo ity | pEodo —ju )

ﬁTotal (d7 t) = d J"

(4.3)

where w is the radiated emission frequency (rad/s), ¢ is the speed of light (m/s) and T’

is the reflection coefficient. and:-

d = \/d2(hy + hy)? (4.4)

d" = \/d2(hy — hy)? (4.5)

For horizontal polarisation the incident and reflected waves are parallel to the ground

plane, the reflection coefficient is defined as:-

Which becomes

Due to the fact that the electric field of both the incident and reflected wave are both
tangent to the ground plane the total electric field must be zero, from the boundary

condition, thus the reflected electric field must be opposite to that of the incident wave.
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For vertical polarisation the incident and reflected Electric field waves are perpendicular

to the ground plane, the reflection coefficient is defined as:-

T, == 4.8

=7 (43
Which becomes

I =+1 (4.9)

For vertical polarisation the tangential components are the z components which must be
equal and opposite, in order to satisfy the boundary condition. Thus the incident and
reflected electric fields must remain unchanged with respect to their propagation vectors

as shown in Figure 4.3.
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F1GURE 4.3: Uniform Plane Wave with an Oblique Incidence to a Perfect Conductor

For a perfect conductor the coefficient of reflectivity quoted in equations 4.6 and 4.8
apply regardless of the angle of incidence. Substituting these values of I into equation
4.3 allows the maximum E-field for a particular frequency to be determined for different

antenna heights.

Figure 4.4 show the theoretical height at which the maximum emissions occur for frequencies
between 30 MHz and 1 GHz using a height scan of between 1 m and 4 m, as calculated

by Kelong and Yougang [42]. The height at which the maximum emission occurs for
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frequencies below 230 MHz is detailed as 4 m. This is not exactly correct, the actual
height is higher than this but is stated as 4 m due to this being the maximum height

scanned in the typical radiated emissions measurement process.

Figure 4.4 shows that using a single height for the receive antenna will result in the
maximum emission from the EUT not being correctly measured. These results are only
true for measurements performed in the far field. They do not account for the gain of the
receive antenna or the EUT. The results also demonstrate that the maximum emission

from an EUT does not occur at the same height for horizontal and vertical polarisation.

w w ~r = U

NN

Antenna Height (m)

o B
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Horizontal ==Vertical

FI1GURE 4.4: Height of E,,4, for OATS Measurements

The results detailed in Figure 4.4 do not account for the directivity of the receive antenna.
The measured electric field is converted to a voltage by the receive antenna, which is
then in turn recorded by an RF receiver. The antenna factor of the receive antenna is
defined as the ratio of the incident electric field to the voltage at the antenna terminals

into a 50 Q load :-

(4.10)

>
<~
|
<=
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The use of broadband antennas for radiated emissions measurements is now common
place, enabling much faster measurements to be performed compared to using tuned
dipoles, for example. The antenna factor for such antenna is only valid when the direction
of the main beam of the antenna is in line with the centre line of the EUT. If the antenna
is scanned in height for the purpose of maximising the emissions then the incident angle
of the electric field is not always the main beam direction [43]. This change will modify

Equation 4.10

E=V.A;.P(p) (4.11)

where P(p) is the directivity of the receive antenna. As the antenna is scanned in
height neither the angle of incidence or pattern remain constant making a correction
factor infeasible to apply to the measured results. Substituting this modification to the

received E-field into equation 4.12 gives the following;:

Eody _d
Eroral(d,t) = Pipy) 220 e=(H0) 4+ P(py) R

Eodo —jw@d)
d/

- (4.12)

In an attempt to overcome this problem a study performed by Kriz [43] suggested
‘antenna tilting’ or ‘antenna bore sighting’. In the antenna tilting method the receive
antenna is inclined down, towards the ground plane, at a constant angle for all heights
of the receive antenna. This constant tilt angle can be calculated thus:

arctcm(L zh’l) + arctcm(ih2 }}hl )

2

Y= (4.13)
Using this method, as suggested by CISPR 16-1-4 [44], the tilt angle of the antenna places
the main beam direction in the middle of the direct and reflected emission. However,
due to the fact that the receive antenna is not at a fixed height the optimum value of tilt
angle cannot be found. If an average height of 2.5 m is taken a tilt angle of y3,, = 38°

and @10, = 13.9% will be used.

This solution is relatively easy to implement using an existing antenna mast with just

an adaptor needing to be produced to change the declination angle of the antenna.
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Using this method an overall reduction in the measurement system uncertainty of 0.2 dB
can be realised. It could be argued that this small reduction may not justify the outlay

involved in modifying the antenna system.

The second method suggested by Kriz is antenna bore sighting. Using this method the
tilt angle is increased as the antenna height is increased. The angle is calculated using

the following formula:

hy —h
¢ = arctan(———2 ) (4.14)
R
If an EUT height of 1 m is assumed using 4.14 the range of bore sight angles are:
0° < 3, < 45° (4.15)
0° S ®10m S 16.7° (4.16)

The bore sighting method slightly improves on the tilting method; the system uncertainty
is now reduced by 0.31 dB. This marginal reduction in error can still be argued as not

sufficient to warrant the added complexity required in the measurement system.

4.2.3 Height Scan Investigations

4.2.3.1 Introduction

This Section of the thesis details measurements and simulations performed to investigate
the effect scanning the receive antenna in height during a radiated emissions measurement
has on the amplitude of the E-field recorded. Firstly an electrically small noise source
was considered, with the aim of validating the theoretical height at which the maximum
E-field should be recorded as described in Section 4.2. Secondly an electrically large
source of noise was considered. A production vehicle was used initially as the electrically
large source, however, as is highlighted later in this section, problems with exciting
the vehicle with a sufficiently high amplitude noise signal lead to inconclusive results.

In an attempt to improve on the quality of the results obtained with the electrically
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large source, further measurements were performed with a long wire harness driven by a
wide band noise source. The results obtained from both the electrically small and large
devices are compared to the theoretical results highlighted in 4.2. The level of error in
the maximum E-field amplitude recorded, introduced by only performing measurements

at a single height, as per CISPR 12, is then quantified.

4.2.4 Measurements - Electrically Small Noise Source

In order to investigate how the theory described in the previous section compared
with an electrically small source; a program of E-field measurements were conducted.
The measurements were performed using a a wideband noise source positioned on a
non-conductive table. The data collected were then used to compare the receive antenna
height at which the maximum E-field amplitude was recorded to the theoretical value. An
error value, designated as the Error Bias, EB, is introduced. The EB by not using receive
antenna height scanning during measurements was then quantified. It is calculated as

follows:

E
ErrorBias = —"% (4.17)

Emeas

where Fpq. is the maximum amplitude of the E-field measured over the full range of
measurements being performed, height scanning in the case of this section. Ejeqs is the
amplitude of E-field measured at the single antenna height. The Error Bias term will be
used in subsequent sections of this thesis. The term will be used to define the difference
in amplitude between the ‘maximised’ value and the results from performing the reduced
scope of testing defined in CISPR 12. This reduced scope could be the use of a single
receive antenna height, two azimuth positions of the EUT or a combination of the two.
Ideally Eyqq, should be the result of measurements utilising a full spherical scan around
the EUT, however, as has previously been noted this procedure is very time consuming
and hence a range of planar scan cut measurements were performed. The scope of the
planar cuts completed varied due to available lab time for each set of measurements, and

is detailed in each section of this thesis when they were performed.
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4.2.4.1 Measurements Setup

The theory described in the previous section was validated using a program of measurements.
An electrically small noise source (Comparison Noise Emitter - York EMC CNE IV) with
a 270 mm long monopole radiator was measured at the HORIBA MIRA (formerly known
as 'MIRA’) OATS facility. The noise source was positioned on a non-conductive table
0.8 m above the facility floor, 10 m away from the receive antenna. The radiated electric
field was recorded over the frequency range of 30 MHz to 1 GHz, in 50 MHz increments,
with the receive antenna being scanned in height from 1 m to 4 m above the ground
in 0.2 m increments. Measurements were performed with the receive antenna in both
horizontal and vertical polarisation. At each frequency measured, the receive antenna
height at which the maximum E-field was recorded was noted. This height was then
compared to the theoretical height at which the maximum field should be recorded.
Due to high ambient signal levels recorded at the OATS test site it was not possible to
record data in exactly 50 MHz increments over the frequency range previously stated,
where high ambient signals were noted, the next closest frequency with a sufficiently low

ambient signal level was substituted.

F1GURE 4.5: Height Scan Investigation Setup, Electrically Small Source
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4.2.4.2 Measurement Results

In order to make comparisons between the theoretical and the measured data clearer,
both sets of data were normalised to a maximum value of 1. As the purpose of the
comparison was to determine if the maximum amplitude was measured at the same

receive antenna height as predicted by the theory, absolute values were not required.

For each frequency measured, a plot of the normalised E-field recorded at each receive
antenna height was produced. On the same axis of each of these plots, the theoretical
normalised E-field of the measured height at which the maximum amplitude was recorded

against the theoretical value, was also displayed.
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FIGURE 4.6: 100 MHz Height Scan Electrically Small Source, Horizontal Receive
Antenna
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FIGURE 4.7: 100 MHz Height Scan Electrically Small Source, Vertical Receive Antenna

As detailed in Figures 4.6 and 4.7 a very good level of correlation between the theoretical
and measured values, for both horizontal and vertical polarisation the maximum amplitude
was recorded at the correct height. On reviewing the results it was observed that
below approximately 400 MHz, using both a vertically and horizontally polarised receive
antenna, the correlation between the measured results and the theory was very good,
showing a Pearson Correlation factor, p, [45] of between 0.85 and 0.99 for horizontally
polarised receive antenna and between 0.6 and 0.9 for the vertically polarised receive

antenna .
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FIGURE 4.8: 400 MHz Height Scan Electrically Small Source, Horizontal Receive
Antenna
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FIGURE 4.9: 400 MHz Height Scan Electrically Small Source, Vertical Receive Antenna

Above 400 MHz the overall profile of the amplitude recorded was similar between the
two sets of data, however, it was observed that the height at which the maximum
amplitude was recorded was approximately 0.25 m lower than the theoretical value for
both horizontal and vertical polarisations. This results in a lower correlation factor of
between 0.7 and 0.1, the lower value being recorded at 1 Gz for the vertical antenna

polarisation. However, on a purely visual comparison, it can be seen that the overall
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profile of the measured results is similar if it is ‘shifted’ in height by approximatively

0.25 m.
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FIcURE 4.10: 600 MHz Height Scan Electrically Small Source, Horizontal Receive
Antenna
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FicUre 4.11: 600 MHz Height Scan Electrically Small Source, Vertical Receive
Antenna
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FIGURE 4.12: 1000 MHz Height Scan Electrically Small Source, Horizontal Receive
Antenna
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FIGURE 4.13: 1000 MHz Height Scan Electrically Small Source, Vertical Receive
Antenna

The difference between the height at which the measured maximum value and the
theoretical value is thought to be due to the receive antenna not being 10 m away from
the electrically small source. The measurement data was compared to the theoretical
height based upon a 8.75 m source to receive antenna distance. When the two data
sets were then analysed a far closer correlation between them was recorded. When the

measured data was compared to the theory calculated using a 10 m separation distance a



Chapter 4. Factors Affecting Radiated Emissions Results 60

correlation factor of less than 0.1 was recorded, however if the measured data is compared
to the theoretical value with an 8.75 m measurement distance a correlation factor of 0.9
was recorded. If time had allowed the measurement data set would have been repeated,
checking that an accurate separation of source to receive antenna of 10 m was used and
the results validated for all frequencies. Graphical data of the 8.75 m separation reworked

theoretical data against the measured values is shown in Figure 4.14.
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FIGURE 4.14: 1000 MHz Height Scan Electrically Small Source, Vertical Receive
Antenna, 8.5 m Source to Antenna Distance

The graphs detailed in Figures 4.15 and 4.16 show a plot of the height at which the
maximum E-field amplitude was recorded with respect to frequency for both the horizontal
an vertical antenna polarisations. The graphs show a good level of agreement across the
frequency range for both the horizontal and vertical sets of data. The horizontal data

has a p value factor of 0.79, while the vertical data has a value of 0.97.
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F1GURE 4.15: Antenna Height Maximum Emissions Recorded Against Frequency,
Horizontal Antenna
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FIGURE 4.16: Antenna Height Maximum Emissions Recorded Against Frequency,
Vertical Antenna

A noticeable feature of the horizontal results is the large difference between the measured
and theoretical values recorded at 800 MHz. The theory states that the maximum
emissions should be recorded at a height of approximately 1.2 m, the measured maximum
occurred when the receive antenna was at 3.2 m above the ground. As can be seen in
Figure 4.17 if emissions amplitude is plot against antenna height, it can be seen that

the difference is due to an offset between the two sets of values. The measured data



Chapter 4. Factors Affecting Radiated Emissions Results 62

follows the same overall profile as the theoretical data, but the crests of the plot occur
at a height approximately 20 cm lower than predicted by the theory. This offset means
that over the antenna height range measured the second crest in the plot, at 3.2 m above

ground level, accounts for the maximum amplitude.
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FIGURE 4.17: 800 MHz Height Scan Electrically Small Source, Horizontal Receive
Antenna

From the data recorded it is possible to evaluate the amount of error in the maximum
E-field amplitude introduced by only considering a single antenna height, as used during
a CISPR 12 program. The maximum amplitude recorded over the 1 m - 4 m scan was
compared to the value recorded at 3 m for each frequency, from this an Error Bias was

calculated. This is shown graphically in Figures 4.18 and 4.19.
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F1GURE 4.18: Error Bias due to Height Scan, Horizontal Antenna
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FIGURE 4.19: Error Bias due to Height Scan, Vertical Antenna

For the horizontal antenna measurements across the frequency range an EB of between
1 dB and 3 dB was seen, however at 600 MHz a value of 14 dB was recorded. For the
vertical scans a maximum values of between 5 dB and 13 dB were recorded between
200 MHz and 900 MHz, with a high value of 20 dB recorded at 850 MHz. Across the
whole frequency range a mean of the linear error of 4.4 dB was recorded for the horizontal
data and 8.1 dB for the vertical set. These results highlight the fact that by taking data at

a single antenna height there is a potential to considerably under-estimate the maximum
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E-field during a radiated emissions test. The mean EB recorded was similar to those

detailed by Ruddle [24].

4.2.5 Measurements - Electrically Large Noise Source

4.2.5.1 Introduction

In order to investigate how the theory described in the previous section compared with
an electrically large source a program of simulations and measurements were conducted.
The measurements were performed using a small town-car with a wideband noise source
inside to excite the vehicle. Measurements were also performed using the noise source
to excite a 2 m long harness that was positioned on a non-conductive table. Finally,
EM simulations were performed using the numerical model described in Section 3.1.4.2.
The data collected was then used to compare the receive antenna height at which the
maximum E-field amplitude was recorded to the theoretical value. The EB introduced
by not using receive antenna height scanning during measurements was then quantified.
The EB recorded when measuring an electrically small EUT was then compared to that

recorded for an electrically large EUT.

4.2.5.2 Measurements Setup

A small wideband noise source driving a short monopole antenna was placed inside a
commercial vehicle so that the noise source excited the body shell of the vehicle. Most
typical family vehicles are electrically long at frequencies above approximately 25 MHz

and can not be considered as a point source.

Radiated emissions measurements were again performed at the MIRA OATS facility. The
noise source was positioned on the passenger seat of the vehicle, which was positioned
10 m away from the receive antenna. The radiated electric field was recorded over the
frequency range of 30 MHz to 1 GHz with the receive antenna being scanned in height
from 1 m to 3.5 m above the ground in 0.2 m increments. The antenna height scan was
limited to 3.5 m as the antenna mast at the test facility being used would not allow the
antenna to be raised higher than 3.5 m. Measurements were performed with the receive

antenna in both horizontal and vertical polarisation. At each frequency measured the
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receive antenna height at which the maximum E-field was recorded was noted. This
height was then compared to the theoretical height at which the maximum field should

be recorded.

FIGURE 4.20: Electrically Large Source (Nissan Micra), Height Scan Measurement
Setup

As noted later in this section, the results obtained by measuring the emissions with
the source inside a vehicle were found to be very low in amplitude which made taking
measurements difficult, as the emissions were very close to the ambient signal levels
at certain frequencies. In an attempt to overcome this problem, an additional set of
measurements was performed with the noise source exciting a 2.5 m long wire that was
positioned on top of a non-conductive table. As the harness was not inside a largely
metal box, a higher amplitude signal was recorded by the measurement system and thus
was higher above the ambient signal level. An example setup photo is shown in Figures
4.21 and 4.22. For the harness measurements the receive antenna was scanned in height
from 1 m to 4 m above the facility ground in 0.5 m increments. This height increment
is considered as under-sampled, however, available test facility time did not allow for a

finer increment to be used. In line with the vehicle measurements both horizontal and
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vertical polarisation measurements were performed, this again allowed for the measured

results to be compared to the theoretical height values described in Section 4.2.2.

FicURE 4.21: Electrically Large Source, Wire Harness, Height Scan Measurement
Setup
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FIGURE 4.22: Electrically Large Source, Wire Harness on Non-Conductive Table

4.2.5.3 Measurement Results

The E-field data were analysed once the tests had finished. Due to limited output power
of the noise source and the shielding offered by the vehicle body shell it was found that
the amplitude levels recorded were considerably lower than when the noise source was
measured in isolation on the non-conductive table. This had the result of making the
emissions difficult to record above the ambient signal level at certain frequencies, this
was particularly an issue above about 600 MHz. As the Radio Frequency, RF, spectrum
is relatively well used over large frequency bands above 600 MHz, choosing frequencies
to analyse where the signal was sufficiently high enough above the ambient became more
difficult. This low signal to noise ratio lead to the recorded data not following a smooth
increase and decrease that was evident when measuring the electrically small source

described in the previous section.

A plot of the ambient E-field recorded is shown in Figures 4.23 and 4.24. The blue trace
in the graphs shows the ambient signal level recorded at the time of test. Portions of

the frequency range exhibit a constant amplitude ambient, FM radio (88 to 108 MHz),
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DAB Radio (200 to 230 MHz) and DTV (600 to 820 MHz for example. Other ambients
can be more transient in nature, due to their limited operation. The more constant
transmissions can be easier to deal with, as they do not move in frequency or amplitude,
distinguishing them from emissions from the equipment under test can be relatively easy.
Transient ambient emissions can involve more investigation in order to be confident that
they are in fact part of the ‘background’ RF environment and not being radiated by the
EUT.
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FIGURE 4.23: CNE E-Field Output Compared to Ambient Noise Floor, Horizontal
Receive Antenna
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FIGURE 4.24: CNE E-Field Output Compared to Ambient Noise Floor, Vertical
Receive Antenna
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It can be seen that large portions of the 50 MHz to 1 GHz spectrum has large amplitude
ambient signals, bands where noise source measurements were not possible are highlighted
in Table 4.1. At frequencies below 600 MHz the E-field recorded when the noise source
was inside the vehicle is approximately 10 dB lower than the noise source on the table.
At higher frequencies the difference is lower; with the two levels being within a few dB of
each other. Between 690 MHz and 760 MHz the E-field recorded when the noise source
was inside the vehicle is actually higher. This is possibly due to resonances within the

vehicle body shell reinforcing the signal being recorded.

TABLE 4.1: Ambient E-field Amplitude

Frequency (MHz) Service
88 - 108 FM Radio
200 - 230 DAB Radio
600 - 680 DTV
730 - 770 DTV
790 - 820 DTV
930 - 960 GSM
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FIGURE 4.25: 100 MHz Height Scan Electrically Large Source, Vertical Receive
Antenna
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FIGURE 4.26: 100 MHz Height Scan Electrically Large Source, Horizontal Receive
Antenna
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FIGURE 4.27: 600 MHz Height Scan Electrically Large Source, Horizontal Receive
Antenna
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FiGURE 4.28: 600 MHz Height Scan Electrically Large Source, Vertical Receive
Antenna

As can be seen from Figures 4.29 and 4.30, the height at which the maximum emissions
were recorded showed larger differences around 400 MHz to 500 MHz, particularly in
the vertically polarised plot. The differences were attributed to the crossover frequency,
where the maximum amplitude changes from 1 m below 410 MHz to 4 m above 411 MHz.
As was noted when analysing the results from the electrically small source, the actual
frequency at which the changeover occurs was around 403 MHz in the measured results.
This lead to a large difference to the theoretical and measured values. At the higher
frequencies, above 700 MHz, the results where not so closely correlated. This was
attributed to the fact that the received signal was recorded with a low signal to ambient

noise level, this lead to the noise source emissions being corrupted by the ambients.
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FIGURE 4.29: Antenna Height Maximum Emissions Recorded Against Frequency,
Vertical Antenna
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F1GURE 4.30: Antenna Height Maximum Emissions Recorded Against Frequency,
Horizontal Antenna

As can be seen in Figures 4.31 to 4.34 a good level of agreement between the measurement
data and the theoretical height at which the maximum emissions should be recorded was
seen. As was noted when the electrically small noise source was measured a shift in
height of approximately 0.25 m was recorded between the measurement and theoretical

value.
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FI1GURE 4.31: 100 MHz Height Scan Long Wire Source, Horizontal Receive Antenna
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FIGURE 4.32: 100 MHz Height Scan Long Wire Source, Vertical Receive Antenna

Comparing the results to those recorded with the source inside the vehicle, a much closer
fit to the theoretical values of amplitude against heigh was achieved, particularly at

600 MHz with a horizontally polarised receive antenna.
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F1GURE 4.33: 600 MHz Height Scan Long Wire Source, Horizontal Receive Antenna
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FIGURE 4.34: 600 MHz Height Scan Long Wire Source, Vertical Receive Antenna



Chapter 4. Factors Affecting Radiated Emissions Results 75

4.5
4.0
35
30 A
2.5

2.0
15

Antenna Height (m)

1.0 e h—k—k—k

0.5

0.0
0 100 200 300 400 500 600 700 800 900 1000
Freq (MHz)

==\/ertical A Measured

F1GURE 4.35: Antenna Height Maximum Emissions Recorded Against Frequency,
Vertical Antenna
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F1GURE 4.36: Antenna Height Maximum Emissions Recorded Against Frequency,
Horizontal Antenna

Below 400 MHz again a good level of agreement between the calculated height at which
the maximum emissions were recorded and the actual height was seen. Around the
400 MHz to 500 MHz range in particular a better correlation between the values was
recorded, with the horizontal results having a correlation factor of 0.98. The results at
30 MHz are shown for information, but the level of emissions were found to have a very

low amplitude that was not high enough above the ambient signals to make the results
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reliable. The coarse height increment used has lead to some of the differences between
the results recorded as the resolution often lead to the the next lower or higher value
being recorded and hence a large difference than would have been measured with a finer
increment distance. Even allowing for the errors due to the increment size a worst case

correlation factor of 0.82 was recorded .

A larger discrepancy was recorded at 50 MHz in both the vertical and horizontal data
sets. The horizontal data showed the maximum E-field being recorded at approximately
1 m lower than the theoretical height and for the vertical antenna measurements the
maximum occurred 2 m higher than expected. This large error was attributed to the
low signal levels at 50 MHz being radiated by the harness being interfered with by the

ambient signals.

The Error Bias was calculated based upon the vehicle and long wire results to gain some
insight into the effect of not utilising receive antenna height scan during a vehicle level
test. Figures 4.37 and 4.38 show the EB against frequency for the vehicle measurements.
For the source inside the vehicle, the mean of the linear error values recorded was 4 dB
for the horizontal receive antenna and approximately 5.5 dB for the vertically polarised
antenna, a high value of approximately 10 dB was noted for the horizontal data and

14 dB for the vertically polarised vehicle data sets.
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FicUrReE 4.37: Error Bias Due to Height Scan Only, Electrically Large Source,
Horizontal Antenna
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FIGURE 4.38: Error Bias Due to Heigh Scan Only, Electrically Large Source, Vertical

Antenna

The long wire source resulted in high EB values of 7 dB and 16 dB for horizontal and

vertical polarisation respectively.
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FI1GURE 4.39: Error Bias Due to Height Scan Only, Long Wire, Horizontal Antenna
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F1GURE 4.40: Error Bias Due to Height Scan Only, Long Wire, Vertical Antenna

The mean EB for both the vehicle and long wire were between 3 dB and 5 dB which
is slightly higher than noted for the electrically small source. A noticeable feature of
the EB graphs is that at 300 MHz for the electrically small noise source and for both
electrically large noise sources an EB of approximately 10 dB higher than the mean for

the vertically polarised receive antenna.
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4.3 Azimuth Device Under Test Scan

4.3.1 Introduction

This Section introduces the influence the vehicle body shell can have on the directivity
of the emissions radiation pattern. This can introduce errors in recording the maximum
emissions when the current CISPR 12 method is utilised during a radiated emissions
profile measurement program. Three main sub-sections are presented, the first offering a
brief introduction to vehicle level radiated emissions measurement methods, the second
section will describe work performed using a numerical model of a ‘typical’ vehicle body
shell to asses the errors introduced during the current CISPR 12 procedure. The third
section will describe radiated emissions measurements performed on a range of production

vehicles that were used in an attempt to validate the EM model simulation results.

As previously described, any electronic device can be considered to be an unintentional
transmitter of radio frequency energy. This energy will propagate away from the device
with unknown directions and amplitudes, in order to ascertain the direction at which the
maximum amplitude occurs a full spherical scan of the device with the measurement
system is required. This method is both costly and time consuming. The aim of
performing radiated emissions measurements of a device is to attempt to record the
maximum amplitude of the emissions, however, due to the time and cost involved in

performing a full spherical scan, a reduced measurement method is normally utilised.

The electrical size of an EUT has a direct relationship with the complexity of the radiated
emissions pattern. As an item gets electrically larger, so the radiation pattern becomes
more complex [2], [3]. An item is said to be electrically large when the expression in

Equation 4.18 is satisfied [3]:

2
Ta<1 (4.18)

where a is the radius of a sphere required to enclose EUT and A is the wavelength. Thus
it can be seen that a typical EUT of approximately 4 m in length will be electrically large
at all frequencies covered during a typical CISPR 12 measurement program, typically
30 MHz to 1 GHz. The complex nature of the radiation pattern extends in three

dimensions away from the EUT, thus a full spherical scan of the EUT, or an alternative
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method such as using a reverberation chamber, would be required to record the maximum

emissions.

With the advent of ever increasing clock signals in electronic equipment and the use of
ever increasing use of the RF spectrum within the communications industries, there is
increasingly a requirement for radiated emissions measurements to be performed at higher
frequencies than in previous years. Currently many standards only require measurements
to be performed up to 1 GHz, automotive CISPR 12 testing for example, but there is
becoming a need for this to possibly be extended. In a research program carried out as
part of the GEMCAR Project [24] it was found that emissions from a number of vehicles
tested extended past the current upper test limit of 1 GHz. Broadband emissions were
detected up to 3 GHz from a ‘luxury’ car and up to 6 GHz for a vehicle with a composite
body shell. The latest version of CISPR 12 specifies an upper frequency limit of 1 GHz
for emissions whilst it is being considered whether immunity measurements should be
performed up to 2 GHz. The report produced by Ruddle et al. suggests that the
frequency limit should be increased for both radiated emissions and radiated immunity

tests.

It is assumed that the azimuth angle increment used when performing radiated emissions
measurements will have an effect on the maximum amplitude of E-field recorded. It has
been shown [46], that by using a coarse azimuth increment angle of approximately 20°
an error of up to 5 dB was recorded in the maximum E-field radiated by an EUT. This
would suggest that the fewer measurement angles that are used, the lower the chances

of recording the maximum E-field are.

It is often assumed that the face of the EUT that will radiate the maximum emissions
can be identified using ‘engineering judgement’, the particular face with the maximum
emissions will be the same at all frequencies and the angular direction of the maximum
emissions is at or very close to face normal. Work carried out by Freyer and Backstrom
[47] and Landgren [48] has shown these assumptions, as expected, to be incorrect. The
studies conclude by quantifying various metrics by which the ‘typical’ measurement
method employed underestimates the maximum emissions radiated by an EUT, and then
stating that the Error Bias can be reduced by performing a more detailed measurement;
typically by considering more measurement angles. This has been investigated as part of

this thesis to ascertain the affect of using just two azimuth angles on the maximum E-field
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amplitude recorded during a CISPR 12 radiated emissions measurement. As stated
previously in Section 2.2.2 the methodology stated within CISPR 12 differs from many
other Standards, CISPR 16-2-1 [49] and the American National Standards Institute,
ANSI, 63.4 [50] for example, in a number of ways. The two parameters that have possibly
the largest effect on the overall emissions signature recorded, are the orientation of the
receive antenna with respect to the vehicle and the height of the receive antenna above
the measurement facility ground plane. The standards noted earlier utilise a method
whereby the EUT is rotated through 360°, initially using an angular step size of no more
than 15°, in the azimuth plane in order to maximise the emissions. The use of just
two azimuth angles in the automotive standard limits the possibility that the maximum
emissions of the EUT will be recorded. For clarity throughout this paper the two angles,
as shown in Figure 4.41, used during a CISPR 12 measurement will be referred to as 90°

and 270° respectively.

Ground Plane

Antenna

270°

10 m

FiGURE 4.41: CISPR 12 Radiated Emissions Measurement Configuration

After reviewing the literature, it was found that some work has been carried out to
investigate the external field radiated from the vehicle [24], however, specific research

regarding the directivity of the emissions pattern has a little research published. The
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majority of published work examines the directivity of installed antennas on the outside

of the vehicle [51], [52].

Previous investigations into the vehicle emissions measurement process [24] have achieved
inconclusive results. Radiated emissions measurements were performed using the antenna
height and azimuth scanning approach of ANSI C63.4 [50] on a number of modern
vehicles. A comb generator driving a current clamp around the wiring harness was used to
excite and electric field inside the vehicle. It was found that due to drift in the frequencies
of the emissions from the noise source, it was not possible determine if maximising
the recorded amplitude using azimuth rotation of the vehicle actually resulted in the
maximum emissions being more closely recorded. Due to the time difference between
the initial scan of the frequency range to the maximisation scan, the drift meant that
on many occasions the measurement receiver was no longer recording the peak of the

sources emissions.

In order to quantify the error introduced by using a limited number of azimuth angles
during a CISPR 12, a program of simulations and measurements were carried out. The

EB was previously defined in equation 4.19, for this section it is modified as follows:

EB = Enae — Ecispr (419)

Where E,q, is the maximum amplitude of the E-field recorded from the EUT as previously
defined, and E¢rspr is the amplitude of the E-field recorded at the positions either side
of the vehicle as detailed in Figure 4.41.
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FIGURE 4.42: Error Bias Investigation Setup

The simulations were performed on a simplified body shell of a typical family hatch-back
car and measurements on a range of commercially available family cars, ranging from a
small town-car to a large 4x4 type vehicle. The aim of the simulations was to quantify
the Error Bias introduced due to the reduced number of azimuth positions and fixed
antenna height used during a CISPR 12 emissions test. The measurements were then
performed on a production vehicle that had complete interior, engine and running gear,
this would allow the investigation of the B on a more complete vehicle than was possible

using simulations.

4.3.2 Azimuth Scan Investigations - Vehicle Body Shell EM Simulations

and Measurements

4.3.2.1 Introduction

This section details simulations and measurements performed to investigate the effect
rotating the device under test during a radiated emissions measurement has on the

amplitude of the E-field recorded. Firstly electromagnetic simulations were performed
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on a model of simplified vehicle body shell with the aim of quantifying the amount of
variation recorded in the amplitude of the E-field due to rotating the EUT through a full
360° rotation, as described in Section 4.3. Secondly radiated emissions measurements
were performed on a range of production vehicles at an open area test site, again to

quantify the variations in the E-field recorded.

The results obtained from both the simulations of the VBS model and the vehicle
measurements are then used to investigate the level of error in the maximum E-field
amplitude recorded introduced by only performing measurements at two azimuth angles,

as per CISPR 12, the error is then quantified.

Before simulations were commenced, a survey was performed of a number of typical
production vehicles to ascertain the common positions of ‘modules’ that are likely to
be sources of RF interference. Typical modules within a vehicle that are likely to be
sources of broadband RF interference are: the spark ignition system, windscreen wiper
motors, air conditioning blower motors and headlight steering motors. The majority of
these devices can be found either in the dash area or in the engine bay, however their

associated wiring could be routed over the entire length and width of the vehicle.

Chosen positions are detailed in Table 4.2. These positions were then used to locate an
electrically small noise source within the simulation model. The source was modelled
around the dimensions of a popular Comparison Noise Emitter (York EMC CNE 1V)

with a 270 mm long monopole radiator.

TABLE 4.2: Simulation Model Noise Source Positions.

Source Position No. Location
Source 1 Middle of Centre Console
Source 2 Engine Bay
Source 3 Rear of Vehicle Drivers Side Rear Seat

4.3.2.2 Simulation Results

After performing the simulations on the VBS model described in Section 3.1.4.2, the
E-field at points around the the model was recorded. The points were chosen to simulate
an Effective Receive Antenna Height, ERAH, of 3 m above the ground level. The electric

field was recorded at 360 discrete azimuth positions around the model. The radiation
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pattern around the vehicle can be compared to an antenna pattern definition of ‘a
mathematical function or a graphical representation of the radiation properties of the
antenna as a function of space co-ordinates’ [53], where the word antenna is substituted
for ‘vehicle’. From the data recorded it is possible to produce a polar diagram of the
radiation signature, in the azimuth plane, of the vehicle for each frequency. These plots
make visualising the E-field structure and shape easier than a standard X-Y plot of field
against azimuth angle. In order to make visualisation of subsequent comparisons of the

data easier, all data was normalised to a maximum value of 0 dB.

A number of key parameters were extracted from the data sets for each frequency and

source position, these were:

TABLE 4.3: E-Field References

Parameter Designation
Maximum E-Field Amplitude Erus
Minimum E-Field amplitude Ein
E-Field Amplitude Recorded at CISPR 12 ‘Left Hand’ Position FErus
E-Field Amplitude Recorded at CISPR 12 ‘Right Hand’ Position FErus

The parameters listed in Table 4.3 allowed us to investigate the level of error introduced
in recording the maximum E-field emissions radiated by the EUT if a small number of

azimuth positions were considered.
For the purposes of this section data from 49 MHz to 500 MHz was considered.

Initially the EB derived from the E-field recorded in the CISPR 12 antenna positions
compared to the maximum recorded from a full 360° rotation around the vehicle at an
ERAH of 3 m was determined. The use of a single effective antenna height was so that
the effect on the EB due solely to the azimuth scan and not the antenna height scan
could be examined. The EB was recorded for each of the three source positions within
the model. As the vehicle can be considered as electrically large at all frequencies under

investigation, a complex radiation pattern could feasibly be expected.

Figures 4.45 to 4.52 give example polar plots showing the E-field recorded at a range of
frequencies for the model. Data is shown at either end of the frequency range investigated

and for both the ¢ and 6 planes.
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FIGURE 4.43: Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 1,

Horizontal Polarisation

The pattern recorded in the horizontal plane can be seen to have an asymmetric nature,

this is due to the source position not being in the plane of symmetry of the model, this

has been used in order to make visualisation of the pattern easier .
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FIGURE 4.44: Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 1,

Vertical Polarisation
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FIGURE 4.45: Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 2,

Horizontal Polarisation
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FIGURE 4.46: Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 2,

Vertical Polarisation

It was noted that around 100 MHz a very deep null in the pattern was recorded around

180° for both source position 1 and 2 in the 6 plane, whilst for source position 3 the null

was recorded at an angle of approximately 30° as detailed in Figure 4.48. The overall

pattern was very similar in shape between Sources 1 and 2, with the maximum emissions

being recorded at approximately 0°, for Source 3 the main lobe of the pattern was at

approximately 195°
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FIGURE 4.47: Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 3,

Horizontal Polarisation
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FIGURE 4.48: Polar Plot of Simulated E-field around VBS Model, 100 MHz, Source 3,

Vertical Polarisation

The pattern recorded for the three sources was investigated further at 100 MHz and it

was found that the position of the deep null was very frequency dependant. It can be

seen in Figure 4.49 how a 1 MHz increase in frequency caused the position of the null to

change from 180° to 285°
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FIGURE 4.49: Polar Plot of Simulated E-field around VBS Model, 98 MHz to 99 MHz,
Source 2, Vertical Polarisation

The deep null evident in the Source 3 data was also investigated. Similar to source 2,
the null was found to change in position from 30° to 270° for an increase in frequency of

just 500 kHz, this is shown graphically in Figure 4.50.
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F1GURE 4.50: Polar Plot of Simulated E-field around VBS Model, 98 MHz to 98.5 MHz,
Source 3, Vertical Polarisation

As expected the radiation patterns exhibit a simple lobe structure at the lower frequencies,
as the frequency increased the pattern becomes correspondingly more complex. What is

evident from the results is that the receive antenna positions used during a CISPR 12
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measurement are highly unlikely to record the maximum amplitude of E-field and are

quite often to be at the position of a substantial null in the pattern.

195 185 - Normalised Amplitude (dB)
180

FIGURE 4.51:

Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 1,

Horizontal Polarisation
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FIGURE 4.52:

Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 1,

Vertical Polarisation



Chapter 4. Factors Affecting Radiated Emissions Results

91

330 30

300

285

270

255

240

195 165 o]
180

60

75

90

105

120

Normalised Amplitude (dB)

FIGURE 4.53: Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 2,
Horizontal Polarisation
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FIGURE 4.54: Polar Plot of Simulated E-field around VBS Model, 500 MHz, Source 2,
Vertical Polarisation

Once the data from the simulations had been analysed, the corresponding EB in the
amplitude for each source position against frequency was plot. Across the frequency
span and source positions simulated the EB was found to vary in the range of from

< 1 dB to a high value of over 17 dB. This is shown graphically in Figures 4.55 and 4.56.
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F1GURE 4.55: Worst Case Error Bias Against Frequency for All Source Positions,

Horizontal Polarisation
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F1GURE 4.56: Worst Case Error Bias Against Frequency for All Source Positions,

Vertical Polarisation

One feature that can be seen in the results recorded with the source at position 2 is a

large EB at 50 MHz. This was caused by a deep null in the E-field pattern occurring at

the left hand effective antenna position, detailed in Figure 4.57.
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FIGURE 4.57: Polar Plot of E-field around Vehicle, 50 MHz, Source 2, Vertical

Polarisation

Again this null was examined further by plotting the amplitude for small frequency

increments either side of 50 MHz. Where the deep null was recorded at 50 MHz, which

resulted in a large value of EB being recorded, for a 1 MHz change in frequency the null

was observed to move to approximately 190°, with a smaller null at 115°. At 50 MHz

a maximum EB of 12.7 dB was recorded, however, for a change in frequency of 1 MHz

lower to 49 MHz the recorded maximum EB was 5.5 dB. When the two data sets are

plot on the same graph, see Figure 4.58 the shift in position can be seen.
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FI1GURE 4.58: Polar Plot of E-field around Vehicle, 49 to 50 MHz MHz, Source 2,

Vertical Polarisation
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When the horizontally polarised data was examined a similar effect was recorded, again
the position of a null near one of the equivalent CISPR 12 measurement points was
leading to a large EB at 49 MHz, however, at 50 MHz the null had moved in position to

approximately 2159, resulting in a very low value of EB being recorded.
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FI1GURE 4.59: Polar Plot of E-field around Vehicle, 49 to 50 MHz MHz, Source 2,
Horizontal Polarisation

At 300 MHz high EB values were also recorded, particularly for source positions 1 and
3, when examining the polar plots, an example is shown in Figure 4.60 it can be seen
that nulls in the pattern occur very close to both the left hand and right hand CISPR 12

measurement, angles.
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FIGURE 4.60: Polar Plot of E-field around Vehicle, 300 MHz, Source 1, Vertical
Polarisation

Tables 4.5 and 4.4 show the mean of the linear EB across the three source positions.
For the six frequencies considered here a mean EB of approximately 9 dB was recorded.
A maximum mean error of 8.4 dB was recorded at the lowest frequency considered,
this shows how, even at relatively low frequencies, a large EB can be recorded. It is
commonly assumed that the radiation pattern is omni-directional at the lower frequency
range, which for this particular setup is generally true, however, if a null occurs at one

of the two antenna measurement angles, large amplitude errors can be introduced.

TABLE 4.4: Mean Error Bias for All Noise Source Positions (Horizontal Polarisation).

Frequency ( MHz) | Mean EB Left (dB) | Mean EB Right (dB)
50 2.1 2.0
100 8.0 4.9
200 10.6 4.5
300 10.3 8.7
400 9.6 8.9
500 7.5 10.7
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TABLE 4.5: Mean Error Bias for All Noise Source Positions (Vertical Polarisation).

Frequency (MHz) | Mean EB Left (dB) | Mean EB Right (dB)
50 8.4 2.6
100 4.7 4.5
200 2.9 3.8
300 17.2 10.1
400 7.9 7.5
500 11.8 15.7

4.3.3 Vehicle Measurement Azimuth Scan Investigations

To validate the simulation results obtained in Section 4.3.2 a program of measurements
was performed. Radiated emissions measurements were performed on four commercially
available vehicles. The vehicles were chosen to cover a range of typical sizes and styles
commonly used today. They comprised of a large 4x4, a small town-car, a medium sized

family hatch back and a medium sized panel van. Table 4.6 details the vehicles used:

Number Type ‘ Make and Model
1 Town Car Nissan Micra
2 Family Hatchback Ford Focus
3 4x4 Nissan X Trail
4 Panel Van Fiat Berlingo

TABLE 4.6: Azimuth Vehicle Scan Investigations.

In contrast to the EM model documented in the preceding section, the measurements
were performed on fully equipped, production vehicles. They had full interiors, engines
and running gear. Where the complexity of the EM model affected the simulation
time, for the physical measurements this was not a factor that needed to be considered,
measurements would take the same amount of time whether a full vehicle or a stripped
down body shell was used. The secondary reason for the use of production vehicles was
the lack of availability of physical body shell, and vice versa - the lack of a fully equipped
EM model to be used for simulation purposes. The aim of this section is not to make
direct comparisons in the polar patterns between measured and simulated data, more to

compare the effect of performing a full 360° rotation of the vehicle on the amplitude of
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the recorded E-field. The EM model and available vehicles were too different to allow

for direct comparison of the lobe structures.

4.3.3.1 Measurements Setup

In order to have confidence that similar EB levels to those gained through performing
the simulations were recorded, a wide band noise source (York CNE 3) placed inside each
vehicle, in turn, was used rather than using the actual emissions generated by the vehicle
electrical system. It has previously been shown [24] that using actual vehicle emissions for
performing comparative measurements over an extended period, can lead to repeatability
problems. The noise generator was placed on the passenger seat of each vehicle, with
two additional positions being used for the large 4x4 type vehicle. The extra positions
were the driver’s seat and centre of the rear bench seat. Each vehicle was then placed
at the centre point of the OATS facility turntable, 10 m from the measurement antenna,
they were rotated through 360° in 10° degree increments initially, however this resulted in
polar plots that were too under-sampled to enable the direction of maximum emissions to
be determined. Further measurements were then performed using a 5 increment. This
data could still be possibly considered as under-sampled, however, available time did not
allow for a finer angle increment. As the purpose of the data was for comparison of the
directive patterns recorded, the absolute level of the emissions was not considered to be of
vital importance. What was of more importance was the relative level at various different
azimuth angles. One of the major issues encountered when performing measurements
at an Open Area Test Site is that of ambient signals. High ambient signal levels can
mean that data recorded at certain frequencies could not be considered to be entirely
due to the test model. The emissions amplitude data measured while the model was
active was compared to data recorded from a sweep across the band of interest with the
model not radiating, any frequencies where strong ambient signals were recorded were

removed from the investigations.

Each vehicle was aligned on the facility turntable with the front of vehicle facing the
antenna, this angle is designated as 0°. In contrast to the EM simulation setup used
where the convention is for the model to be aligned with the rear of the vehicle facing
as highlighted in Figure 4.41 the angles used to perform a CISPR 12 measurement were
at 90° and 270°. For simplicity these angles will be referred to as Left (90°) and Right
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(270°) from this point on. A general setup photo of the vehicle installed on the OATS

turntable can be seen in Figure 4.61.

At each azimuth angle the amplitude of the radiated E-field was recorded for frequencies
between 50 MHz and 500 MHz in 2.25 MHz steps. As in Section 6.2.1.4, the receive
antenna was raised to 3 m above the facility ground plane. A single antenna height of
3 m above the facility ground plane was considered as only the error due to the azimuth

scan was being investigated.

FIGURE 4.61: General Setup Details, Vehicle in MIRA OATS
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FIGURE 4.62: Noise Source in Vehicle, Position 1
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FIGURE 4.64: Noise Source in Vehicle, Position 4

4.3.3.2 Vehicle Azimuth Measurement Results

The four vehicles were measured with the noise source located on the passenger seat,
the drivers seat and the centre of the rear bench seat to investigate the affect on the
direction of the maximum emissions due to source location. At each of the frequencies
of interest a polar plot of the E-field amplitude against angle was produced. A selection

of the plots are shown in Figures 4.65 to 4.70.
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FIGURE 4.65:

Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,

Source 1, Horizontal

210 150

195 165 Normalised Amplitude (dB)
180

FIGURE 4.66:

Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,

Source 1, Vertical

One noticeable point that is evident between the measurement results and the simulations

results reported on in the previous section, is the depth of the nulls in the lobe structure

of the polar pattern. It has been shown [51] that EM computational simulations produce

deeper and more clearly defined nulls in the polar pattern than those derived from

measurements in an anechoic chamber or OATS, the actual design and construction of

the chamber may contribute to the depth of the nulls. The lobe patterns obtained during
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the measurements are far less clearly defined than those recorded from the simulations,

this is due in part to the coarse azimuth angle used during the measurements. The receive

antenna also averages the field over its aperture, whereas the simulation of a numerical

model can output the field at a specific point in space.
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FIGURE 4.67:

Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,

Source 3, Horizontal

210 150

195 165 Normalised Amplitude (dB)
180

FIGURE 4.68:

Undersampled Polar Plot of Measured E-Field around Vehicle 3, 50 MHz,

Source 3, Vertical
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FIGURE 4.69:

Undersampled Polar Plot of Measured E-Field around Vehicle 3,
500 MHz, Source 1, Horizontal
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FIGURE 4.70:

Undersampled Polar Plot of Measured E-Field around Vehicle 3,
500 MHz, Source 1, Vertical

The mean of the linear EB recorded for the large 4x4 type vehicle was 13.8 dB and

14.2 dB for the horizontally and vertically polarised received antenna respectively. For

both polarisations a high value of approximately 25 dB was recorded between 400 MHz

and 450 MHz.
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F1GURE 4.71: Nissan X Trail, Error Bias Against Frequency, Source 1, Horizontal
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FI1GURE 4.72: Nissan X Trail, Error Bias Against Frequency, Source 1, Vertical
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F1GURE 4.73: Nissan Micra, Error Bias Against Frequency, Source 1, Horizontal
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FIGURE 4.74: Nissan Micra, Error Bias Against Frequency, Source 1, Vertical

The mean of the linear EB for vertically polarised antenna using source position 1 was

18.4 dB and 19.3 dB for the horizontally polarised antenna. For the Nissan Micra the

higher EB values were recorded below 300 MHz.
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F1GURE 4.75: Fiat Van, Error Bias Against Frequency, Source 1, Horizontal

The Fiat Van recorded a horizontal EB of between 5 and 15 dB across most of the

frequency range investigated with a high value of over 20 dB at 500 MIHz. The vertical

data had a much higher mean value of 16.8 dB, with a high value of 30 dB recorded at

100 MHz.
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FI1GURE 4.76: Fiat Van, Error Bias Against Frequency, Source 1, Vertical
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F1GURE 4.77: Ford Focus, Error Bias Against Frequency, Source 1, Horizontal
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FIGURE 4.78: Ford Focus, Error Bias Against Frequency, Source 1, Vertical

The EB recorded for the Ford Focus showed a very low value at 250 MHz for the
horizontal results and 200 MHz for the vertical data.

The 4x4 vehicle and the Fiat van also recorded a low value of EB at 200 MHz, however,

across all frequencies and all vehicles measured a mean of the linear EB of approximately

12 dB was recorded.

This data, although possibly under-sampled, highlights the fact that by only using

two azimuth angles during a CISPR 12 measurement program limits the likelihood of
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recording the maximum amplitude of the emissions from the vehicle and introduces
considerable errors into the results. The simulation results from the VBS model delivered

a similar EB value of 11 dB.
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4.4 Frequency Range

4.4.1 Introduction

In this Section the radiated emissions frequency span of a range of typical commercial
passenger vehicles is investigated. The results of the investigations were used to determine

the frequency range used in the research described in subsequent sections of this thesis.

CISPR 12 defines the current frequency range over which radiated emissions measurements
should be performed as 30 MHz to 1 GHz [1|. Each vehicle will have a unique emissions
signature over that frequency range that has to be determined, at the point before the
measurements have started it is not clear at what frequency emissions will be observed.
Whilst future vehicles may radiate unwanted interference at increasingly high frequencies,
with the advent of devices utilising high clock speeds, Wi-Fi, drive by wire and more
advanced infotainment systems, for the purpose of this research the frequency range has

been limited to the upper limit of the emissions of ‘typical’ production vehicle.

4.4.2 Method

The emissions signature of a range of different vehicle types from: small town cars
through family saloons, to a large lorry, were recorded in a semi-anechoic chamber using
the frequency range defined in CISPR 12. The measurements of the individual vehicles
have been made anonymous and given a designation reference to allow for them to be

easily referenced within this thesis. Table 4.7 below shows the format of the references



Chapter 4. Factors Affecting Radiated Emissions Results 109

TABLE 4.7: Vehicle Designation Examples.

Measurement Vehicle Type | Designation Prefix | Number
Small Family Vehicle Meas-A 1
Medium Family Vehicle 1 Meas-B 2
Medium Family Vehicle 2 Meas-C 3
Large Family Vehicle Meas-D 4
Lorry Meas-E 5]
Sports Coupe 1 Meas-F 6
Sports Coupe 2 Meas-G 7
Sports Coupe 3 Meas-H 8

For the purpose of investigating the frequency range of the radiated emissions, the
vehicles were all measured in a large, 22 m by 10 m by 7 m, Semi-Anechoic Chamber,
SAC, at HORIBA MIRA Ltd, using a standard CISPR 12 setup, (frequency range of
30 MHz to 1 GHz using both horizontal and vertical polarisation of the receive antenna,
10 m antenna to EUT distance, receive antenna 3 m above ground, Engine Running

mode as defined in Section 2.2.2.

An example photograph is shown in Figure 4.79.

F1cURE 4.79: CISPR 12 Example Vehicle Measurement, Setup
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The radiated emissions from both the left hand and right hand side of the vehicles were
recorded using a peak detector. To reduce the amount of data presented only the left hand
side of the vehicle and vertical antenna polarisation are shown (the data recorded from
the right hand side of the vehicle and using the horizontally polarised receive antenna

showed a very similar span of frequencies).

As the purpose of this investigation was to obtain information regarding the frequency
signature of the vehicles and not the absolute amplitude of the emissions, it was not

necessary to perform full polar scan measurements.

As the measurements were performed in a SAC facility high ambient signal levels did
not cause the problems highlighted in Section 4.2.5.2. An example plot of the noise floor

recorded in the facility is shown in Figure 4.80.
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FIGURE 4.80: CISPR 12 Ambient (Measurement System Noise Floor) Level

The emissions data recorded at the time of test showed the absolute amplitude of the

recorded vehicle emissions, as detailed in Figure 4.81.
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FIGURE 4.81: CISPR 12 Vehicle Emissions

Compared to Figure 4.81 a more informative data set was obtained by compensating
for the ambient signal level recorded by the measurement system. For each recorded
frequency the ratio of the measurement system noise floor to the measured signal from
the vehicle was calculated, this gave an amplitude relative to the noise floor. This gave
data that was easier to compare between different vehicle types, an example of which is

shown in Figure 4.82.
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FiGURE 4.82: CISPR 12 Vehicle Emissions relative to Measurement System Noise
Floor
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As can be seen from Figure 4.82 above 600 MHz there are no significant emissions that
can be attributed to the vehicle, between 600 MHz and 1000 MHz the figure displays

mostly system noise.

The data from eight vehicles in total were measured in order to obtain a representative

cross section of different vehicle types, sizes and levels of emissions.

4.4.3 Results

For each of the eight vehicles measured data was processed to give a plot of the emissions
amplitude relative to the system noise floor, example plots are shown in Figures 4.83 to
4.86. These data allow for the spread and amplitude of the emissions to be analysed and
provides more detail of the actual frequency range over which ‘significant’ emissions are
actually recorded for each vehicle. Emissions were determined to be significant if they
were at a level of > 6dB above the system ambient noise floor. Anything below this was
deemed to be ambient noise and not considered, 6dB was chosen as a suitable threshold

based on common practice within many commercial test houses.
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F1GURE 4.83: Vehicle Meas-A CISPR 12 Radiated Emissions Frequency Investigations
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FIGURE 4.84: Vehicle Meas-B CISPR 12 Radiated Emissions Frequency Investigations
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FIGURE 4.85: Vehicle Meas-D CISPR 12 Radiated Emissions Frequency Investigations
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FIGURE 4.86: Vehicle Meas-F CISPR 12 Radiated Emissions Frequency Investigations

Once the emissions data from each vehicle in isolation was analysed, the maximum
amplitude for each of the eight vehicles for each frequency was then collated into a single
profile of amplitude against frequency, this then allowed the full range of emissions to be

visualised in one simple graph, as can be seen in Figure 4.87 .

70

60

50

40

30

20

Relative Amplitude (dB)

10

0 100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)

FIGURE 4.87: Worst Case Emissions Frequency Investigations

From the data presented in Figure 4.87 it was ascertained that above approximately
600 MHz the emissions amplitude across all eight vehicles had fallen below the threshold
level of 6 dB above the noise floor of the system, as stated in the introduction to this

Section.
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For the investigations into an alternative to the CISPR 12 method for measuring vehicle
radiated emissions, detailed in Chapters 6.1 and 7.1 of this thesis, an upper limit of

500 MHz was applied to the measurements and simulations performed.

4.5 Conclusions

The aims set out in this chapter were to quantify the main factors that affect the results
when performing radiated emissions measurements of automotive vehicles. The two main

areas highlighted were:

e Receive Antenna Height Scanning

e Azimuth Rotation of the EUT

Through a study of both the theory and performing a range of simulations and measurements,
the affect of these two parameters on the chance of recording the maximum radiated

emissions from the EUT was quantified.

Scanning the receive antenna in height between 1 m and 4 m above ground level was
investigated in order to maximise the level of the recorded emissions. By not using
height scanning during CISPR 12 vehicle measurements, the mean error recorded in
the maximum E-field amplitude has been shown to be in the region of 16 dB over the

30 MHz to 1 GHz frequency range.

Not rotating the EUT through a 360° range was found to possibly record up to 30 dB
error in the maximum E-field determined. Not only is the actual rotation of the EUT
important to reduce the errors recorded, but also, and possibly more importantly, the
increment angle employed was found to have a considerable affect on the maximum field
strength recorded. This effect was not, however, linear. That is to say, there is a trade off
between the actual number of azimuth angle used to perform the measurements over and
the reduction in error recorded. The CISPR 12 method only used two azimuth angles to

record emissions data from.

Figure 4.88 shows a summary of the affect using the CISPR 12 method has on the Error

Bias figures recorded. The red trace shows an example EB figure between 50 MHz and
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500 MHz for the electrically large EUT detailed in Section 4.2.5.2, while the blue trace
shows the mean EB recorded from when the three vehicles detailed in Section 4.3.3.1 as

a result of only performing measurements at the Frpgg and Egrpg positions.
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FIGURE 4.88: Summary of Error Bias Due to CISPR 12 Configuration

A third parameter was also considered, that was the frequency range over which the
measurements are performed. The frequency range over which emissions that could be
considered as ‘significant’ was determined. This frequency range was then used to define
a limit in the scope of measurements and simulations performed in Chapters 6.1 and 7.1
of this thesis. It was shown that above approximately 600 MHz the emissions from a
range of eight commercially available vehicles had fallen to <6 dB above the noise floor

of the measurement system being used.

As a result of performing this research, evidence has been gathered to support the
argument that using the current CISPR 12 procedures, in which the radiated emissions
of full vehicles are measured, that the amplitude of the E field recorded will be below
the level recorded if the emissions were to be maximised. The driving factor for keeping
automotive radiated emissions measurements to a minimum is cost. Manufacturers of
vehicles are always going to be keen to perform the minimum amount of testing necessary
to conform with the relevant standards, however, it could be argued that due to the sheer
number of vehicles currently on our roads and the possible threat that they pose to other
electrical devices why should the automotive trade be allowed to perform such a modest

amount of testing, compared to say, the domestic device market. With the advent of
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ever increasing clock speeds, and more importantly clock edge rise and fall times, higher
number of electronic devices within the vehicle and more electric and hybrid vehicles

there should possibly be an interest in performing more testing not less.

Physical measurements are, at present, the mainstay of the methods employed to prove
conformance with the required standards. There is a feeling among the EMC fraternity
that in future years, the role of electromagnetic modelling will become increasingly more

important. EM modelling has several distinct advantages over measurements:

lower initial costs (no costly measurement facilities to purchase / build)
e lower maintenance costs

all weather

possibly quicker iterative process during development (it could be possible to either

change or build a new model quicker than build a new physical vehicle

EM modelling is not without is drawbacks however. Using current computers, whether
that be desktop PC’s or super computers / parallel PC’s, simulation of complex EM
models is very computer intensive, requiring fast processors and large amounts of memory.
Thus the more detail incorporated into the model, the longer the simulation will take
to perform. Conformance with test standards is only via a program of measurements
at present, it is unclear whether proof of conformance based on an EM model will ever
be a reality and the likelihood of simulations completely replacing measurements is low.
However, as more experience and knowledge is gained in performing vehicle simulations,

problems should be able to be identified earlier in the design process.



Chapter 5

Alternative Test Methods

5.1 Alternative Measurement System

5.1.1 Introduction

In this section possible alternative test methods to the current CISPR 12 procedure are
considered. As has been highlighted in Chapter 4 the methods currently used to perform
CISPR 12 vehicle radiated emissions measurements can substantially under-estimate the
amplitude of the maximum E-field measured from the vehicle under test. A number of
alternative methods will be discussed and their respective benefits and disadvantages

will be highlighted
The methods considered to determine if they offer a viable alternative for vehicle measurements

and reduce the EB recorded using the current method are:

1. Spherical / hemi-spherical antenna scan around the vehicle under test
2. Antenna Height / Azimuth Scan (CISPR 22 Method)
3. Reverberation Chamber

4. The ‘Test Wire Method’

118



Chapter 5. Alternative Test Methods 119

5.1.2 Spherical Antenna Scan

In an ideal world using a full spherical, or hemi-spherical measurement scan around
the vehicle under test has the potential to record the lowest possible Error Bias. This
method does, however, have a number of major disadvantages. It can be argued that
the reduction in EB recorded using the spherical scan does not justify the costs involved.
In order to perform radiated emissions measurements using this method not only is a
very expensive measurement facility required but also the time involved to fully sample
the E-field at sufficiently high number of points in space means its use for testing on a

commercial basis is prohibitive.

For spherical emissions measurements to be performed at a facility large enough to house
a car or van would involve a very sophisticated antenna positioning system alongside the
normal azimuth rotator. For each measurement position the EUT is rotated in azimuth
along with the measurement antenna being scanned in an arc around the vehicle in the
elevation axis. As the EUT is also being rotated in the azimuth plane, the antenna needs
to be scanned from -90 to +90 degrees in the elevation plane. This method of testing
is more commonly used for near field scanning of relatively small EUTs, however, in
principle it would still be possible to build a system large enough to test a vehicle, but the
costs and complexity would be vastly increased. The basic concept of the hemi-spherical
scan is shown in Figure 5.1, the major difference between the hemi-spherical scan and a
full spherical scan is the antenna would also need to be scanned from 0° to +90° for the

hemispherical scan.
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FIGURE 5.1: Hemi-Spherical General Test Setup

An alternative to performing what would traditionally be thought of as a ‘spherical’
scan around the EUT is to use a cylindrical scan method. This method involves taking
measurements at varying antenna heights around the EUT while the EUT itself was
rotated around it Z axis. Measurements would be performed with the EUT either
rotated in small increment steps around either the X or Y axis or at three orthogonal
orientations relative to the measurement antenna, whilst rotated around the 7 axis.
Again the practicalities of performing such a test with something as large as a car would
be much greater than a traditional OATS type emissions measurement as rotating the
vehicle to present the other two orthogonal angles to the antenna is much harder than
rotating it around the azimuth axis. Studies performed by Freyer and Backstrom [47],
Landgren [48] and Batterman and Garbe [46], [54], highlighted that as the increment
angle used for either the receive antenna height scan, or the azimuth angle increased, the
error in recording the maximum emissions also increased . These studies recorded mean
errors introduced by performing azimuth scans with a coarse increment angle, 20° in the
case of [46], of approximately 5 dB compared to those recorded using an increment angle
of 2.5°. In the case of the antenna height scan studies mean errors of approximately
4 dB were observed. These error values recorded due to the use of coarse height scan
increments are at a similar level to those found during measurements detailed in Section
4.2 of this thesis. The error noted as a result of performing limited azimuth scans, was

lower than reported in Section 4.3. However, the azimuth increment detailed in [46] was
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larger than used in this research and as such could feasibly be expected to produce lower

results.
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F1GURE 5.2: Cylindrical Scan General Test Setup

5.1.3 Receive Antenna / Azimuth Scan - CISPR 22 Method

The vast majority of radiated emissions test standards required the receive antenna to
be scanned in height and the EUT to be rotated in azimuth in order to maximise the
emissions. As detailed in Section 4 both of these factors have been shown to affect
the level of error recorded when attempting to measure the maximum amplitude of the

E-field radiated by the EUT.

5.1.3.1 Error as a Function of Number of Azimuth Angles Used

An obvious question raised when considering an alternative to the current CISPR 12

method could be:
‘Why not just perform measurements at more azimuth angles?’
While the question posed could be considered as obvious, the answer is perhaps not so

pronounced. The number of angles has already been shown to directly affect the Error

Bias recorded.
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In order to investigate whether an optimum number of azimuth angles could be found that
would offer a noticeable improvement in the Error Bias recorded without dramatically
affecting the time taken to perform the tests, the data collected during the measurements
performed in Section4.3 were further analysed. The EB was calculated for an increasing
number of azimuth angles used. For the purpose of this investigation the additional
angles were based upon the values detailed in Table 5.1. A single antenna height of 2 m
was used for the purpose of this investigation, as the E-field amplitude was collected
using a relatively coarse antenna height increment, there was insufficient data to offer
conclusive results regarding an optimum increment step size. As the E-field amplitude
was recorded using an azimuth rotation increment of 5°, a large data set was available

to extract subsets of azimuth positions to perform the comparisons.

TABLE 5.1: Increased Azimuth Angle Increment Investigation

No. Of Angles | Angle Increment (Degrees)
2 180
4 90
8 45
16 20
36 10
72 5

It can be seen from Figure 5.3 that the plot of number of angles used to perform
the radiated emissions measurements against EB in recording the maximum E-field
amplitude follows a logarithmic trend line. As the number of azimuth angles is increased
from more than two angles, as is used in CISPR 12, the recorded EB falls rapidly until
approximately 20 angles are used. Using greater than 20 angles, the EB improvement
falls to a point where it could be argued that the improvement does not warrant the
additional time and costs involved in performing the additional measurements. The
EB improvement achieved by doubling the number of angles from two to four was
approximately 2 dB, increasing the number of angles by a further factor of 2, 8 positions
is total, reduced the EB to 6 dB, half that of the CISPR 12 EB of 12 dB. A further
doubling of the number of angles to 16, reduced the EB further to just below 5 dB. The

difference in EB between performing measurements at 16 positions to that when using
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72 positions was only just over 2 dB, the difference in time to perform measurements at

16 angles compared to 72 would be quite considerable.
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FIGURE 5.3: Error Against Number of Measured Azimuth Angles, Horizontal
Polarisation

The results shown in Figure 5.3 were based upon the horizontally polarised data set.
When the vertically polarised data were analysed a very similar profile to the horizontal
data were recorded, the vertical data followed the profile of the logarithmic trend-line

more closely than the horizontal data in fact, as shown in Figure 5.4.
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FIGURE 5.4: Error against Number of Measured Azimuth Angles, Vertical Polarisation
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Table 5.2 and Figure 5.5 give an example of the increase in time that could be expected by
increasing the number of azimuth angles. The timings are based upon a single frequency
sweep between 30 MHz and 1 GHz taking approximately five minutes. The exact timings
will depend upon the sweeping time of the measurement receiver being used and the
figures are meant to be illustrative of the increase rather than offering absolute timings.
These timings would only cover one antenna polarisation, the normal procedure would

be to perform the tests using both a horizontally and vertically polarised receive antenna,

hence the actual timings would be twice those detailed in Table 5.2.

TABLE 5.2: Test Time Increases Due to Decreased Azimuth Angle Increment

No. Of Angles | Angle Increment (Degrees) | Sweep Time
2 180 10 mins
4 90 20 mins
8 45 40 mins
16 20 80 mins
36 10 180 mins
72 5 900 mins
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FIGURE 5.5: Time against Number of Measured Azimuth Angles




Chapter 5. Alternative Test Methods 125

5.1.3.2 Alternate Azimuth Angles - CISPR 12 Test Parameters

As discussed throughout this thesis, CIPSR 12 radiated emissions measurements are
performed at two azimuth angles around the vehicle being tested. As was shown in
Chapter 4, this can lead to large EB values being recorded. However, it could be argued
that if the ‘optimum’ two angles could be established in advance, a very low EB could
be recorded, whilst still only performing measurements at two positions. The difficulty
with this alternate option is how can one determine the angle without performing a full
azimuth scan, utilising a fine increment angle, which by definition contradicts the aim
of using just two angles. There is a possibility that the answer is that an ‘optimum’
angle does not exist, or certainly not a single, common angle that is valid across multiple

vehicle types.

The emissions data collected by the author whilst performing the investigations detailed
in Section 4.3 were used to ascertain if an alternate angle to Epps and Erggs could be
deduced. The emissions data recorded at five degree increments around three different
vehicles were analysed, looking for common angles where the maximum amplitude of the
E-field was recorded. The measurements were performed using a single antenna height

of 3 m above the facility ground.

For each of the vehicles, the angle at which the maximum E-field amplitude was measured
was noted for frequencies between 50 MHz and 500 MHz, in 50 MHz increments, as

detailed in Figure 5.6.
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FI1GURE 5.6: Azimuth Angle Maximum Amplitude of E-Field Recorded, Three Vehicles

It is evident that the direction at which the maximum was recorded not only varies with
frequency, it also varies between vehicles. For each frequency examined, the maximum
was recorded at a wide range of angles, there was no evidence of any common angles
being highlighted. The purpose of this graph was to investigate if a particular angle or
small range of angles consistently recorded the maximum amplitude. What is clear from
the almost random spread of data across the graph , is that a common angle could not,

as expected, be determined.

When the data from individual vehicles were analysed the range of values over which the
maximum E-field was recorded can clearly be seen. Figure 5.7 shows the data for the

Micra as an example, this result was typical across all the vehicle types tested.
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FIGURE 5.7: Azimuth Angle Maximum Amplitude of E-Field Recorded, Nissan Micra

In summary, from the small data set analysed it was concluded that alternative angles to
the CISPR 12 positions were not possible to determine. The angle was seen to vary over

a wide range of values as the frequency was varied and also for different vehicle types.

5.1.4 Reverberation Chamber

5.1.4.1 Introduction

As stated in Section 5.1.3.1, an obvious question regarding reducing the EB during an
automotive emissions tests would be ‘why not simply perform measurements from a
greater number of azimuth angles and scan the receive antenna in height’. This question
was answered in Section 5.1.3.1 but as was highlighted the method, whilst offering a
substantial reduction in EB, the additional time and cost have ruled it as not viable

from a commercial testing point of view. A second question that could be asked is:

‘Why not perform the measurements in a Reverberation Chamber. Would this

not solve the problem of not recording the mazximum emissions?’

The Reverberation chamber was investigated in an attempt to determine if it could offer

an alternative to the CISPR 12 method.
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5.1.4.2 Reverberation Chamber Background

The use of Reverberation Chamber, RC, for electromagnetic measurement purposes was
first proposed by HA Mendes in 1968 [55]. The EMC community took some time before
measurements using a reverberation chamber became accepted, but in recent years they

have become a popular alternative to OATS and semi anechoic chambers.

The RC consists of a shielded enclosure in which electromagnetic measurements are
performed; both radiated emissions and immunity. The inside of the enclosure is not
covered with RF absorbent material; as is the case with a semi anechoic chamber, but

left uncovered.

The operation of a RC is based on the resonant properties of the shielded enclosure. An
RC differs from a conventional shielded enclosure by the inclusion of a large rotating
non-symmetrical stirrer, or multiple stirrers in the case of some chambers. Figure 5.8

shows a typical layout of a RC.

In order to be efficient over a wide frequency range, especially at low frequencies, the
paddle should be large in relation to the dimensions of the chamber. Measurements have
shown [56] that the width of the stirrer is more important than the height with regard
to efficiency of the paddle. The stirrer rotates during the measurement. There are two
methods employed by which the stirrer is rotated, these are; continuous rotation, also

known as mode stirred, and stepped rotation, also known as mode tuned.

The fact that that the chamber is a large metallic cavity, with a high Quality (Q) factor,
will mean that if RF energy is introduced into the chamber, via an antenna fed by a source
signal for example, and the frequency of the signal injected into the chamber matches a
resonant frequency of the shielded enclosure, a 3d standing wave pattern will be created.
This creates an electric field with a high amplitude. If, however, the frequency of the
signal injected does not match a resonance frequency, an electric field of low amplitude
is created inside the enclosure. These resonances formed within the chamber will cause
it to act as a multimode resonator. The frequency of the resonant frequencies or ‘modes’

can be calculated using Equation 5.1:

€o

= (20 + (22 + 22 5.)
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where a is the length, b is the width and ¢ is the height of the chamber, (all in metres),
m, n and p are non-negative integers, only one of which may be zero and ¢g is the speed

of light in a vacuum.
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The 3D pattern if the resonances will cause the received field to be very strongly

dependent on the position of the receive antenna within the chamber.

The fundamental axial mode of the chamber will be caused by reflections off two opposing
walls of the chamber, either the end or side walls, weaker tangential resonant modes
will be caused by reflections off four or more walls. The lowest, fundamental, resonant

frequency of the chamber will occur when m and n are both 1 and p is zero.

The stirrer changes the field pattern inside the chamber by changing the boundary
conditions. The reflected waves incident on any point in space within the chamber arrive
with differing phase due to their different path lengths. Rotation of the stirrer changes
these path lengths, and as a consequence the phase, for each differing position of the
stirrer. This leads to the magnitude of the electric field at any point within the chamber
being different from any other point and thus different for every stirrer position. A single
rotation of the stirrer perturbs the electric field to give a known statistical distribution.
This distribution is evident if many points in the field are measured with all objects
within the chamber in the same position. The effect of the stirrer altering the resonances
is that a time averaged, spatially homogeneous field distribution is achieved. At high
frequencies, in the order of several hundred MHz, the stirring action is very successful
at producing the required spatially homogeneous field distribution. As the frequency
decreases, an increasing number of stirrer positions over a single rotation are required.
The net consequence of a stirrer rotation through one revolution is that a statistically
isotropic, randomly polarised uniform field is generated over a large area of the chamber

volume, typically the usable volume is approximately 50 % of the total chamber volume.

Physically, the larger an RC is, the better the performance at lower frequencies. However,
absolute size is not the only factor affecting the performance. The chamber walls should
not be of equal lengths, i.e the height should not be the same as the width etc. Walls
of the same dimension leads to resonances at the same frequencies, which does not
contribute to the homogeneous field distribution [57]. The amount of other equipment
inside the chamber will also have a detrimental affect on the field distribution, items
such as wooden flooring, storage cupboards etc. have the effect of reducing the Quality

factor of the chamber.

The RC offers some advantages over performing radiated emission at an OATS or

semi-anechoic chamber. The cost of an RC compared to a SAC of a similar size, is
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typically lower. The lower cost of building a reverberation chamber is realised due to
the fact that expensive absorber, either ferrite tiles, pyramidal cones or a combination of
the two, is not needed. This means that not only is the cost of the material not needed
but also the construction of the chamber does not have to be nearly so robust. A SAC
requires that the chamber walls be structurally supported using steel girders or similar

to compensate for the additional weight of the absorber.

For the purpose of this research, possibly the biggest advantage of the RC is that it
measures the total radiated power of the EUT, hence the EUT emissions will be accounted
for from all directions without the need to rotate it either in azimuth or scan the receive
antenna in the elevation plane as is the case for spherical scan tests as described in
Section 5.1.2. However, the total radiated power recorded in an RC gives the average
amplitude emissions from the DUT. In order to deduce the maximum amplitude, some
knowledge, or presumption, of the directivity of the EUT is required. Wilson et al.
[2] investigated methods of determining the level of the maximum emissions of a DUT,
using measurements in an RC along with maximum directivity estimates based upon the
electrical size of the EUT. They concluded that through the use of the estimated value
for the directivity, good correlation between the total radiated power recorded in the RC
and the maximum E-field amplitude recorded over a spherical antenna scan around the

EUT could be obtained. The RC could potentially offer a low value of EB.

A study conducted by Wen [58] investigated the use of an RC for vehicle level emissions
measurements, the results of the study suggest that through the use of a ‘correction
factor’ the RC results can be calibrated to CISPR 12 results. However, based upon the
conclusions drawn in Section 4.5, this would seemingly take the advantages of the RC
and calibrate it to to a test method that we have shown to have an EB of up to 30 dB

at certain frequencies.

The RC is, however, not without its disadvantages. In order to achieve the statistically
isotropic, randomly polarised uniform field, a large chamber is required. Although this
does not need to be lined with tiles or RF absorbing cones, as detailed earlier, there is
still a substantial cost required to build a sufficiently large enclosure. Additionally, as
the field is averaged over a complete stirrer rotation, it is statistically both isotropic and
randomly polarised, this means that the measurement results are not able to convey any

detail into the direction from which the emissions are radiated or their polarisation, both
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of which can be resolved using a semi anechoic chamber and rotating the antenna and

EUT.

5.1.4.3 Reverberation Chamber: Number of Independent Samples

The time required to perform the tests within an RC is dependent upon the number of
steps used during the rotation of the paddle, the time needed by the paddle to settle
after each step and the time required by the measurement system to actually record the
field data at each paddle position. Historically, a typical number of paddle positions
use during a test was 200 at all frequencies, however, this resulted in field uncertainties
that varied with frequency due to an increased modal density. The latest version of
BS EN 61000-4-21 [59], the British Standard that defines the requirements for RC testing,
offers information on an optimised number of paddle steps, that decreases with increasing
frequency. Figure 5.9 gives details of the suggested number of positions for a typical sized
RC.
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FIGURE 5.9: Reverberation Chamber Configuration. (Figure Reproduced from
BS EN 61000-4-21)

In order to perform measurements over the same frequency range as covered by CISPR 12
test time will potentially be very long, particularly to cover the lower end of the frequency
spectrum. Based on the suggested number of steps detailed in BS EN 61000-4-21 radiated
emissions tests conducted in an RC could take up to 24 hours per EUT, based upon the
timings detailed in Table 5.3:
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TABLE 5.3: Estimated Reverberation Chamber Timings

Frequency Range (MHz) | No. Of Paddle Steps | Time (hours)
100 - 300 450 15
300 - 450 200 6.7
450 - 500 125 1
500 - 600 750 0.1
600 - 1000 40 0.7

These timings are based upon the measurement receiver taking approximately 5 minutes

to sweep from 30 MHz to 1 GHz.

Research is continuing into the optimum number of independent stirrer positions to be
used during a test [60], [61], [62]. Alternative methods to those detailed in BS EN 61000-4-21,
suggested by Chen [63], highlights that through the use of the optimised number of
independent samples a reduction in test time could be achieved, without the increases

in the measurement uncertainty.

The reverberation chamber also possesses some disadvantages over an OATS or SAC:

e Large size required to obtain a low usable frequency;

e Many international standards still do not allow the use of reverberation chambers

for compliance measurements.

e There is not a simple method allowing direct comparison of results obtained in a

reverberation chamber to those produced in a SAC

5.1.5 Test Wire Method

5.1.6 Introduction

A method proposed for measuring the radiated emissions from large machines was first
proposed from work carried out under a European project known as TEMCA?2 carried
out in 2003 [64]. The project aim was to investigate alternative methods that would

allow compliance with the EMC Directive for large machines and simplify the procedure



Chapter 5. Alternative Test Methods 135

needed to perform the measurements. The system became known as the "Test Wire’

method.

The ‘Test Wire’ method was the final alternative investigated as a possible substitute to

the CISPR 12 approach to measuring automotive radiated emissions.

5.1.7 Test Wire Method History

Due to the physical size, weight and supply voltages used with many industrial machines,
radiated emissions and immunity measurements at a typical test site, OATS, semi-anechoic
chamber etc, are not possible. For large machines, there are typically three methods
available to show conformance with the required EMC Directive 2014/30/EU [65] and
Standards EN 50370-1 [66] and EN 50370-2 [67], they can be summarised as: perform
the tests on the entire machine, perform tests on the electrical system of the machine and
then perform visual type inspections to confirm the system has been correctly installed
into the machine or perform measurements on individual modules of the machine in
a test facility and then perform visual type inspections of the modules once they are
re-installed back into the machine, this is then followed by a final test on the machine

in-situ at the final location of the machine.

Of the three options highlighted above, the third procedure was investigated as part of a
joint working group between CECIMO (Comité Européen de Coopération des Industries
de la Machine-Qutil, also known as the European Committee for co-operation of machine
tool industries) and CENELEC (Comité Buropéen de Normalisation Electrotechnique,

also known as European Committee for Electrotechnical Standardization).

In February 2003 the TEMCAZ2 project was started, their role was to develop a measurement
method that could be used for the final ‘In-Situ’ test. The project which was part of the
European Commission’s RTD program on Competitive and Sustainable Growth (Fifth
Framework Program, 1999 - 2002, project number GRD1-220-70012) with the aim of
addressing the difficulties inherent with performing radiated emissions measurements on

large industrial fixed machines.

The TEMCA2 project started out by issuing a questionnaire to a range of machine
manufacturers with the aim of determining some understanding of their thoughts regarding

the current Directives and Standards. What became evident was that the manufacturers
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were dissatisfied with the cost and amount of equipment, and technical knowledge required
to perform emissions tests on their large machines. It was also noted that even after the
tests were performed compliance could possibly still not completely fulfil the requirements
of the EMC directive. The manufacturers expectations were for a method that was low

cost, quick to perform and used a simplified test method.

The two main factors concerning simplifying the test method that were highlighted were
that the tests need to be performed ‘in-situ’, without the need for the machine to be
moved to a measurement test facility and that high levels of ambient ‘noise’ could be dealt
with. As detailed in Section 4.2.5.2 of this thesis, the ability of a measurement system
to be tolerant of high levels of ambient noise would be beneficial to any alternative to
the CISPR 12 method, if it allowed for tests to be performed without the need for an
OATS or SAC.

5.1.7.1 Test Wire Configuration

The system developed by the TEMCA?2 team became known as the "Test Wire Method’,
TWM. The teams involved in the TEMCA2 project performed a range of investigations
into the feasibility of the TWM as an alternative to a traditional CIPSR 22 type antenna
measurement [68], [69] [64], [70]. For the development phase of the study a Generic Test
Object, GTO, was used to perform a range of measurements and simulations. The GTO
was designed in such a way that it would be possible to easily produce both a physical
model and also a numerical model. The original concept behind the Test Wire system
was based upon the work carried out by Parmantier [71] which proposed the use of a

‘Test Wire’ for detection of localized sources of emissions on a large EUT.

In the initial system developed by the TEMCA2 teams, the wire was stretched over the
machine at a distance of approximately 10 - 50 cm. The length of the wire was chosen
so that this distance could be maintained for different orientation of the wire over the
machine and still preserve the same separation from the largest point. The ‘Test Wire’
formed a long wire antenna over the machine being tested, which would integrate the
near field contributions of the E-field radiated emissions. The wire was terminated with
its characteristic impedance. The ends of the wire were connected to either the metal
chassis of the machine or the metal ground plane, between the machine and the ground

connection was a termination resistor. The termination impedance was set to 150 (2 at
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one end of the Test Wire, at the opposite end of the wire a 100 2 termination in series
with the 50 €2 nominal input impedance of the measurement receiver. Figure 5.10 shows

the basic Test Wire method setup used.
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F1cURE 5.10: Basic Layout of Test Wire Method

Multiple configurations of the Test Wire were used during the investigations. The wire

was positioned as shown in Figure 5.11.
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FIGURE 5.11: Test Wire Orientations Around EUT
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5.1.7.2 Calibration Factor

The voltage across the termination resistor was measured for each frequency of interest
in the range of 30 MHz to 1 GHz. This voltage was then converted to an equivalent field
strength by means of a '"K-Factor’ which is analogous to the standard antenna factor.
Voltage data was collected from measurement performed with the Test Wires at each of
the positions shown in Figure 5.11, with the measurement receiver located at either end

of the wire, i.e. two sets of data were collected for each test wire position.

In order to calculate the K-Factor the maximum E-field needed to be recorded. A
standard CISPR 22 type measurement was performed with the receive antenna positioned
10 m away from the machine. In an attempt to maximise the emissions, measurements
were performed from all four sides of the machine. As the system was designed to be
used for measuring very large industrial machines, rotating the EUT around the X or Y
axis was not possible. The receive antenna was scanned in height between 1 m and 4 m

above the ground in a further attempt to maximise the amplitude recorded.

The K-Factor is calculated as the ratio between measured maximum E-field, using
standard CISPR 22 method, and the measured voltage across the termination resistor.

From this a range of values for K is obtained.

The K-Factor can be calculated using the following:

E
K =20.log— 5.2
ogU (5.2)

Where K is measured in dB/m, E in V/m and U is measured in V.

Individual values for the K-Factor will need to be calculated for each frequency of interest,
using each of the configurations detailed above, doing so will give a spread of high and
low values. From the spread of values elicited, nominal value of K was determined, from

a line of best fit through all the values recorded.

An important fact to note is that in order to correctly define the K-Factor, the E-field
value should be the maximum, i.e. as a results of full spherical scan. The measurements
performed were based upon a reduced measurement set due to the time constraints

imposed performing a full spherical scan. The maximisation process used during the
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antenna measurements was as rigorous as was practicable at the time, however, it would
still not record the actual maximum emissions of the EUT. Due to this fact, the teams
involved in the development of the Test Wire method also performed simulations on the
EM model of their GTO, to enable the maximum to be derived. The use of a simulation
model meant that the E-field could be recorded at a much greater number of positions
around the model than was possible through measurement. This allowed for a better

approximation of the maximum E-field amplitude to be recorded.

By applying the K-Factor to subsequent Test Wire measurements, an equivalent E-Field
value can be recorded without the need to perform extensive antenna measurements. The
TEMCA2 team deduced that the TWM showed promise for measuring the emissions from
large industrial machines, and suggested further development was needed in order for the

system to be further validated.

5.1.7.3 Development of the Test Wire Method

The TWM was further developed in an attempt to address some of the issues raised
with its implementation. The main points raised were: the Test Wires required careful
placement in order to maintain the 100 mm spacing above the EUT, the characteristic
impedance was found to be difficult to control and also felt to not be truly representative
or accurate in practical applications [70]. An alternative method was suggested by
Coenen, Maas et al. [72] known as the ‘Surface Current Sense Wire’, SCSW, this method
changed the way the ‘“Test Wire’ was configured. Instead of being positioned 10-20 ¢m
above the surface of the EUT, the Sense Wire, was configured to run on the surface of the
EUT. The diameter of the wire and its insulation thickness were selected to produce a
transmission line configuration with a characteristic impedance of 50 ). The impedance
of the microstrip would then allow for a direct connection to the measurement instrument
being used, reducing reflections and mismatches. Another difference between the SCSW
and the Test Wire method is the length of the wire. The wires used to perform the
TWM are stretched over the entire structure of the machine being tested, whereas the
SCSW was limited to between 1 m and 3 m long. A later investigation into the SCSW
[73]| found that using a long wire produced inconsistent results. The variation to the
setup they used changed the length to approximately 300 mm. The SCSW was routed in

various positions over the surface of the EUT, the voltages present over the surface of the
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EUT will in turn induce a voltage in the sense wire with minimal RF losses. Again the
terminal voltage was measured across the frequency range of interest and the K-Factor
derived from Equation 5.2. One drawback recognised with the method is that the system
was still intrusive to the device being tested as it relied on a ground connection of the

shield being bonded to the chassis of the EUT.

In an attempt to overcome this problem, a further development of the SCSW system
was suggested by Catrysse, Vanhee et al [74]. The SCSW was replaced by a standalone
microstrip that had its own ground reference plane . The ‘FlexuStrip’ as it was named
comprised of a flexible ‘sandwich’ of conductive fabric strips enclosed between two layers
of insulating sheet, the microstrip was completed with a further metallic strip on top of
the insulating sheet, ‘N’ connectors were positioned at either end of the strip to allow for
connection to the measurement equipment at one end, the opposite end was terminated
with a 5012 load. The advantage of the FlexuStrip over the original TWM was that as
the strip was flexible, it could easily conform to the profile of the equipment under test
and as it had its own ground reference plane it could be designed to have a characteristic
impedance that matched the measurement system and did not rely on bond to the
chassis of the EUT. The FlexuStrip was used in the same way as the original TWM,
with the exception of the of the details highlighted at the beginning of this paragraph.
The FlexuStrip was validated with a program of measurements where the same EUT
was measured with the CISPR 22 method, the Test Wire Method and the FlexuStrip
method. They concluded that although in its infancy, the FlexuStrip method showed
potential as a method for both measuring the emissions of large machines in-situ and
also to be used as a ‘sniffer’ probe for investigating localised leakage of RF emissions

from different parts of the EUT.

5.1.8 Conclusions

In an attempt to find a method to perform vehicle level radiated emissions tests to be
used as an alternative to the CISPR 12 procedure a number of options were considered.
Whilst it could be argued that performing either a spherical, or hemi-spherical, scan of
the receive antenna around the EUT or performing the measurements in a Reverberation
Chamber could potentially offer a dramatic reduction in the Error Bias, both systems

have some substantial disadvantages. For the spherical scan method, cost is by far the
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biggest issue. Performing a complete spherical scan around the EUT would not only
require a very complex measurement system but the time needed to perform the test
would cause it to be prohibitive, certainly for commercial testing such is required for
vehicles to show compliance with the requirements of the Automotive Directive. The

spherical scan method is possibly more suited to a research type of program.

It was shown that if the number of azimuth angles used to perform emissions measurements
increased, the EB reduced compared to that achieved using the CISPR 12 method. This
reduction, however, was not linear. It was found that as the increment doubled from
the two angles used in CISPR 12, the EB reduced following a logarithmic profile. As
a consequence of the angular increment decrease, the test time increased accordingly,
following a logarithmic increase. In order to gain a 6 dB decrease in the EB value
recorded, an additional 6 measurement angles, eight measurements in total, were required.
This change in increment accounted for a four fold increase in test time. Increasing the
number of measurement points to 36 only accounted for a further decrease in EB of
approximately 2 dB, however, this would increase the test time by approximately 18
times. These timings would only account for a single antenna polarisation, in reality the
actual test time increases would be double the quoted figures as measurements using both
a horizontally and vertically polarised antenna would be required. The use of increased
azimuth angles could certainly be used as a method of decreasing the EB recorded,
however, the added time required to perform the tests would potentially deem it cost

prohibitive for a commercial test program.

The Reverberation chamber, also has the potential to offer a low Error Bias but still
requires a fairly complex measurement facility, certainly more complex than that required
to perform a CISPR type antenna test. With regards to the timing, the RC tests
are potentially still long due to the multiple paddle positions required, especially at
low frequencies, to ensure that a statistically isotropic and randomly polarised uniform
uniform field is being generated. The total radiated field recorded during an RC test is
not directly comparable to that recorded using the CISPR 12 method, but does mean
that it is independent of the directivity of the EUT emissions pattern.

The final method investigated, the ‘Test Wire Method’ was found to offer the most
potential as basis for an alternative to the current CISPR 12 method. In the subsequent

chapters of this thesis, the TWM is investigated further, and work is described detailing
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how the TWM concept was used as a method of recording the E-field radiated by a
number of models and commercial vehicles. The resulting Error Bias is then discussed

and compared to those recorded using the CISPR, 12 method.



Chapter 6

Test Wire Method

6.1 Introduction

This chapter details further investigations into the ‘Test Wire’ method (TWM) discussed
in Section 6.1 as a possible alternative methodology to the current CISPR 12 test
procedure. The chapter begins by detailing how the original ‘Test Wire’ method was
implemented on a simple representation of a vehicle body shell passenger compartment,
designated ‘Simple Vehicle Test Case’, SVTC. A full scale EM simulation model and a
% scale physical model of the SVT'C were designed and built. The EM model was used
to investigate the impedances required to terminate the Test Wires and also to perform
investigations into how the position of the Test Wire could possibly be optimised. The
scaled physical model was used to perform a range of radiated emissions measurements at
an OATS facility. The measurements were initially used to determine the EB in recording
the maximum E-Field amplitude using the CISPR 12 method. The Test Wire Method
was then implemented on the model. A K-Factor was determined using the method
described in Section 5.2 and then the EB in the maximum amplitude of the emissions
from the model using the TWM were compared to those recorded using the CISPR 12

method.

143
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6.2 Original Test Wire Method Investigations

6.2.1 Simulation Model

For the initial investigations into the TWM a simplified vehicle body shell, designated
Simple Vehicle Test Case, SVTC, was modelled using CONCEPT II Electromagnetic
Simulation Software [39] . The model was designed to represent the size and shape of
the passenger compartment of a typical family car. It was built using simple geometric
shapes with the main panels forming a simple rectangular box shape, and consists of
a central passenger compartment with apertures to represent windows. The apertures
were left open, no attempt has been made to simulate the window glass. The simple
vehicle shape was chosen not only to act as a representation of a vehicle but was also
designed to enable a scale physical model to be built with relative ease. Figure 6.1 shows
the overall EM SVTC model, whilst Figures 6.2 and 6.3 show dimensioned drawings of
the SVTC model.

FIGURE 6.1: Simple Vehicle Test Case (SVTC) EM Simulation Model - 3D View
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1.7m |

1.5m

FIGURE 6.2: Simple Vehicle Test Case (SVTC) EM Simulation Model - Front View

45m

1.5 m

FIGURE 6.3: Simple Vehicle Test Case (SVTC) EM Simulation Model - Side View

The model was initially built using the discretisation tools within CONCEPT II . As the
surfaces of the body shell did not have any curvature it was possible to construct it using
the plate facility. Each side of the body shell was constructed from a basic rectangular
plate. Each individual plate was then combined in CONCEPT II to form a complete
surface. The VBS model used for the simulations in Sections 4.3 was not used for this
part of the investigations as a physical model was also required, hence a very simple to

construct model was utilised.
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The model was built using a mesh size of 0.06 m x 0.06 m, the dimensions were chosen
in order to meet the suggested minimum mesh size of %0 at the maximum frequency of
interest, 500 MHz in this case. The upper frequency limit of the simulations was limited
to 500 MHz based upon the data analysed in Section 4.4 which concluded that the
majority of the radiated emissions from a range of eight different commercially available

vehicles were recorded in the frequency range below 600 MHz.

In order to determine if the EM model was meshed with the optimum element size,
based on the trade-off between accuracy of the results and time taken to perform the
simulation, a map of the surface current was produced by the software for the upper
frequency of the study being performed; 500 MHz as stated in the previous paragraph.
In areas where high surface current density or rapid spatial rate change of the current
were observed, a finer mesh size of 0.03 m x 0.03 m was utilised, as shown in Figure 6.5.
By analysing the ‘surface’ map produced within CONCEPT, the high spots can easily

be visualised. Figure 6.4 shows an example surface current plot at 500 MHz.
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FIGURE 6.4: Simple Vehicle Test Case ’Simulation” Model’, Showing Surface Currents

As can be seen in the image, high surface currents were recorded around the perimeter
of the window apertures. The mesh size was decreased around all the windows and down

the vertical pillars that separate the individual windows.
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FiGURE 6.5: Simple Vehicle Test Case ’Simulation’ Model’, Showing Refined Mesh

The model was positioned 0.3 m above an infinite Perfect Electrical Conductor, PEC,
ground plane, this height was used to represent the height the floor pan of a typical

commercial vehicle above the ground.

A series of five small monopole antennas 270 mm long were positioned inside the model
to excite an electric field within the enclosure. The monopoles were driven by a 1 V
source, using the body of the model as a ground plane for the antenna. The position
of the monopoles were chosen to offer a variety of places where electronic devices could
be positioned inside a typical passenger vehicle. Details of the relative position of the

monopoles are shown in Table 6.1 and Figure 6.6 :

TABLE 6.1: Relative Harness Positions and Dimensions

Description | X Position (m) | Y Position (m)

Monopole 1 -1.88514 0.607143
Monopole 2 -1.76351 -0.121429
Monopole 3 -0.485714 -0.790541
Monopole 4 0.668919 0.121429

Monopole 5 1.39865 -0.607143
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Front of Vehicle

i SVTC Viewed from Underneath

FIGURE 6.6: Floor Pan of Simple Vehicle Test Case Passenger Compartment Showing
Monopole Location

Positions 1 - 3 were to replicate a source of emissions located in the dashboard area of
centre console of the vehicle, points 4 and 5 represented sources either under the rear

seats or in the boot of the vehicle.

6.2.1.1 SVTC Test Wire Termination Impedance Investigations

On reviewing the literature describing the initial research carried out into the Test Wire
method, an impedance of 1502 was chosen to terminate the transmission line formed
by the Test Wire above the metallic ground plane formed by the SVTC body. This was
assumed to be the common-mode impedance of the test wire, with a caveat that the
actual routing of the wire above the test object would actually determine the impedance
and as such care would need to be taken to ensure that this value was achieved [70]. As
noted in the preceding section, due to the irregular shape of the machines being tested a
constant impedance could not be obtained. As the spacing between the Test Wire and
the SVTC model was a consistent 100 mm, an impedance that more closely matched the
characteristic impedance of the line was used. Details of the simulated and measured

characteristic impedance results are presented in Figures 6.8.

In order investigate the value of termination impedance that should be used, a simple
EM model of a stripline, designed to replicate the Test Wire above the chassis of the
EUT, was built and simulated using CONCEPT II. A 2 mm diameter, 500 mm long test
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wire was modelled 100 mm above a metal ground plane. An image of the EM model can

be seen in Figure 6.7

Termination
Impedance #1

g0

" » Termination
Impedance #2

1V Source

FIGURE 6.7: Stripline Above a Metallic Ground Plane EM Model

Using the formulas quoted in Equation 6.1 [75], an approximate value for the for the

estimated characteristic impedance of the Test Wire was calculated:

o= [14] o

where ¢, is the relative permittivity of the medium between the wire and the ground
plane, H is the height of the wire above the ground plane and D is the diameter of the

wire.

Using the parameters stated above, an impedance of approximately 319€2 was calculated.
This calculated value was then used to terminate either leg of the simulation model to
the ground plane of the model. The numerical model was simulated over the frequency
range of 10 MHz to 1000 MHz in 1 MHz steps. At each frequency the S-parameters were
calculated within the software. Using the complex values of the S1; parameters output,
the characteristic impedance of the Test Wire was determined using the formulae 6.2

and 6.3 [76]

1—-R*— X?
Ztw(reat) = Zo ((1—3)2+X2>
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j2X
th([mag) = Zo <(1 _ R)2 T X2> (63)

where R is the real part and X is the imaginary part of the S1; values at each frequency.

A plot of the characteristic impedance of the Test Wire against frequency is shown in
Figure 6.8. The calculated nominal impedance was 319€2, up to approximately 500 MHz.
A good level of correlation is recorded, with the impedance being within approximately

+4Q . Above 500 MHz the impedance was seen to vary by approximately +4052.
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FI1GURE 6.8: Characteristic Impedance Plot of Example Wire Transmission Line

6.2.1.2 Test Wire Locations

Early studies into the use of the TWM [77], [78] for performing measurements on
large in-situ machines suggested that in order to not miss any local maxima in the
E-field radiated by the machine being recorded, measurements at a number of Test Wire

positions would be required.

The positions used for the Test Wires in this phase of the investigations were chosen
purely based upon ease of construction. As will be shown in Section 7.23 more optimal

test positions for the Test Wires were ascertained.

Using the methods described in Section 6.2.1.1 Test Wires were incorporated into the

SVTC model and the characteristic impedance calculated. The Test Wires were located
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100 mm above the surface of the SVTC model, two wires were modelled. The first ran
along the centre line of the length of the model, the second wire ran along the centre
line of the width of the model. Figure 6.9 shows the layout of the Test Wires on the EM
model along with the positions of the termination impedances. The 3192 impedances
terminated the Test Wires to the ground plane. Figure 6.10 shows a plan view of the

SVTC model with the Test Wires running along the length and width of the model.
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FIGURE 6.9: SVTC Model Showing Test Wire Locations
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FiGURE 6.10: Plan View of SVTC Model Showing Test Wire Locations

The characteristic impedance of Test Wire #2 is shown in Figure 6.11. When compared
to the impedance plot for the simple stripline it can be seen that the impedance for the
Test Wire over the SVTC model is not so well matched, deviations of up to approximately
55 Q below 800 MHz, with an impedance of 2652 at 100 MHz. At 1 GHz a value of
222¢) was recorded. The difference between the results for the simple stripline and the
SVTC Test Wire can be attributed to the incomplete ground reference plane below the

Test Wire and the abrupt corners in the SVIT'C Test Wire causing reflections.
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F1GURE 6.11: Test Wire 2 Impedance Plot for SVTC Model
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6.2.1.3 Simple Vehicle Test Case Physical Model

In order to validate the SVTC simulations a % scale model was built. The body of the
physical model was constructed from 9 mm MDF sheets, the sheets were glued together
using PVA glue and a minimal amount of panel pins to hold the structure together whilst
the glue dried. The outer surface of the model was covered with aluminium foil, with all
seams covered in conductive copper tape to ensure continuity from one piece of foil to the
next. The internal base of the model was also covered in aluminium foil, which was also
bonded to the outer surfaces. The overall size of the physical SVTC model was 1.5 m x
0.56 m x 0.5 m. Figures 6.12 and 6.13 show dimensioned front and side elevations of the

third scale model.

‘ 0.56m ‘

0.5m

FIGURE 6.12: Third Scale SVTC Dimensioned Physical Model (Front)
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‘ 15m

FIGURE 6.13: Third Scale SVTC Dimensioned Physical Model (Side)

Two test wires were suspended 67 mm above the surface of the model using nylon spacers
which equated to % the height of the full size EM model. Each end of the Test Wire
was terminated to the body of the model through a resistor . The impedance used for
the terminations calculated to account for the Test Wire being 67 mm above the surface
and not 200 mm as suggested in the literature. Using the formula in equation 6.1 a
33082 termination was used at one end of the Test Wire and 2802 at the end that the
measurement system would be connected to. Test Wire 1 was positioned parallel to the
length of the model, along the centre line, test Wire 2 was positioned parallel to the

width of the model. Details of the physical model can be seen in Figures 6.14 to 6.15.
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FIGURE 6.14: Third Scale Physical Model

FiGURE 6.15: Close Up Detail Showing Test Wire Spacers

Figures 6.16 shows the Noise Source used inside the enclosure of the SVI'C and 6.17

shows the positions of the terminations on the physical model.
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FIGURE 6.16: Noise Source Inside Model

FIGURE 6.17: Test Wire Termination

The impedance of the test wire was measured before tests began, as can be seen in
Figure 6.18 the measured impedance was not 33012 at all frequencies as calculated. This
was due to the wire not having a ground reference plan under its entire length, and
possible reflections due to the termination connections. The impedance plot can be seen
to vary with frequency, with a minimum characteristic impedance of approximately 2002

recorded at 560 MHz.
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FIGURE 6.18: Measured Input Impedance of Test Wire

6.2.1.4 SVTC EM Model Simulations

Electromagnetic simulations were performed on the SVT'C model with the aim of recording
the amplitude of the E-field in the hemisphere surrounding the model. Simulations were
performed over the frequency range of 50 MHz to 300 MHz in 50 MHz increments, the
maximum frequency was limited to 300 MHz as this an approximation of the maximum
scaled frequency of 334 MHz used during the % scale SVTC measurements. The E-field
was recorded with the noise source at each of the five positions within body shell of the

SVTC.

After performing the simulations on the SVTC model described in Section 6.2.1, the
E-field around the the model was recorded at Effective Receive Antenna Heights, ERAH,
of between 1 m and 4 m above the ground level. The maximum E-field over a hemi-spherical
scan around the model was also recorded. The electric field was recorded at 360 discrete
azimuth positions around the model. Figure 6.19 shows the E-Field probe positions used

in the simulations.
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FIGURE 6.19: SVTC EM Model E-Field Points Used

From the data recorded it is possible to produce a polar diagram of the E-field radiation
pattern, in the azimuth plane, for each frequency. As detailed in earlier sections all polar

plot data was normalised to a maximum value of 0 dB.

6.2.1.5 SVTC Physical Model Measurements

As the model being used was a % scale of the simulation model, measurements were

performed on the model at frequencies between 200 MHz and 1 GHz, in 100 MHz
steps (giving a scaled frequency range of 66 MHz to 334 MHz approximately). Due to
time limited access within the required measurement facility, the number of frequencies
investigated was limited. The model was setup 100 mm above the turntable, supported
on low dielectric constant insulating foam, inside the semi anechoic chamber at ‘HORIBA
MIRA’. Initial measurements were performed with the model rotated through 360° in
10° increments (the increment angle was chosen in order to minimise measurement time).
The receive antenna was positioned 3 m away from the model at a height of 1.8 m above
the facility floor. Ideally measurements would have been performed with the antenna
10 m from the model, however, due to to the size of the semi-anechoic chamber used
3 m was the maximum achievable distance. E-field data, both horizontal and vertical
polarisation of the receive antenna, was recorded using source positions 1 to 5, as detailed
in Figure 6.6. Note that the measurements detailed in Figure 6.6 were scaled by a factor

of % to account for the model not being full size, as detailed earlier. From the E-field
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data recorded, normalised polar plots were produced. Figures 6.22 to 6.25 below shows

typical example plots.

A single receive antenna height was used for this phase of the research, as the measurements
were performed to investigate the proof of concept. This would lead to EB results that
offered a direct comparison to those obtained using the CISPR 12 method where a single

antenna height is also used.

The voltage across the terminations of Test Wire 1 and Test Wire 2 was then measured
at each frequency with the source in positions 1 to 5. The Test Wire measurements were
also performed with the SVTC model inside the semi anechoic chamber at MIRA. The
termination on each Test Wire was connected to an EMC measurement receiver outside

the chamber via a low loss screened RF cable.

6.2.2 Results

6.2.2.1 EM Model Simulated Error Bias Results

Once the simulations had been performed the results were analysed. The maximum
value, over a spherical scan, of the horizontal and vertical component of the electric field
were compared to the value that was recorded at the Ej g and Erpg positions relative
to the vehicle model, as defined in Table 4.3. A typical CISPR 12 measurement would

be performed using an antenna height of 3 m above the ground.

The E-field recoded at the Frys and Ergg positions was compared to the maximum
E-field recorded over all of the planar scans performed, ., for the model, from this
data a EB between FE,,,,; and the field recorded at the CISPR 12 equivalent positions

was calculated.

In contrast to the results discussed in Sections 4.2 and 4.3 the EB data presented in this
Section is calculated using the E-field amplitude recorded from height scanning of the
receive antenna and azimuth scanning of the EUT. The height scanning of the receive

antenna was achieved by the use of the the field probe positions detailed in Figure 6.19.
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FIGURE 6.20: SVTC Model CISPR 12 Method Mean Error Bias for All Source
Positions

The data in Figure 6.20 shows the mean of the linear average for the EB recorded for all

5 source positions for the SVTC model.

It can be seen that between 100 MHz and 300 MHz a mean EB of between 9 dB and
11 dB was recorded. As was highlighted in Section 4.4 this frequency range is where a
large percentage of the total emissions from a typical vehicle occur. In the vehicle data
examined in Figure 4.87 it can be seen that between 50 MHz and 300 MHz, the mean
of the emissions amplitude is approximately 20 dB above the measurement system noise

floor, above 600 MHz the mean of the amplitude is approximately 6 dB.

Figure 6.21 below shows the the range of EB values recorded for all 5 source positions
compared t0 Fpee, A maximum value of approximately 27 dB was recorded across all
five source positions simulated. The coloured symbols in the diagram show the EB for
the Frgs and Ergs equivalent measurement positions, for each of the six frequencies

investigated.
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FIGURE 6.21: Error Bias for All Sources (50 -300 MHz)

6.2.2.2 Physical Model ‘Error Bias’ Results

Example plots of the measured electric field for source position 1 are shown in Figures 6.22
to 6.25. Note that the polar plot data is for the absolute frequency the data was recorded
at, as the mode being tested was % normal size, the frequencies equate to a scaled

frequency of 3 times the value.
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FIGURE 6.22: Polar Diagram of Measured E-Field Emissions from Source 1 at 300 MHz
(100 MHz Scaled), Horizontal Polarisation
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FIGURE 6.23: Polar Diagram of Measured E-Field Emissions from Source 1 at 300 MHz
(100 MHz Scaled), Vertical Polarisation
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FIGURE 6.24: Polar Diagram of Measured E-Field Emissions from Source 1 at 450 MHz
(150 MHz Scaled), Horizontal Polarisation
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FIGURE 6.25: Polar Diagram of Measured E-Field Emissions from Source 1 at 450 MHz
(150 MHz Scaled), Vertical Polarisation

Due to the azimuth increment angle used, the polar patterns may be considered as
under-sampled, however, what is still evident are the deep nulls in the polar patterns

recorded.

The polar patterns show that even at the relatively low scaled frequencies shown, the
patterns display a directive nature. The 100 MHz vertically polarised plot shows a
number of deep nulls, a particularly deep one is evident at 270°, one of the CISPR 12
measurement points. This null accounted for an EB of over 30dB for this particular
configuration. When the plots in Figures 6.22 to 6.25 are examined it can be seen that
the maximum amplitude of emissions was not recorded at the CISPR 12 positions in
any of the examples shown. Even utilising the under-sampled nature of the patterns, a

considerable level of EB was recorded.

6.2.2.3 Derivation of the K-Factor

As described in Section 5.1.7.2 the Test Wire relies upon a ‘calibration’ factor to convert
the voltage amplitude measured across the termination of the Test Wire to an equivalent
E-field value. In addition to acquiring the maximum amplitude of the received E-field
from each source, using the CISPR 32 method, the voltage across the termination resistor
for each of the Test Wires was also recorded for each source. The facility measurement

receiver was connected to the Test Wire end with the 28082 termination resistor and
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the voltage across the termination resistor was measured at each frequency of interest.
Figure 6.26 shows an example of the measured termination voltage and E-field measured
using the traditional CISPR 32 antenna method, recorded for Source position 1 over the

200 MHz to 1000 MHz band.
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FIGURE 6.26: Test Wire Measured Voltage and Maximum E-Field Measured Against
Frequency, Source Position 1, Horizontal Polarisation

The termination voltage and the measured E-field were then used to determine the
K-Factor for each measured frequency, as detailed in Equation 5.2. The data recorded
resulted in a range of values at each frequency, based upon the source position used in the
model, the receive antenna polarisation and the voltage across the Test Wire termination.
Figure 7.35 details the spread of the K-factor values recorded for each source position

at each of the frequencies investigated.

As can be seen in Figure 6.27 a range of values of K-Factor for each frequency varied
from approximately +£10 below 300 MHz to approximately +10 dB to +30 dB between
300 MHz and 1 GHz. The plot shows the mean of the linear EB for each frequency point,
designated K-Factory,, and the linear regression line between all the data points shown

with a dotted line, designated K-Factor;.
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FIGURE 6.27: Spread of Measured K-Factor for Source Positions 2 to 5

The data from source positions 2 to 5 were used to derive the K-Factor. The Test Wire
measurements recorded from source position 1 was used as an independent data set. The

Error Bias recorded was then compared to that recorded using the CISPR 12 method.

6.2.2.4 Test Wire Measurement Results

Based on the K-Factor values detailed in Figure 6.27 the difference between the Error
Bias using the Test Wire method with K-Factor,, was compared with the results using
K-Factor;. The data recorded from source position 1 was analysed with both variants of
K-Factor applied in turn. As detailed earlier, the Test Wire data from source position 1
was not used in the derivation of the K-Factors. The resulting Error Bias values were then
calculated at each frequency. At all frequencies used, the EB recorded using K-Factor;
was either the same as when K-Factor,, was applied or lower. At 300 MHz, 500 MHz and
between 800 MHz and 1 GHz the EB using K-Factor; was between 1.6 dB and 4.8 dB

lower than when K-Factor,, was applied. The mean of the linear values of Error Bias was
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3.9 dB using K-Factor,, and 2.1 dB using K-Factor;. Figure 6.28 shows the comparison
in EB results graphically.
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FIGURE 6.28: Comparison of the Error Bias Using K-Factor; and K-Factor,,
The EB recorded from the Test Wire data with K-Factor; applied was then compared to
the CISPR 12 method results.

The graph in Figure 6.29 shows the mean Error Bias recorded using the Test Wire
Method is typically lower than that when the CISPR 12 method is employed.
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FIGURE 6.29: Comparison of the Average CISPR 12 Method Error Bias with Test
Wire Method, Source 1
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Across all frequencies and receive antenna polarisations, a mean Error Bias of 11 dB was
recorded using the CISPR 12 setup compared to approximately 2 dB using the Test Wire
Method. As has been previously noted, a high EB value, approximately 17 dB for this
configuration, was again recorded at 300 MIlz using the CISPR 12 method, compared
to a very low value of 2 dB using the Test Wire method.
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F1GURE 6.30: Comparison of the CISPR 12 Method Error Bias with Test Wire Method,
Source 1, Horizontal Polarisation
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FIGURE 6.31: Comparison of the CISPR 12 Method Error Bias with Test Wire Method,
Source 1, Vertical Polarisation

It can be seen from Figures 6.30 and 6.31 that although the Test Wire method does
not produce a lower value of EB at every frequency, the overall mean EB across all
frequencies investigated is significantly lower. For this particular model configuration,
the Test Wire results compared to the CISPR, 12 results using a horizontally polarised

antenna showed an almost 10 dB lower EB.

6.2.2.5 Original TWM Conclusions

The results reported in this section show that the original version of the TWM can
offer a reduction in the EB recorded when measuring the radiated emissions of a test
vehicle. The results presented a mean reduction in EB to approximately 2 dB compared
to 11 dB using the current CISPR 12 method for performing vehicle level radiated
emissions measurements. It should also be noted that the Test Wire positions were
not optimised and were based upon ease of construction rather than where the best
likelihood of recording the maximum emissions amplitude is. The results presented in
Chapter 7 of this thesis, a more optimised position on a representative body shell was

investigated.
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The results detailed in this chapter were based upon a limited sample of data points
being used to record the maximum E-field radiated by the device under test. Only a
single antenna height was utilised, which has been shown in earlier sections, will reduce
the possibility that the maximum emissions will be recorded. The maximum E-field
amplitude recorded was used for producing the EB figure was also used to produce the

K-Factor.

The Test Wire method is not, however, without its disadvantages, these can be summarised

as:

e The system is ‘intrusive’ to the test vehicle as a physical ground connection is

required to terminate the Test Wire

e The impedance of the Test Wire is not easy to maintain due to the apertures in the

vehicle leaving parts of the Test Wire without a ground reference plane underneath.

e The physical construction of the Test Wire would need to be modified for each
different vehicle tested .

e Maintaining a constant height above the surface of the vehicle could prove difficult

with a ‘real’” vehicle due to its complex shape

Whilst the Test Wire method has been shown to offer a reduction in EB in the maximum
amplitude of E-field recorded compared to using the CISPR 12 method, the disadvantages
listed above suggest that further development of the system is required. Chapter 7.1
describes the MicroStrip method that was implemented and details the further reduction

in EB achieved using the method.
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MicroStrip Method

7.1 MicroStrip Method

7.1.1 Introduction

One of the main drawbacks with the TWM is maintaining a constant input impedance,
due to difficulties with keeping a uniform spacing between the test wire and the device
under test as highlighted in Section 6.2.2.5. As previously described in Section 5.1.7.3
possible alternatives to using the original Test Wire method is the Surface Current Sense
Wire method suggested by Coenen [79] and the FlexuStrip method as suggested by
Cartysse et al [74].

The first variants of the Test Wire method were based around a transmission line formed
by a wire above a ground plane. The ‘FlexuStrip’ system modified the wire over a
ground plane to a traditional microstrip configuration of a wide, flat strip above the

ground plane.

While both methods offer advantages of a better input impedance match to the measurement
system, the Sense Wire method still requires a physical bond to the chassis of the EUT.
Quite often, during commercial measurements the vehicle being tested is a customer
owned item, and modifying the vehicle to allow the connectors to be grounded to the

body shell is not an ideal solution.

As the The ‘FlexuStrip’ system does not require a physical bond to the device being
tested, it has been further developed as the basis of an alternative to the CISPR 12

171
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method. For the purposes of this thesis the author has designated his variant of the

‘FlexuStrip’ used as a ‘MicroStrip’

In this chapter a brief overview of microstrip design parameters and how these affect the
performance will be presented. The design used for this research is then described;
detailing how the dimensions and materials used were determined. The remaining
sections of the chapter will then detail measurements performed to firstly derive the
K-Factor and then how this was applied to the MicroStrip measurements in order to
determine the EB in the maximum amplitude of the radiated E-field recorded. This EB
is then compared to that recorded using the traditional CISPR 12 antenna measurement
method. The chapter closes with conclusions on the performance of the MicroStrip

method for recording the E-field emissions for vehicles.

7.1.2 Microstrip Theory / History

The microstrip is a planar transmission line and is often used as an interconnect in high
speed and RF PCB designs. It is typically created using a wide metallic strip or PCB
trace, mounted above a conductive ground plane, separated by a dielectric slab, hence a

PCB lends itself to the design very easily.

The origins of the early microstrip can be traced back to work performed by Rumsey
and Jamieson in the early 1940’s [80]. Their work investigated using a coaxial line with
a flat centre conductor instead of the traditional cylindrical version. In a project run by
R Barrett, whilst working for the Air Force Cambridge Research Centre [81], a further
development was performed whereby the side walls of the coaxial line were removed and
the top and bottom walls were extended, forming an early incarnation of the stripline.
Around the same time as Barrett was developing his stripline design Grieg and Engleman
of the Federal Telecommunications Laboratories of ITT, in 1952 [82], were developing a
microstrip design. The main difference between the two designs was where the Barrett
design used a flat conductor between two metal slabs, the Grieg and Engleman design
featured a line that sat on the surface of the substrate, the bottom face of the substrate
was covered in a metallic groundplane. This was the first version of the microstrip as it

later became known.
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The early stripline designs offered many advantages over traditional coaxial lines, however,
one disadvantage was that due to the strip being embedded between the two metallic
slabs, making connection to the line was very difficult. As the strip in microstrip line is
exposed, connections to it are far easier than with the stripline system. Figures 7.1 and

7.2 show a simplified Stripline and Microstrip layout respectively.

F1GURE 7.1: Basic Stripline Design

s T

L

FiGURE 7.2: Basic Microstrip Design

When a stripline is used at radio frequencies the electromagnetic wave carried by the
line is enclosed almost entirely within the structure, meaning that very little energy is

radiated by the line. Another consequence of the wave being entirely within the structure
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of the stripline is the field vectors of the electric and magnetic fields are transverse to
the direction of propagation along the line and also are always orthogonal to each other.
This Transverse Electromagnetic Mode, TEM mode, as it is known has a property that
in an ideal transmission line there is no change in the characteristic impedance with

varying frequency.

However, as the strip is open to the air in a microstrip design, the wave carried by the
line exists not only within the substrate but also in the surrounding air above the line.
If the wave is launched into the microstrip from an ideal coaxial connector, it will begin
propagating as a pure TEM wave for that very instant. As the wave begins to travel
along the microstrip, the dielectric constant of the substrate will begin to slow the wave
in comparison to its speed in the air above. The consequence of this difference in speed
will be to ‘bend’ the field lines towards the longitudinal direction. The microstrip design,
thus, is unable to support a true TEM mode of operation beyond its initial launch point.
Microstrip lines support a hybrid mode that contains both longitudinal, in the direction
of travel of the wave, and transverse components. This hybrid mode has very similar
behaviour to a pure TEM mode. As the longitudinal component is small,compared to
the transverse component, the supported mode is often referred to as quasi-TEM [83]. At
very low frequencies, the quasi-TEM mode can be treated as a pure TEM mode. However,
at higher frequencies, a consequence of the quasi-TEM mode is that the characteristic
impedance of the line will have a certain amount of frequency dependence. One method
of controlling the field being outside of the substrate and closer approximate a TEM
mode of transmission is by the use of a material with a high permittivity. Radiation
from the microstrip design is far higher than from an equivalent stripline configuration,

which as will be shown, is a positive advantage for its use during this research.

7.1.3 Microstrip Design Parameters

An approximation of the characteristic impedance of a stripline can be calculated using
the following, assuming that the thickness of the strip is less than ﬁ of the height of

the structure [84]:

60 4H

Zo = z
’ ST 08+ &

NG ) (7.1)
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Where H is the substrate height, W is the strip width and ¢ is the strip thickness.

As the microstrip design has part of the strip exposed to the air, the characteristic
impedance is not only dependant upon the dielectric constant of the substrate but also
that of the air above the strip. The effective dielectric constant, a ‘hybrid’ or intermediate
value between that of the dielectric and air is needed to estimate the impedance of the
line. As simple, and relatively accurate estimate of the characteristic impedance for the

microstrip, based upon the work carried out by Wheeler [85] is:

1207

Zy = 7.2
C Eerr | 4+ 1393+ 2in (% + 1.444)] (72)
where €5 is the effective dielectric constant of the line.
+1 1 H\?
Er Er — 2
= 1+12(— 7.3
cosy = T+ g (1 120)) (7.3

This is true for values of .7y when:

G )

Radiation from the microstrip has been shown to increase as the height of the strip
above the ground plane increases [86]. The width of the strip will also affect the amount
radiated, a wide strip, with respect to the overall microstrip width, will have lower
radiation losses than a thin strip, as more or the field will be enclosed within the substrate
[87]. Microstrip with low dielectric constant substrates (< 5) are more likely to radiate,
or couple fields, due to lower concentration of the energy in the substrate region. Using
the above formulae, the effect of the dielectric constant value of the substrate on the
characteristic impedance was investigated. As highlighted in 7.2 the ratio of the strip
width to its height above the ground plane will also affect the characteristic impedance
of the line. The impedance was calculated for different ratios of width against height

and for different values of ¢,. The results are presented in Figure 7.3
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FiGURE 7.3: Characteristic Impedance for Strip Line For Different Values of e,

7.1.4 Microstrip Design Used

The MicroStrip used for the purposes of this research, was based upon the ‘FlexuStrip’
[74] referenced in Section 5.1.7.3.

Based on the characteristics detailed in Section 7.1.3 the parameters that affect the

characteristic impedance and E-field coupling into the strip were investigated.

The MicroStrip to be used for this research was devised around the parameters and

guidelines highlighted in Table 7.1. These parameters were then utilised during the

MicroStrip design process:
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TABLE 7.1: MicroStrip Parameters.

Design Component Parameter Reason for Value Chosen

Increase radiation losses'; €, values
Substrate Low Permittivity < 5 will have higher losses that

high permittivity substrates.

Material needs to be easily
Substrate Material machined and cut and readily

available to purchase

A narrow strip will have higher

Strip Width
radiation losses than a wider strip
Height should not be < %, if
Strip Height height is lower microstrip radiation
losses are reduced [88§]
) Height above Ground Determined in relation to width to
Strip Reference Plane ensure 5082 impedance
Height above the ground reference
_ Height above Ground plane will affect the radiation
St Reference Plane losses, larger separation will give

higher losses

Note': in Table 7.1 where ‘radiation losses’ are detailed, applying the Reciprocity
Theorem [89], it has been shown [90] that the proprieties of a receive antenna may be
deduced from antenna transmission characteristics and vice versa. In the same way that
currents flowing on a transmission line will result in EM fields being radiated, an external
EM field will also induce currents to flow on a nearby transmission line. Many papers have
been published detailing the response of transmission lines excited by an external EM
field. Tylor, Satterwhite and Harrison produced the seminal paper on the subject [91],
published in 1965, which has been expanded upon by many other authors in subsequent
years [92], [9], [93], [94], [95]. The reciprocity theorem has been directly investigated
with relation to transmission lines [96] and shown that the traditional coupling models
suggested by Taylor et al., Agrawal and Rachidi can be applied equally well to the
radiation and coupling problems for transmission lines. For the purposes of this research,

the field coupling into the strip is of interest rather than its ability to radiate a field. The
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radiation losses detailed in Table 7.1 will, therefore be relevant from a coupling point of
view, to the MicroStrip when it is being used to measure E-fields being radiated from

the vehicle.

Suitable materials for the substrate were investigated to determine a substance that
would satisfy the low permittivity requirements detailed along with being easily machined

and strong enough to withstand being used as part of a test device.

The traces detailed in Figure 7.3 show that a characteristic impedance of nominally 502
for the MicroStrip can be obtained by using a width to height ratio of between 1 and 5 for

the strip, along with a relative permittivity value of between 1.5 and 5 for the substrate.

Polycarbonate sheet was found to offer a relative permittivity of approximately between
2.8 and 3.4, could be purchased in a range of thicknesses from < 0.2 mm to > 10 mm and

at a reasonable cost. All of these factors meet the requirements highlighted in Table 7.1.

Both the height of the strip above the ground reference plane and the width to height
ratio of the strip have an affect on the characteristic impedance, as defined in the Wheeler
Equations 7.2. Using a nominal 10 mm wide strip, the impedance was calculated as a
function of height above the ground plane for a range of heights between 2 mm and
7 mm. Figure 7.4 shows the range of impedances for the strip above a polycarbonate
substrate. A 10 mm width was used for the strip as a nominal value, as it is a readily

available width in copper sheet.
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FIGURE 7.4: Strip Height Against Characteristic Impedance

Based upon the results shown in Figure 7.4 a strip height of 4 mm was determined for
the MicroStrip design as this produced an impedance of between 472 and 54€) over the

possible range of relative permittivity values for polycarbonate.

Using the 10 mm wide strip and 4 mm substrate thickness, as detailed above, the
characteristic impedance was then calculated using range of values of relative permittivity

quoted for polycarbonate, as detailed in Figure 7.5.
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FiGure 7.5: Characteristic Impedance for Strip Line with Polycarbonate Substrate
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As can be seen, the impedance varies between approximately 520 and 472 for the range

of €, values quoted.

Using the results shown in Figures 7.4 and 7.5, as validated using Equation 7.2, a nominal
characteristic impedance of 502 was determined and a MicroStrip was built using the
following: a 300 mm long, 10 mm x 0.7 mm copper strip positioned on top of a 4 mm
sheets of Polycarbonate, 50 mm wide, 300 mm long, this whole arrangement was then
placed onto a copper sheet 50 mm x 300 mm x 0.7 mm. The strip was terminated
to two N connectors; one for connection to the measurement receiver, the second was
terminated with a 502 load. The constructional details of the MicroStrip are shown in
Figure 7.6. The two N connectors were enclosed in a small metallic box in order to ensure
that only field coupled directly into the strip and not the connectors was recorded. The
two screening boxes are not shown in Figure 7.6 in order to show the detail of the 50
load and the N Connectors. The length of the MicroStrip was specified at 300 mm in
order that it remain electrically small at all frequencies under consideration. Studies
performed by Coenen [79] and Tektas et al. [73] suggest that longer wires, as used in the
Test Wire Method, yielded unpredictable results.
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Before the MicroStrip was used to perform any emissions measurements the characteristic
impedance was verified, to confirm that a 502 termination impedance calculated would
be presented to the measurement receiver. Prior to building the physical MicroStrip an
EM model was developed within CST Studio Suite [97|by the Horizon Scanning team at
HORIBA MIRA. Simulations were then performed in order to determine the reflection
coefficients (S11) and the impedance of the MicroStrip. Figure 7.7 shows the EM model
used to perform the impedance investigations. The model was terminated with a 502
load at one end, the opposite end was used as the measurement point. The plot in
Figure 7.8 shows a nominal 502 impedance across the frequency range of 50 MHz to
1 GHz. Very minor dips in the impedance at approximately 600 MHz and 900 MHz were

observed where the impedance was shown to fall to a minimum of 49€).

F1GURE 7.7: MicroStrip Simulation Model
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FIGURE 7.8: MicroStrip Impedance (Simulated)

A physical MicroStrip was then built as described in the opening paragraph of this
section. The S-Parameters were measured using a vector network analyser to confirm
the simulation results were also achieved. The physical model was measured from 50 MHz
to 1 GHz in 2.25 MHz steps. The network analyser recorded the magnitude and phase of
the reflection coefficient, (S11), at each frequency. From this data the real and imaginary

component of the characteristic impedance was calculated using Equations 7.5 and 7.6

[76]

1- 5% 2511magcos(S1iph)
ZinReal = %o UL Y P 7.5
niea 1+ S%lmag 1+ S%lmag — 2(Sllmagcos(511ph)) ( )

(QSllmaQSin(Sllph * 50))
1+ 5%) - (2511magcos(Stipny))

Zinlmag = ( (76)
Where Zj,pear and Ziprmag are the real and imaginary components of the characteristic
impedance of the MicroStrip respectively, S11mag and S11pn are the magnitude and phase

of the measured S71 value.
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FIGURE 7.9: Measured MicroStrip Impedance (Real Values)

A nominal 502 impedance was achieved across the majority of the frequency range, with

slight dips in the impedance noted at 200 MHz and 550 MHz, as detailed in Figure 7.9.

As expected the impedance measured for the physical model was not as closely matched
to 50Q2) as the numerical model results. This difference can be attributed to mismatches
introduced due to connectors and cables required to physically connect the MicroStrip to
the network analyser, measurement uncertainty within the network analyser, and cables.
The impedance was, however, a much closer match to the calculated value than those

obtained when the measurements were performed on the original Test Wire model.

7.1.5 Surface Currents

7.1.5.1 Introduction

During the initial investigations described in Section 6.2 the Test Wires were located
along the mid-line of the the length and width of the model. These positions were
used to simplify the construction of the model. In the reviewed literature there was no
information regarding specific positions where the test wires should be positioned. It was
suggested, however, that multiple locations should be used and the diagrams presented
showed them along the centre of the length and width and diagonally from corner to

corner of the device under test.
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Before further development of the TWM into the MicroStrip method was implemented,
the location for the MicroStrip to be positioned was investigated as it was unclear from
both the literature review or the results presented in Section 6.2 if the positions used

offered the best results.

As the MicroStrip method uses a small sensor rather than a long wire over the entire
model, as used in the Test Wire Method, the configurations detailed in Section 5.11 were
deemed not suitable. In order to determine if there were in fact better positions for
the location of the wires, areas of high surface currents on the model were investigated
using both simulations and measurements on a full scale vehicle, with the aim of using

potential ‘Hot Spots’ as locations for the MicroStrip.

7.1.5.2 Investigation of Vehicle Surface Current Distribution

The investigations performed in this section were performed on the VBS model and the
VBS2 model as detailed in Section 3.1.4.2, in order to offer a closer match to the vehicles

that the system was intended to be used for than the SVTC model.

The surface currents of the VBS and VBS2 models were simulated over the frequency
range of 100 MHz to 500 MHz. The models were excited with a 300 mm long radiator
positioned at different locations inside the vehicle. The radiators were located at the

positions detailed in Figure 7.10 for VBS and in Figures 7.11 and 7.12 for VBS2.

A
[ SN

FIGURE 7.10: VBS Source Positions (Plan View)
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FIGURE 7.12: VBS2 Source Positions - Source 3

At each frequency a ‘surface map’ plot of current density was produced for each source
position, example plots are shown in Figures 7.13 to 7.16. The aim of these plots was to
determine common areas of high surface current density and rapid spatial rate change of
the current, as these are likely to be areas of higher field radiation. The results from both
numerical models were compared to determine if common areas were recorded, these high

points were then investigated as being possible areas for the MicroStrip to be placed.

As one might expect there were a number of points on both vehicle body shells where

the surface current density was high and circulating currents were evident, most notably
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around the seams between the main body shell and the doors, as detailed in Figures 7.13

to 7.14, and along the seam between the bonnet and the vehicle bodyshell, as detailed

in Figure 7.16.
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FiGURrE 7.13: VBS2 at 50 MHz, Single Source in Position 1
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FIGURE 7.14: VBS2 at 300 MHz, Single Source in Position 1
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FiGURE 7.15: VBS at 300 MHz, Single Source in Position 1

When a source was added inside the engine bay the seams around the bonnet became
the major ‘hotspots’ as seen in Figure 7.16.
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FI1GURE 7.16: VBS at 300 MHz, Single Source in Position 5

Locations of the seams around the bonnet can be seen in Figure 7.17.
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FIGURE 7.17: VBS Model, Detailing Seams Around Bonnet

A noticeable feature of the surface current map noted on both the VBS and VBS2 models
was the ‘B’ pillars of the vehicle showed high levels of surface current, particularly at the

lower frequencies of between 50 MHz and 100 MHz.

As the frequency increased the pillars still showed higher levels of surface current than
much of the rest of the body shell, but by a smaller margin. At 300 MHz the surface
currents were noticeably higher than over the majority of the rest of the body shell,
though as can be seen in Figure 7.15, the difference was much reduced compared to the

50 MHz results.

The areas where high levels of surface current were observed required further refinement
of the mesh element size as described in Section 3.1.4.2. A mesh of approximately 0.03

m x 0.03 m was used around the window pillars and bonnet seams on both models.

The location of the test points where the surface current level was noted can be seen
in Figure 7.18. The amplitude of the measured current was recorded at each frequency
for each test point and collated into a data set for analysis once the measurements on a

physical vehicle had been performed.
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FIGURE 7.18: Surface Current Test Positions

7.1.5.3 Surface Current Investigation Measurements

Based upon the areas of high surface current determined from the simulation results,
measurements were then performed on a full scale production vehicle in an attempt
to validate the simulation results findings. Due to simulation model availability, the
vehicle type used for the measurements was not the same as used in the simulations, a
saloon car was used for the simulations, whereas a 4 x 4 type vehicle was used for the
measurements. However, as the purpose of this investigation was to determine if the
‘hot spots’ recorded on the simulation model were replicated on the physical vehicle and
whether they occurred at similar positions across different vehicle types, absolute values
were not compared, just relative high and low levels. A wide band noise source, York
EMC CNE 3, was placed at similar locations inside the vehicle as those used during the
simulations to induce the required currents into the body shell. The noise source was

located on the centre of the drivers and passenger seats and middle of the dashboard.

Figure 7.19 shows an example of the noise source inside of the vehicle. The amplitude of
the surface current recorded with the noise source in the boot of the vehicle was found
to be very low in comparison to the positions inside the passenger compartment. Due to
the low amplitude being so close to the measurement system noise floor they were not

included in the analysis.
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FIGURE 7.19: Noise Source Inside Vehicle, Source Position 1

Surface current measurements were performed between 100 MHz and 300 MHz at each
of the selected test points using a Fischer Custom Communications Skin Current Probe
(Model F-92) connected to an EMC measurement receiver. The vehicle was located
inside the xEV facility at HORIBA MIRA whilst the measurements were performed.
The xEV facility is a large metal walled building with a conductive ground plane on the
floor, there is no RF absorbent materials on any of the walls or ceiling of the facility.
The measurement equipment was separated from the vehicle by approximately 8 m, this
distance was limited by the length of RF cables used between the current probe and the
receiver. The cable used to connect the current probe to the receiver and pre-amplifier
had a large ferrite clamp positioned at each end and in the middle to try and minimise
ambient signals being coupled onto the cable and corrupting the signals being measured
at the test point on the vehicle. The frequency range investigated was limited in its

upper and lower bounds by the specification of the available measurement current probe.
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F1GURE 7.21: Surface Current Probe, Test Position 33

Surface current measurements were performed at each of the test points detailed in
Figure 7.18. As the simulation model used was of a different vehicle type to that used
for the measurements, the test point positions had to be ‘translated’ into a matching
point on the measurement vehicle. This was achieved by dividing the vehicle, top of
the door frame, top edge of wing, rear seam of bonnet etc. and then the number of test
points used on the simulation model were positioned at an equal spacing along the length

of each section of the vehicle as detailed in Figure 7.22.



Chapter 7. MicroStrip Method 193

O Designates Test Point

Total Length (X)

/\“'\ ——t
Number of Test Points on a Section = Z
Spacing of Test Points (Y) = X/Z

FIGURE 7.22: Surface Current Measurement Point Conversion

Additional current points to those investigated during the simulations of the drivers side
of the vehicle were also measured and the surface current recorded. For clarity on the
diagram, only the test points on the passenger side of the vehicle are shown and labelled.
A total of 120 test positions were used to perform surface current measurements, 60 on

the passenger side of the vehicle and a further 60 on the driver side.

Figure 7.23 shows the setup used to perform the surface current measurements. Note:
for purposes of the photograph the measurement receiver is shown by the side of the

vehicle, during the test the receiver was moved as far away as the RF cables would allow.

FI1GURE 7.23: Surface Current Probe Measurement Equipment Setup



Chapter 7. MicroStrip Method 194

7.1.6 Surface Current Investigations Results

The surface currents recorded from the simulations performed on the VBS model were
initially visually compared with the measurement results to determine if there were any
common areas of high surface current in the two sets of data. In order to allow the data
to be analysed further, the amplitude of the measured current recorded at each test point
was normalised to a maximum value of one to aid comparison of the measurement and
simulated data. The normalised data for the simulated and measured results were then
presented on the same axis in Figures 7.25 to 7.32. The scatter plot presented shows the

data for the passenger side of the vehicle only.
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FiGURE 7.24: Surface Current Amplitude Recorded at 50 MHz Compared of to
Amplitude Recorded at 200 MHz

The measured surface current amplitude below 100 MHz was found to be very low when
compared to the higher frequency results. The amplitude was found to be too low to
allow for the ‘hot spots’ to be distinguished. This was thought to be due to the sensitivity
of the current probe at the lower frequencies. Figure 7.24 highlights the difference in the
amplitude between the 50 MHz results and those recorded at 200 MHz.
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FIGURE 7.25:
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FIGURE 7.26: Plot of Simulated Surface Current to Measured Data (150 MHz)

The 150 MHz data sets showed a poor correlation, with the measured data failing to

highlight particular hotspots. The amplitude of the measured surface current at 150 MHz

was compared to the amplitude at 200 MHz, a frequency where a good level of agreement

between the measured and simulated data was recorded. The amplitude recorded at

150 MHz was found to be very similar to that at 200 MHz. A mean surface current

amplitude of -95 dBuA was recorded at 150 MHz and -102 dBuA at 200 MHz. It is

thought that a problem occurred with the measurements at 150 MHz, but as the data
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was processed post-test the error was not picked up until after the tests were finished

and the current probe had been returned to the hire company.
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FIGURE 7.27: Scatter Plot of Simulated Surface Current to Measured Data (200 MHz)
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FIGURE 7.28: Plot of Simulated Surface Current to Measured Data (200 MHz)

It can be seen that in the major hot spot areas, test points 13 to 17, there is a good level
of similarity between the measured and simulated data. The measurements showed a
slightly lower amplitude for test points 29 - 32, with the hotspot not being as evident as

in the simulations. A major hot spot was measured at positions 5, 43 and 44 at 200 MHz.



Chapter 7. MicroStrip Method 197

1.0

0.9

0.8 ® ° ° °
0.7 o
8
©
o
- 0.6
2 L ] L ]
3
® 0.5
GJ .
= o,

0.4 s*

L ] L]
0.3 ° .
o, . °
° oot
02 ° ° .c N ° ¢
[ ] ° (_J L] °
0 1 ° ";‘ hd L ] L L ]
R
00 % 2o o ® 4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Simulated Data
e Measured «-«-Linear (Measured)

FIGURE 7.29: Scatter Plot of Simulated Surface Current to Measured Data (250 MHz)
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FIGURE 7.30: Plot of Simulated Surface Current to Measured Data (250 MHz)

The results at 250 MHz showed a good level of similarity with the major hot spot areas
of points 13 to 17 and 25 to 35 being evident in both the measured and simulated results.
The measured results recorded a high level of surface current around position 43 that

was not evident in the simulated data.
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FIGURE 7.31: Scatter Plot of Simulated Surface Current to Measured Data (300 MHz)
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FIGURE 7.32: Plot of Simulated Surface Current to Measured Data (300 MHz)

At 300 MHgz, all the major hot spot areas recorded in the simulation data were again

evident in the measured results. No additional hotspots were recorded in the measured

data that were not seen in the simulations.

When the data sets were analysed a p value of 0.4 was obtained at 200 MHz with 0.6 being

recorded at 250 MHz and 300 MHz. The main areas of high surface current amplitude

were recorded in both the simulation model and the ‘real vehicle’ measurements, despite

the fact that the simulation model was of a different vehicle type to that used for the

measurement.

These similarities were observed at frequencies above 150 MHz, with
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the lower frequency results showing a poorer overall agreement, p value of < 0.1 being
recorded at 150 MHz. The poor correlation results at lower frequency were thought to
be due to possible coupling of the radiated signal into the measurement system used
and lower sensitivity of the measurement probe. As the surface current probe was only
available for a short period of time as it was a hired unit, further investigations into the

poorer low frequency results were not possible.

When the measured and simulated results were compared, it was noted that the areas
of particularly high surface current were the main windscreen pillars, along the top of
the door seams when the noise source was inside the passenger compartment and across
the front of the bonnet when the source was mounted in the engine bay. The engine bay
source position could not be checked when the measurements were performed as there
was insufficient room inside the engine bay to locate the noise source, whereas the VBS

model had an empty engine bay with room to model the monopole antenna.

7.1.7 MicroStrip Calibration for Vehicle Measurements

Based upon the results of the surface current investigations, above 150 MHz, locations
for the MicroStrip measurements were selected. The ranges of locations selected for the
initial investigations were (1 - 3),(13 - 17) and (29 - 33). These positions covered the

major hot spots highlighted in the surface current investigations.

An example setup photograph can be seen in Figure 7.33, showing the MicroStrip on the

vehicle.
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FIGURE 7.33: MicroStrip Measurement Setup, Position 3

The location of the test points used can be seen in Figure 7.34.

FIGURE 7.34: Surface Current Test Positions

Measurements were performed with a wide band noise source, a York CNE 3, at 4 different
positions inside a Nissan X-Trail: on the passenger seat, drivers seat, in the middle of
the boot and on the centre of the dashboard. The measurements were again performed
in the HORIBA MIRA xEv Facility. The MicroStrip was connected to an EMC receiver
and external pre-amp using a 10 m low loss coaxial cable, the cable had three large ferrite

clamps around it to reduce field being coupled onto the cable itself. The receiver was
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moved as far away from the vehicle as possible; again to reduce any direct coupling on to
the wiring. The measured voltage across the terminals of the MicroStrip was recorded
over a frequency range of 50 MHz to 500 MHz for each noise source position. The source
positions used were the same as those used during the surface current investigations
detailed in Section 7.1.5. The centre of the MicroStrip was positioned at each test
point, initially, parallel to the length of the vehicle. The MicroStrip was then rotated
through 90° and a second measurement was taken in this position to try and maximise
the amplitude recorded. The maximum value of the two was taken as the MicroStrip

Voltage for each measurement point.

Once the MicroStrip measurements had been performed, a CISPR 12 type radiated
emissions measurement of the test vehicle was performed; using the same vehicle and
noise source positions. The emissions measurements were performed at HORIBA MIRA
OATS facility. The electric field was recorded while the vehicle was rotated through 360°
in 5° increments. The increment angle was chosen in order to ensure the measurements
were completed within the time sensitive period, as the measurement facility was only
available for a limited period of time due to HORIBA MIRA’s commercial testing

commitments.

The receive antenna was located 3 m from the test vehicle and scanned in height between
1 m and 3 m above ground level, in 0.5 m increments. A 3 m test distance was used due
to the emissions from the noise generator being ‘swamped’ by the ambient signal at the
more commonly used measurement distance of 10 m as was highlighted in Section 4.2.5.2.
Due to the azimuth increment angle used the polar patterns are probably under-sampled.
Whilst this method does not give the maximum E-field amplitude that might be obtained
from a full hemispherical scan it will give an approximation of the ‘absolute’ maximum

emissions from the vehicle.

7.1.8 Deriving the K Factcor

Once both the CISPR type antenna emissions and MicroStrip measurements had been
performed, the voltage at the termination of the MicroStrip and the recorded E-field were
then used to determine the K-Factor for each measured frequency and source position

(as detailed in Equation 5.2).
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The range of K-Factor values was obtained at each frequency, based upon the source
position in the vehicle, the receive antenna polarisation and the voltage across the Test

Wire termination, this is shown graphically in Figure 7.35.
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FIGURE 7.35: Measured K-Factor for Source Positions 1 to 4

Across all the recorded data the average of the K-Factor was found to vary in value by
between 19 dB/m and 26 dB/m, with the exception of the value calculated at 50 MHz,
where 45 dB/m was recorded. At each frequency, the mean of the linear value of the
K-Factor calculated at each source position was used to define a K-Factor to be used in
Equation 5.2. Between 100 MHz and 500 MHz the K-Factor was found to vary between
approximately 19 dB/m and 26 dB/m. The mean of the linear values was then used as

the final K-Factor over this frequency range, this value was calculated at 24 dB/m, as

shown in Figure 7.36
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FIGURE 7.36: Final K-Factor

The spread of values calculated for the MicroStrip K-Factor is much lower than the
equivalent values derived when using the Test Wire Method. An increasing value with
frequency was noted for the Test Wire Method, whereas the MicroStrip has an almost
constant mean vale above 100 MHz. The Test Wire method K-Factor was derived from
a much smaller data set, only considering two Test Wires, compared to over 100 test

points that were used for the MicroStrip measurements.

7.1.9 MicroStrip Measurement Setup

For the purposes of this research it was still necessary to perform both radiated emissions
and MicroStrip measurements. The radiated emissions results were used to determine
the maximum amplitude of E-field for the vehicle being measured, which in turn was then
used to calculate the EB that would have been recorded during a CISPR 12 measurement.
Without the radiated emissions results it would not be possible to quantify any difference
in EB between the Test Wire method and the CISPR 12 method of measuring the
maximum E-field. Future vehicle tests would only require MicroStrip measurements to

be performed.

Three different vehicle types were chosen on which to perform MicroStrip measurements,

they were a town car (Nissan Micra), a medium size family hatchback (Ford Focus)
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and a medium sized panel van (Fiat Berlingo). From the results of the MicroStrip

measurements an EB was calculated and compared to the CISPR 12 EB.

Using the same methods as described earlier in Section 7.1.7 the E-field was measured for
each of the the three vehicles. Again a York CNE 3 was used as a noise source within the
vehicles, the CNE was placed in the middle of the passenger seat. The electric field was
recorded while the vehicle was rotated through 3607, the receive antenna was scanned
between 1 m and 3 m above the facility ground plane. Once the data had been recorded
for all three vehicles the CISPR 12 error was calculated for each frequency investigated,

again limited to 50 MHz to 500 MHz in 10 MHz steps.

The next step was to perform MicroStrip method measurements to record the emissions
with the noise source in the same positions within the vehicles. Measurements were
again performed in the HORIBA MIRA xEv Facility using the methods described in
Section 7.1.7. The voltage across the termination of the MicroStrip was recorded whilst
it was located at test positions 15 - 17 and 30 - 32. The test points used were selected
by analysing the surface current maps obtained during the investigations detailed in
Section 7.1.5, the positions where the highest amplitude of surface current was seen were

selected as the test points to be used.

As the tests were to be performed on multiple vehicle types the test positions were derived
in accordance with the details shown in Figures 7.37 to 7.38. For each range of positions,
13 - 17 and 29 - 33, three locations in each were used. Using the positions highlighted it

was possible to use similar locations on vehicles of differing sizes.
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FI1GURE 7.37: MicroStrip Measurement Positioning on Different Vehicles, A Pillar
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FIGURE 7.38: MicroStrip Measurement Positioning on Different Vehicles, Top of Door

Figure 7.39 shows an example of the measured MicroStrip termination voltage and
measured E-field recorded for Source position 1 in the Ford Focus over the 30 MHz

to 500 MHz band.
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F1GURE 7.39: Test Wire Measured Voltage and Maximum E-Field Measured Against
Frequency, Source Position 1, Horizontal Polarisation

A noticeable drop off in measured amplitude can be seen in the data below approximately
100 MHz. A margin of greater than 10 dB is achieved between the ambient noise and
the EUT signal, however, this is much lower, by around 40 dB, than the difference noted
at frequencies above 150 MHz. This fall off in sensitivity is possibly the reason for the

much higher K-Factor values being recorded at 50 MHz, as detailed in Figure 7.36.

Once the MicroStrip measurements had been performed and the data collected, the
K-Factor calculated in Section 7.1.7 was then applied to the data for each test point
and frequency respectively. The K-Factor ‘calibrated’ amplitude data was then used to
determine the difference in Error Bias between the MicroStrip method and the traditional

CISPR 12 method.

7.2 MicroStrip Measurement Results

Once all the data had been analysed graphs of the mean CISPR EB and corresponding
MicroStrip EB were produced for each of the three vehicles tested. On each graph the
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minimum CISPR 12 EB recorded at the Ep s and Erpg positions were plot along with
the MicroStrip EB for each frequency investigated. Each graph also details the E;,q.

amplitude for each measurement frequency.

The graph depicted in Figure 7.40 shows the minimum CISPR 12 EB recorded for each
vehicle along with the mean of the linear EB for all three vehicles at each frequency.
The minimum EB was derived from the lowest value of EB recorded at the E;gs and
Erms positions of each vehicle at each frequency. A mean EB of approximately 13 dB
was recorded across all frequencies and vehicles. In line with the results detailed in
Section 4.3.3.2 significant errors were recorded using the CISPR 12 method, up to a
maximum of almost 45 dB in some cases.
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Fi1GURE 7.40: CISPR 12 Error Bias Recorded for Three Test Vehicles

The graphs shown in Figures 7.41, 7.44 and 7.47 detail the measured maximum E-field
amplitude recorded at the Ergg and Erpyg positions, designated Ecrspr, the maximum
E-field amplitude over all antenna heights and azimuth positions for each frequency,
designated B4z, and the K-Factor calibrated MicroStrip field level, designated Egyip.
For each vehicle measured a scatter plot of the normalised values of E;q; and Eggp
are presented along with a p value for each scatter plot. The scatter plots are shown
in Figures 7.42, 7.45 and 7.48 Finally the EB recorded using the MicroStrip method for
each vehicle is shown in Figures 7.43, 7.46 and 7.43.
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7.2.1 Nissan Micra Results
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FIGURE 7.41: Maximum E-Field,E,, ., Maximum CISPR 12 Amplitude, Ec;spr and
Maximum MicroStrip Amplitude, Nissan Micra

In Figure 7.41 it can be seen that Eg.i, very closely matches E;p,qz, values of within less
than &5 dB of E,,4 are recorded between 100 MHz and 250 MHz. Between 300 MHz

and 500 MHz there is a mean difference of approximately 5 dB between Egyi, and Eypqq-
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FIGURE 7.42: Scatter Plot of MicroStrip Amplitude Against Maximum E-Field
Amplitude, Nissan Micra

The MicroStrip amplitude after calibration with the K-Factor was normalised and then
plot against the normalised E,,q, value as depicted in scatter plot Figure 7.42. When

the data was analysed a p value of 0.8 was calculated.
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FIGURE 7.43: MicroStrip Error Bias, Nissan Micra
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When the EB was calculated for all frequencies between 50 MHz and 500 MHz a
maximum of 13 dB and a minimum EB of approximately 0 dB were recorded, a mean of
the linear EB of 3.7 dB was noted. The EB for the E;gg and Fryg positions, in contrast

was a mean value of 12.8 dB and a minimum of 0 dB and a maximum of approximately

30 dB

7.2.2 Fiat Van Results
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F1GURE 7.44: Maximum E-Field Amplitude, Fiat Van

The results for the Fiat Van measurements showed a very good level of correlation with
the E;q2 value between 100 MHz and 500 MHz, with the exception of an difference of
approximately 8 dB between 320 MHz and 340 MHz. Below 100 MHz the profile of the
Eiaz data and 4, is very similar, but with an offset of 10 dB over the range of 50 MHz
to 100 MHz. A mean value of the linear EB of 2.5 dB was recorded over the frequency
range of 50 MHz to 500 MHz.
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FIGURE 7.45: Scatter Plot of MicroStrip Amplitude Against Maximum E-Field
Amplitude, Fiat Van

When the normalised E,,,, data against the normalised E,,,, value was analysed on a

scatter plot, as shown in Figure 7.45, a p value of 0.75 was calculated.
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FIGURE 7.46: MicroStrip Error Bias, Fiat Van

On examining the EB results for the MicroStrip in Figure 7.46 a minimum EB of 0 dB
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and a maximum of 12.8 dB was noted. This compares to a maximum of almost 22 dB

and a minimum of 2.3 dB for the CISPR 12 method.

7.2.3 Ford Focus Results
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F1GURE 7.47: Maximum E-Field Amplitude, Ford Focus

The E 4z results for the Ford Focus showed a higher overall amplitude, by a mean value
of 5.8 dB over the range of 50 MHz to 500 MHz, compared to the results noted for the

other two vehicles measured.



Chapter 7. MicroStrip Method

213

1.00 ®
°
0.90 ®
[ ] [ .
[} *
0.80 L .
v .
) ™ p L )
'_E- 0.70 o
. [ J
< N
3 .
o 060 be
= [ ] .-'
“E‘ e
5 050 ® .
£ & o L b
— . [ ]
5 LI~ °
S 0.40 L A 0,0
3z .® o 0 L)
7] o . [ ]
o L o LA
T 030 L ot [
E .O [ ] ®
= .
_3 _.‘ [ ]
L]
0.20 ® "c
... .
010 I.' Correlation Coefficient = 0.8
[ ]
0.00 L
000 010 020 030 040 050 060 070 080 090 100

FIGURE 7.48:

Normalised MicroStrip Amplitude

Scatter Plot of MicroStrip Amplitude Against Maximum E-Field

Amplitude, Ford Focus

A p value of 0.8 was calculated for the Ford Focus. While the profile of the E,,4, results

followed the E, 4, data, there was an overall shift in amplitude between the two sets of

values.
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FIGURE 7.49: MicroStrip Error Bias, Ford Focus

500




Chapter 7. MicroStrip Method 214

Although the overall EB for the MicroStrip method was higher for the Ford Focus that
the two vehicles detailed earlier in this section of the thesis, a mean EB of 5.8 dB was
calculated. The MicroStrip results were still lower than the mean value of 12.5 dB

recorded using the CISPR 12 method.

For all three vehicles a mean CISPR EB of approximately 13 dB was recorded, whilst

for the MicroStrip method a mean of <4 dB was recorded.
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F1GURE 7.50: MicroStrip Error Bias, All Vehicles

Figure 7.51 shows the difference between the MicroStrip EB and E,,,; for each vehicle
at a selected number of frequencies. The frequencies displayed are between 50 MHz and
500 MHz in 50 MHz increments. The reduced number of frequencies is shown to allow
for an easy comparison of the EB recorded using the MicroStrip method and the overall
maximum amplitude of the E-field using antenna height and azimuth maximisation.
In the graph positive EB values denote that the MicroStrip has a lower value than the
CISPR 12 method at that frequency, whereas a negative value signifies a frequency where
the MicroStrip recorded a higher value of EB. As is evident, the majority of the results
are within the positive half of the plot. Across all vehicles and frequencies, a total of 30
data sets, the Microstrip returned a lower EB in 75% of cases. By analysing the results
presented in this section, it can be seen that the MicroStrip method, on the whole, over
estimates the amplitude of the E-field when the K-Factor correction has been applied,

whereas the CISPR 12 method will under-estimate the maximum amplitude. However,
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the margin by which the MicroStrip method over-estimates the amplitude is significantly

lower than the under-estimation recorded using the CISPR 12 method.
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F1GURE 7.51: Error Bias Comparison Using MicroStrip Method for All Vehicles

The results show that for the three vehicles tested the MicroStrip method produced a

lower Error Bias than the CISPR 12 method at the majority of frequencies measured

when the results from each individual vehicle is considered. When mean EB using the

two methods is compared across all three vehicles, it can be seen in Figure7.52 that the

MicroStrip method returns a significantly lower EB value at all frequencies.
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7.3 MicroStrip Conclusions

The results in Section 7.2 show that by using the MicroStrip method an improvement
in the EB recorded when measuring the radiated emissions of a range of test vehicles
can be achieved over the frequency range investigated. The results presented a mean EB
of approximately 4 dB using the Microstrip method compared to approximately 13 dB

when performing a standard CISPR 12 type radiated emissions measurement.

The MicroStrip method has overcome some of the problems raised with the Test Wire

method highlighted in Section 6.2.2.5.

The MicroStrip method is non-intrusive to the test vehicle, no physical connections to
the chassis of the vehicle are required. This is of particular relevance if the MicroStrip
method were to be used in a commercial test environment. Quite often the vehicle being
tested is a customer owned item, so any measurement system that required a physical
bond to the chassis of the vehicle would be far from ideal. As the MicroStrip method
is fully self contained, with the exception of the RF cable to connect the strip to the

measurements receiver, no physical bonds to the vehicle are required.

A characteristic impedance that more closely matches the measurement system input
impedance is achieved. As the MicroStrip has a ground reference plane under its entire
length, a more stable impedance value can be achieved, compared to the Test Wire
Method. As the MicroStrip can be made with a nominal 502 characteristic impedance, it
can be directly connected to the measurement receiver without the need for any matching

networks.

The same MicroStrip was used on all vehicle sizes and types tested, modifications to the

size of the strip were not needed to enable it to be used.

Due to its construction, the MicroStrip does not have the same issues as the Test Wire
Method of maintaining a constant height above the EUT. As the MicroStrip has it own
ground reference plane and the strip is a fixed distance above it, due to the dielectric
substrate, hence it is always the correct height above the ground reference plane to

maintain the required impedance match.

The physical size of the MicroStrip allows it to be quickly positioned on the vehicle to be

tested, this ensures minimal setup time is required; though care is needed to determine
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the locations where it will be positioned prior to test. In order to reduce coupling onto the
RF cables connecting the MicroStrip to the measurement receiver, it is recommended that
ferrite clamps are fitted to the cables and that the cables are routed away perpendicular

to the body of the vehicle in order to minimise coupling onto the cable.

The MicroStrip method has been used to test a range of vehicles in a large warehouse
type structure and seemed to be tolerant of high levels of ambient background RF noise.
The CISPR 12 type measurements performed during the course of this research were
not, however, as tolerant of the high ambient signal levels observed. It was found that
at the frequencies detailed in Table 4.1, in particular, that the emissions radiated from
the vehicle were ‘swamped’ by the ambient signals and measurements were not possible
at those frequencies. The measurements performed during this research were performed
using a wide band noise source, to excite the vehicle, rather than using the actual vehicle
emissions. The noise source has a relatively high output amplitude, leading to the
radiated signal being higher in amplitude than the ambient noise by between 30 dB

and 40 dB at the frequencies measured.

However, due to the design of the MicroStrip used for this research, there is one issue
that could be improved upon. As the MicroStrip is a rigid construction, conforming to
the shape of the EUT is not possible. The test points used during this investigation were
mostly flat in profile enabling the MicroStrip to sit against the surface, however, a more
flexible unit would allow for a better fit to the exact shape of the vehicle being tested.
If time had allowed, a more flexible MicroStrip would have been designed and built and
the Error Bias results compared with the rigid variant. It is thought that the EB could

be improved upon further through the use of a conformal strip.

The MicroStrip Method has been shown to offer reduction in the errors in recording the
maximum amplitude of radiated emissions from a vehicle when compared to using the
CISPR 12 method. The amplitude of the K-Factor calibrated E-field recorded during this
research was almost exclusively higher than the maximum measured using the traditional
antenna method. The CISPR 12 method, in contrast, will always record an amplitude
that is lower than the maximum obtained by rotating the vehicle and scanning the receive
antenna in height during the test. However, a mean EB of approximately 4 dB using the
Microstrip method has been recorded compared to approximately 13 dB when performing

a standard CISPR 12 type radiated emissions measurement
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Conclusions and Further Work

8.1 Conclusions

Having worked within an automotive research organisation for many years, predominantly
within the EMC department of a commercial test house, I have developed a keen interest
in the methods employed during automotive radiated emissions measurements. In particular
why the methods employed differ from those used for almost all other product types and
the impact this may have not only upon electronic devices in the near vicinity, but also
on drivers, passengers and road users. Fundamentally this research has identified that
the level of measurements performed to record the radiated emissions of a typical piece of
home electronics, a TV or DVD player for example, is far more rigorous than that used
on a car, van or lorry. The potential safety implications due to the use of this narrower

field of testing should not be overlooked.

As has been highlighted through the preceding chapters of this thesis, little research
has been published to investigate either: the effect that the limited scope of the test
methods defined in CISPR 12 has on the maximum amplitude of the measured emissions,

or possible alternative methods that could be employed to address this problem.

The scope of the research presented in this thesis was detailed as:

e Measurement and simulation of the radiated emissions from a range of devices,
both electrically small and large devices using both the CISPR 12 and CISPR 22
method with the aim of quantifying the error in between the two methods.

218
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Define the upper and lower frequency of emissions from a range of commercially

available vehicles

e Perform a study into possible alternative techniques to the CISPR 12 method that

could potentially reduce the errors recorded in the maximum emissions amplitude

Development of the Test Wire Method for automotive emissions measurements

Production of the MicroStrip Method for measuring vehicle level radiated emissions

Through the course of this research the objectives detailed above were met and the
following contributions to the state of the art of automotive radiated emissions measurements

have been made:

1. The analysis of the error in the maximum amplitude of the electric field, recorded
during a CISPR 12 radiated emissions test, as a consequence of performing measurements
at a limited number of azimuth angles around the vehicle, and using a single receive

antenna height. This analysis enabled the following:

e Consequences of not using EUT azimuth scanning during a CISPR 12 measurement,
error introduction for both electrically small and large EUTs was determined

and additionally quantified.

e Consequences of not using antenna height scanning during a CISPR 12 measurement,
error introduction for both electrically small and large EU'Ts was determined

and additionally quantified.

2. A novel, new method for measuring the radiated emissions from a vehicle, that
reduces the errors in the maximum amplitude of the electric field recorded by over
10 dB, compared with those recorded during a CISPR 12 full vehicle radiated
emissions test. The background and development of the MicroStrip method is
detailed in Section 7.1, measurement results from the validation of the MicroStrip

Method are detailed in Section 7.2 of this thesis.

The receive antenna height scanning measurements confirmed, as expected, that the
maximum emissions amplitude is not recorded with the antenna at a single height above

the ground. Comparisons were made between the maximum amplitude recorded when
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the antenna was scanned between 1 m and 4 m above the ground and using a single height
of 3 m as prescribed in the CISPR 12 method. For the electrically small EUT a mean
EB of 4.4 dB was recorded for the horizontally polarised antenna position and 8.1 dB
for the vertically polarised antenna. Comparing these results to those recorded when
measuring the electrically large EUT showed similar levels for both. The electrically
large EUT recorded EB figures of approximately 4 dB and 6 dB for the horizontal and

vertical polarisations respectively.

The azimuth scan measurements were performed on a range of commercially available
vehicles of differing type and size. Radiated emissions measurements were performed at
an OATS facility with a noise source located at various positions within each vehicle.
The vehicles were rotated through an azimuth angle of 360° using an increment angle
of 5°. Whilst this angle could be considered too coarse and the resulting emissions
plots potentially under-sampled, the results still show a mean EB of 16 dB was recorded
across the four vehicles tested. Maximum EB values up to 30 dB were recorded at some

frequencies.

Both the height scan and azimuth scan investigations were performed using a limited
number of frequencies, due to the time taken processing and then analysing the data.
However, the limited data set allowed the EB to be quantified, confirming that the current
CISPR 12 method for performing radiated emissions measurements has the potential to

considerably underestimate the amplitude of the emissions radiated by a range of vehicle

types.

The further function of this thesis was the development of an alternative test method to
the CISPR 12 approach with the aim of the new method reducing the level of Error Bias
described in the previous paragraph. Research was conducted into a number of possible

alternatives to the CISPR 12 method, they were:

e Spherical Scan Around the EUT
e Reverberation Chamber

o Test Wire Method

Of the three methods investigated, both the spherical scan and reverberation chamber

were discounted on the grounds of the time that is required to perform the tests.
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The ‘Test Wire’ Method was used initially as a ‘proof of concept’ idea. The original TWM
was used to perform radiated emissions measurements on large industrial machines that
were not able to be moved to a measurement facility to be tested. The TWM was tried
on a small % scale model of a very simplified vehicle body shell with measurements being
performed using just two Test Wire positions around the model. Based upon the initial
tests, the EB was reduced from approximately 11 dB using the CISPR 12 method to
2 dB using the TWM. Although the tests were performed over a limited scaled frequency
range of approximately 50 MHz to 300 MHz, the method returned a reduced EB and
proved worthy of further development. The Test Wire had a few issues that would
potentially cause a problem if it were ever to be used on a commercial basis. The main
issues were that the system required a physical bond to the chassis of the EUT. While
for a industrial machine this may not be a problem, very often when vehicles are tested
commercially they have already been sold to the final customer, meaning that making
modifications to the vehicle to allow a bonding point may not be acceptable to them.
The Test Wire does not have a 50€) input impedance meaning that a matching network
was required in order to not have impedance mismatches when connecting the Test Wire
to the measurement receiver. It was also found that due to the geometry of the EUT

being tested, maintaining a stable impedance with frequency was not easy to achieve.

With the noted disadvantages of the Test Wire System in mind, the method was further
developed to address the problems whilst still maintaining the improvement in EB over
the CISPR 12 method. The final design used for this research was designated the
MicroStrip Method. The MicroStrip method differed to the TWM by having a self
contained ground reference plane, and as such, did not require a physical bond to the
vehicle being tested. The MicroStrip was also designed to have a characteristic impedance
of 5092 and as it did not rely on its spacing above the body of the EUT, it did not have
the same problem with the geometry of the vehicle affecting the impedance. MicroStrip
measurements were performed on a range of different types of vehicles, from a small
town car to a large 4x4 vehicle. A mean EB using the MicroStrip method of 4 dB was
recorded compared to the CISPR 12 mean error of 13 dB across all of the vehicles tested.
The main advantages the MicroStrip method has over the CISPR 12 method is that it
does not require an expensive measurement facility, the tests performed as part of this
research were carried out in a large ‘hangar’ type building, the metallic building did not

require any absorbent material on the walls and ceiling as is the case with a semi-anechoic
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chamber; or should it require a metal ground plane beneath the vehicle.

The MicroStrip method has currently been tested on a small range of vehicle types and
the results produced have given confidence that it could be used as an alternative to
the current CISPR 12 method. A 10 dB reduction in the Error Bias, compared to that
recorded using the CISPR 12 method, has been achieved.

In summary this research has delivered the following achievements with relation to vehicle

level radiated emissions measurements:

The Error Bias when performing CISPR 12 Type radiated emissions tests has been
quantified.

e Upper and lower frequency range of emissions radiated by a variety of vehicle types

was quantified.

e An investigation into alternative test methods to CISPR 12 has been conducted, the

relative advantages and disadvantages of three alternative methods were discussed.

e The Test Wire Method was researched and used as ‘proof of concept’ as an alternative

method to CISPR 12 for measuring the radiated emissions of vehicles.

e The Test Wire Method was further developed into the MicroStrip Method; a self
contained, novel alternative to the CISPR 12 method.

e Calculation of a ‘K-Factor’ that can be used to calibrate MicroStrip measurements

to a far field equivalent E-field value.

e A reduction in the Error Bias was achieved using the MicroStrip Method compared
to the CISPR 12 method without any significant increase in the time taken to

perform the tests.

8.1.1 Owverall Conclusion

The CISPR 12 method of performing vehicle level radiated emissions measurements is
used as a regulatory Standard by many countries. The procedures described within it
define how the tests should be performed and the measurement equipment setup required

in order to perform those tests. While the text of the Standard provides the information
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required to ensure that the tests are performed in the same manner, ensuring consistency
between different test houses, the method its self has been shown to have a low likelihood

of recording the maximum amplitude of the emissions.

Alternative test methodologies are available that could address the issue of not recording
the maximum amplitude of the emissions radiated by the vehicle under test. However,
some of the alternative methods described in Chapter 5 of this thesis would be far too
time consuming for them to be used on a commercial test basis. For an alternative
method to be a viable option it would need to offer a reduction in the errors inherent in

the CISPR 12 method without additional time being required to complete the tests.

The MicroStrip method was developed through this research, as an alternative approach
to performing vehicle level radiated emissions using the procedures detailed in CISPR 12.
Through a program of measurements and simulations the new method was used to record
the amplitude of the emissions from a range of vehicle types over the frequency range of
50 MHz to 500 MHz. A reduction in the EB was achieved over the entire frequency range,
with a mean reduction of almost 10 dB noted compared to performing measurements on
the same vehicles using the CISPR 12 method. The MicroStrip method is no more
arduous or time onerous than the CISPR 12 procedures, with the added benefit that

they can be performed without the need for an extensive test site.

In summary the objectives laid out at the beginning of this thesis have been met and a
program of suggested work to further develop the new test method has been determined

and is detailed below.

8.2 Further Work

The measurements and simulations presented in this thesis have produced some very
useful insight into the CISPR 12 method of performing radiated emissions tests and
identified some major flaws in the methodology. The research performed allowed the
effect of the flaws identified on recording the maximum emissions amplitude to be
quantified. An alternative method to performing the emissions measurements with a
traditional antenna at an OATS or in a semi-anechoic chamber has been suggested along
with results to validate its performance. The results detailed in the preceding chapter

highlighted the improvement in the EB recorded using the MicroStrip method compared
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to the CISPR 12 method and, as such, has shown that the new proposed method has

the potential to become a viable alternative to the current test procedure.

The results contained within this thesis are based upon measurements and simulations
performed over a frequency range of 50 MHz to 500 MHz. Due in the main to availability
of test lab time to perform the required measurements, higher and lower frequencies have
not yet been researched. In the following section, possible future developments to the
MicroStrip method are discussed that would address this, along with a number of other

parameters that would allow for the scope of the MicroStrip method to be extended.

A summary of the main areas of further development are:

e The upper frequency range investigated was 500 MHz.
e The K-Factor was derived from one vehicle

e The MicroStrip construction was not conformal to the profile of the vehicle being

tested

e The emissions measurements were performed using a ‘noise source’ at various

positions within the vehicle and not the actual vehicle emissions

e The vehicle was excited by a noise source in a single position at a time, real vehicle

emissions will be from a more diverse area.

e The MicroStrip method has only been validated on a range of cars and a van,

CISPR 12 also covers boats and internal combustion engines

e The MicroStrip method has only, so far, been used to perform emissions measurements,

not immunity

8.2.1 Frequency Range and K-Factor

Due to the time required to collect, process and analyse the data the frequency range
over which the measurements were performed was limited to 50 MHz to 500 MHz. The
use of the MicroStrip method at frequencies below 50 MHz and above 500 MHz needs
to be investigated further to determine if the method can produce the same reduction

in Error Bias as evidenced in this thesis. Over the frequency range investigated so
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far, a limited number of individual frequencies has been analysed, in order to further
validate the EB reductions quote earlier, measurements would need to be repeated at a
much smaller frequency increment. An increment corresponding with those detailed in
CISPR 12 would be more appropriate if the MicroStrip method were to be used as an

alternative.

The K-Factor value calculated at 50 MHz was much higher than for frequencies between
100 MHz and 500 MHz. Data from a wider range of vehicles would allow for a larger
data set to be used to determine a new K-Factor and ascertain whether the high value
recorded was dependent on the vehicle type. It could be suggested that the K-Factor used
in this thesis was derived from too limited a data set to provide a ‘universal’ correction
factor that could be used to calibrate the MicroStrip measurements from any vehicle.
Further investigations on a more diverse range of vehicles covered by CISPR 12 would
allow for further validation of the MicroStrip method. As the scope of devices covered
by CISPR 12 is wide ranging, research into the use of the MicroStrip system on devices

such as lawn mowers and agricultural equipment is planned.

8.2.2 MicroStrip Design

As noted in Section 7.1.4 the MicroStrip used in this thesis was constructed of 0.7 mm
thick copper sheet and a 4 mm polycarbonate substrate. These materials produced
a MicroStrip that was rigid and unable to conform to the exact profile of the vehicle
body work. An updated design using thinner and more flexible materials, whilst still
maintaining a 50¢2 input impedance is envisaged, this design would allow the MicroStrip
to follow the exact shape of the vehicle being tested. This new design would need a
full program of measurements performing in order to produce a new K-Factor and then

further MicroStrip measurements on a range of vehicles to quantify the EB recorded.

8.2.3 Vehicle Emissions and Ambient Signal Levels

The tests performed to date are based upon a single noise source; a York Comparison
Noise Emitter, CNE 3, being used to excite the vehicle body shell. Whilst the CNE was
useful, and practical, for the initial proof of concept for the MicroStrip method, it is not

representative of the RF signature that would be generated by a vehicle being excited
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by its own sources of noise. When the engine of a vehicle is running and the electrical
system is active, RF noise will be generated from numerous sources located at multiple
positions around the vehicle simultaneously again this was not simulated by the CNE
being in a single position during this research. As the emissions generated by the vehicle
engine and electrical system is typically of a lower amplitude than the output of the CNE,
further tests would need to be performed in a large semi-anechoic chamber in order to
screen out ambient signals that could swamp out the vehicle emissions. The emissions
signature, in terms of frequency range, used to perform the research detailed in this thesis
is based on a petrol or diesel Internal Combustion Engine, ICE. The advancements in
electric and hybrid vehicles in recent years has increased massively and the ICE can no
longer be though of as the only propulsion method to power a vehicle. The emissions
signature of an electric vehicle would need to be analysed to determine if the frequency

range considered so far would be usable.

8.2.4 Using the MicroStrip Method on Boats and Internal Combustion

Engines

The K-Factor detailed in Section 7.1.8 was derived from data recorded from a typical
family car. As previously noted, CISPR 12 covers a multitude of other vehicle types
and engines, including motor bikes, boats and a wide range of equipment such as lawn
mowers and chainsaws. It is thought that the K-Factor derived in this thesis may only
be suitable for cars and small vans. Further work to develop either a ‘universal’ K-Factor
or a range of vehicle and engine type factors would make the MicroStrip method a more
complete alternative to the CISPR 12 method. Due to the large variation in size and
shape of items covered by CISPR 12 a survey could be performed in order to determine

which types of item could potentially use a common K-Factor.

8.2.5 Using the MicroStrip Method to Perform Radiated Immunity
Tests

To date, the MicroStrip method has only been used to perform radiated emissions
measurements. As discussed in Section 7.1.3, through the principle of reciprocity, if
an antenna operates efficiently to receive signal, it will also operate to transmit signals.

Hence the same principles used during the emissions measurements could be applied and
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the MicroStrip method could be modified to perform an immunity type test. Further
investigations would be required to determine the optimum positions for the MicroStrip
to be located during the test. If similar performance to those obtained during the
emissions tests could be recorded, it is feasible that through the use of the MicroStrip
method, immunity tests could be performed without the need for vehicle rotation and
antenna height scanning. Using a device with a known susceptibility problem, initial
investigations could be performed using a traditional antenna free field method, this
would allow thresholds in E-field amplitude to be taken, at which the susceptibility
issue could be invoked into the EUT. This threshold would need to be determined
from a comprehensive scan around the device, a hemispherical scan around the EUT
of the transmit antenna, for example, to determine the lowest level threshold. Once
this level had been determined, RF current could be injected into the MicroStrip, whilst
it was located at a range of positions over the surface of the EUT, and the amplitude
of the injected signal increased until the event occurred. By performing this test at
multiple MicroStrip positions, both the minimum required injected current amplitude
and optimum MicroStrip test position could be found. In line with how the MicroStrip
emissions investigations were performed, the immunity tests would need to be validated
on a number of different vehicle sizes and types. This would confirm if an optimum
MicroStrip test position could be found, that was usable on all vehicle types, and also
allow a calibration factor to convert the MicroStrip injected RF current to an equivalent

free field amplitude to be determined.

8.2.6 Further Work - Summary

The MicroStrip method has been shown to offer an improvement in the Error Bias
recorded when compared to CISPR 12, through further development it is thought that
these improvements could be further enhanced. The upper frequency range is the first
planned extension to the system. By extending the upper frequency to 1 GHz, the full
range required by CISPR 12 could be covered with the MicroStrip method. To cope
with future developments, such as in-vehicle communication networks, drive by wire
technologies and advanced entertainment and radar systems, frequencies in excess of 1

GHz will then also need to be considered.
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The MicroStrip method will be used as a platform for further research into its use for
vehicle level emissions tests and how its application can be broadened to encompass the

ever evolving automotive vehicle market.



Abbreviations

ALSE
AM
ANSI
ASA
BEM
CAD
CATIA
CECIMO
CEM
CENELEC
CISPR
CNE
EB

EM
EMC
EMI
ERAH
EU
EUT
FAR
FCC
GTO
ICE
IEC
IEV

Anechoic Lined Shielded Enclosure

Amplitude Modulation

American National Standards Institute

American Standards Association

Boundary Element Method

Computer Aided Design

Computer Aided Three Dimensional Interactive Application
Comité Européen de Coopération des Industries de la Machine-Outil
Computational ElectroMagnetic

Comité Européen de Normalisation “Electrotechnique
Comité International Spécial des Perturbations Radioélectriques
Comparison Noise Emitter

Error Bias

ElectroMagnetic

ElectroMagnetic Compatibility

ElectroMagnetic Interference

Effective Receive Antenna Height

European Union

Equipment Under Test

Fully Anechoic Room

Federal Communication Commission

Generic Test Object

Internal Combustion Engine

International Electrotechnical Commission

International Electrotechnical Vocabulary
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IT
ITE
MIRA
MoM
MSM
OATS
OTS
PC
PEC
PEEC
PRF
RC
RF
RFI
SCSwW
SVTC
TCF
TEM
TLM
TWM
UN
UNECE
UsS

Information Technology
Information Technology Equipment
Motor Industry Research Association
Method of Moments

MicroStrip Method

Open Area Test Site

Outdoor Test Site

Personal Computer

Perfect Electrical Conductor
Partial Element Equivivalent Circuit
Pulse Repetition Frequency
Reverberation Chamber

Radio Frequency

Radio Frequency Interference
Surface Current Sense Wire
Simple Vehicle Test Case
Technical Construction File
Transverse ElectroMagnetic
Transmission Line Method

Test Wire Method

United Nations

United Nations Economic Comission for Europe

United States



Physical Constants

Speed of Light ¢ = 2.997 924 58 x 10% ms~5 (exact)

Speed of Light ¢ = 3 x 10® ms™® (approximate)
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Symbols

L

>

Djshj@)ﬁ
8

min
Ecispr

Emeas

Relative Permittivity

Effective Relative Permittivity

Refractive Index of Air

Refractive Index of Ground

Brewster Angle

Wavelength

Pearson Correlation Coefficient

Tilt Angle

angular frequency

Coefficient of Reflectivity

Impedance

Antenna Factor

Radius of Sphere Enclosing EUT

Receive to Transmit Antenna Distance - Direct Path
Receive to Transmit Antenna Distance - Reflected Path
Receive to Transmit Antenna Separation Distance
Error Bias

Direct Vector E-Field

Reflected Vector E-Field

Unit Vector of Reflected E-Field

Unit Vector of Incident E-Field

Maximum Emissions - Spherical Scan

Minimum Emissions - Spherical Scan

Maximum Emissions - CISPR 12 Method

Emissions - Measured at Single Antenna Height
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E-Field recorded at Left Hand Side of Vehicle
E-Field recorded at Right Hand Side of Vehicle
Frequency

Receive Antenna Height

Transmit Antenna Height

'K’ Factor

Real Part of 511 Measurement

Imaginary Part of S1; Measurement

Characteristic Impedance
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