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Preface

Electromagnetic compatibility is a topic that is becoming more and more important
in our modern and high-tech society. EMC no longer just helps to ensure that the
television screen does not flicker when the vacuum cleaner is running. EMC also
helps critical applications—such as space missions or medical devices—function
reliably. This means that EMC-compliant design receives increased attention, both
from engineers and from management.

Design for Electromagnetic Compatibility— In a Nutshell is a book dedicated
to development engineers, who design EMC-compliant electrical equipment and
electronic devices. This book is to be regarded both as an introduction to EMC for
beginners and as a quick reference guide for experts.

The book’s content is compressed and focuses on the basics of EMC. Where
appropriate, reference is made to further and more advanced literature in the
respective chapters. This book contains theoretical and practical knowledge:

Theory. Introduction to EMC, the essential know-how, and the basic concepts of
EMC-compliant design

Practice. Discussion of the biggest hurdles to get a product through the EMC test
right away and proposal of some universal EMC design guidelines

For years, I have been passionate about EMC. Yes, it sounds odd. I mean: EMC
is not a fancy topic, and you cannot talk with your friends about it (at least not
with non-engineers), as they get bored quickly. Nevertheless, what is it that makes
EMC a fascinating topic for many engineers? For me, EMC means sophisticated
theoretical knowledge and practical experience brought together and a responsibility
for us—the product development engineers—towards the users and society to
release products to the market which are safe and reliable. Enjoy the read!

Einsiedeln, SZ, Switzerland Reto B. Keller
April 2022

vii



Acknowledgments

Relationships are based on four principles: respect,
understanding, acceptance and appreciation.
—Mahatma Gandhi

I firmly believe that education is the foundation of prosperity and a free society.
Therefore, freely available education is vital in our world. This is why I decided to
publish this book open-access. The publication of this book would not have been
possible without help. I would like to take this opportunity to express my sincere
thanks to all of those who have supported me:

Wiirth Elektronik eiSos GmbH & Co. KG for making it possible to publish
this book open-access, reviewing the content, and providing pictures and graphs
of various EMC components.

Rohde & Schwarz GmbH & Co. KG  for making it possible to publish this book
open-access and reviewing the content, providing pictures and graphs of antennas
and measurement equipment.

A.H. Systems Inc. for providing picture and graph of their passive loop antenna
SAS-560 and supporting this open-access book.

Prof. Dr. Todd H. Hubing for his incredibly valuable support and feedback
about antennas and Imbalance Difference Modeling (IDM). Dr. Hubing is
currently one of the most outstanding personalities in the field of EMC. My very
sincere and deepest thanks go to you Todd.

Mr. Ignacio de Mendizabal for his feedback about the book’s content.

Mr. Christian Gritzer for supporting this book.

Dr. Heik Heinrich Hellmich for supporting this book: “T am very excited about
the activities of the Academy of EMC and I am convinced that this book will be
another major step to close the gap of lacking EMC awareness which is required
for the upcoming energy and digital transformation in the near future.”

Prof. Dr. Hans-Dieter Lang  for supporting this book.

Mr. Claudio Pfister for supporting this book.

Mr. Simon Durrer for supporting this book.

Mr. Simon Saado  for supporting this book.

Ms. Veronika Schiirer for supporting this book.

Mr. Benyamin Farzaneh Aghajarie for supporting this book.

ix



X Acknowledgments

Mr. Patrick DeRoy for supporting this book: “I’m happy to support Academy of
EMC’s initiative addressing the central root cause of EMC problems: education.
I strongly believe improved understanding of electromagnetics and the funda-
mental physics that occur in our designs, from IC to system level, is what will
enable us all to design robust and compliant solutions in the future.”

Mr. Adrian Bucher for supporting this book: “Thank you Reto, for sharing your
helpful know-how with us! Reading your papers makes EMC more fun and less
magic!”

Mr. Christoph Hauser for supporting this book: “The project contributes to
understand EMC related topics and builds a bridge from developing areas to test
facilities. Great thing!”

Mr. Robert Boll for supporting this book.

Mr. Stefan Gaug  for supporting this book.

Mr. Simon Flepp for supporting this book: “I’'m glad to support this open EMC
book and the academy. This will help pass on the practical knowledge of this
important subject to eager hardware engineers so that their designs work properly
from the start.”

Mr. Jean Philippe Rey for supporting this book: “An open book on EMC is an
excellent initiative, congrats.”

Mr. Christian Gwerder for supporting this book.

Mr. Michael Riner for supporting this book.

Amann Girrbach AG  and Mr. Severin Kresser for supporting this book.

Mr. Joel Messmer for supporting this book.

UniBox Wireless Platforms for supporting this book.

Mr. John Lichnerowicz  for supporting this book.

Mr. Alejandro Hernandez Arieta for supporting this book.

Mr. Manuel Ziegler for supporting this book.

Mr. Thomas Keilbach for supporting this book.

Mr. Francesc Daura  for supporting this book.

Mr. Vinicius Caldeira for supporting this book.

Mr. Charles Glaser and Springer Nature for the opportunity to publish this open-
access book.

Einsiedeln, SZ, Switzerland Reto B. Keller
April 2022



Contents

1T Introduction ..............ooiiiiiiiiiiiiiiiiiiiiiiiiiieees 1
1.1 What ISEMC? ..o 1
1.2 EMC VS.EMI .. 1
1.3 Why Is EMC Important? ..........c.ccoeiiiiiiiiiieiiiiiiiiieeennn. 2
1.4 EMC Terms and Definitions...........cooviiiiiiiiiiiiiiiiiinnnnn. 2

1.4.1 EmisSion ......vvvuiiiiiiiiiiiiiiiiiiiiii e 3
142 TMMUNIEY ..t 4
1.5 Design for EMC.......oiiiiiiii i 5
1.6 SUMMATY L1ttt eeeeeeeees 6
R I ENCES . . . 6

2 Regulations and Standards ...............................L 9
2.1 Big PiCture ......e 9
2.2 EMC COmMPIANCE . ... 10
2.3 EMC ReUIAtIONS ...ttt 10
2.4 EMC Standards ..........uuee e 11

24.1 What Are EMC Standards? ...........cccooviiiiinnnnnn. 11
242  Why Do We Need EMC Standards?..................... 11
243 Who Writes EMC Standards?...........ccoovviinnnnnnn. 11
24.4 EMC Emission Standards ..........ccceevviiiiiiiiinnnnn. 14
2.4.5 EMC Immunity Standards ............ccooeiiiiiiinnn.. 14
24.6  Types of EMC Standards............cccvvvuiinniinnnnnnnn 15
2.4.7 EMC Standards in Different Industries.................. 18
2.4.8  Which EMC Standards to Apply? .....ovvviviiiiinnnnn. 19
2.5 Compliance Marks ........uuvviiiiiiiiiiiiiiiiiiiiiiiiieeees 19
2.6 Global Market ACCESS ...vvvuviiieiiiiiiiiiieeeeees 21
2.7 SUMMATY L1ttt eeeeeeeeeees 22
R OTENCES . . . 22

xi



xii

Contents
Decibel ... 23
3.1 Gainand Loss [dB] ..ovvniiiiiii e 23
3.2 Absolute Levels [dBm, dBLV, dBpLA] ..o 25
33 SUMMATY .ot 27
RETEIONCES . . .ottt 30
Frequency and Wavelength........................ i 33
4.1 EMC and Frequencies ..., 33
4.2 Wavelength vs. Frequency .........ccoovviiiiiiiiiiiiiiiiiiennnn. 34
4.2.1 Wavelength in Any Media..........coovvviiiiiiiinnnnnn. 34
4.2.2  Wavelength in Insulating Media ......................... 35
423  Wavelength in Vacuum .............coooiiiiiiiiiiinnn.. 36
424  Wavelength in Good Conducting Media................. 36
4.3 Wavelength of Signals Along Wires, Cables, and PCB Traces ... 36
4.3.1 Wavelength of Signals Along Blank Wires.............. 37

4.3.2  Wavelength of Signals Along Cables and PCB
TTACES ..ttt 37
433 SUMMATY .o e 39
REfEIONCES . ..t ettt 40
Time-Domain and Frequency-Domain........................ooooiit 41
5.1 Fourier Analysis ...........uiiiiiei i 41
5.2 Frequency Spectra of Digital Signals ............ccoevvnnnnnnnn. 43
5.3 Bandwidth of Digital Signals..........ccooeiiiiiiiiiiiiiiiinnnn.. 45
5.4 Ringing and Frequency Spectrum.............ccoovvuuiiinnnnnn. 46
5.5 SUMMATY L1ttt eeeeeeeeeeees 47
RefeIeNCES. ..ot ee e 48
RF Parameters ............oooiiiiiiiiiiiiiiiiiii i 49
6.1 Reflection Coefficient ' ..........cooiiiiii i 49
6.2 Voltage Standing Wave Ratio (VSWR) .........coooiiiiiiiiiin, 50
6.3 Return Loss (RL) ..oovuiiiii i 51
6.4 Insertion Loss (IL) ..o e 52
6.5 Scattering Parameters ...t 53
6.6 Signal-to-Noise Ratio.........vviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiens 55
6.7 Noise Factor and Noise Figure ..............coooiiiiiiiiiiiiiin., 55
6.8 1 dB Compression Point..........cooeiiiiiiiiiiiiiiiiiiiiiiiinnn, 56
6.9 Spectrum Analyzer Terms ... 57
6.9.1 Frequency Range ..........coooiiiiiiiiiiiiiiiiiiiiiinns 58
6.9.2  Resolution Bandwidth......................ooo 58
6.9.3 Video Bandwidth ... 58
6.9.4 Sweep TIme ...oooeiiiii 58
6.9.5 DEtECTOTS « e ettt 61
6.10  SUMMATY ...ttt eeeeees 61

R ereNCeS .. i 62



Contents xiii
7  Transmission Lines .................... 65
7.1 What Is a Transmission Line ..o, 65
7.2 When to Consider Transmission Lines ............................ 66
7.2.1 Rule of Thumb for l¢pitical in the Frequency Domain ... 66
722 Rule of Thumb for lepiticar in the Time Domain ......... 67
7.2.3 Critical Length lepitical <« -« vvveeeermmmmmeeeeeennineee.. 68
7.3 Characteristic Impedance Zp .........oooevieeiiiiiiiiiieiininn. 69
7.3.1 Characteristic Impedance Zg of Any

Transmission Line ..., 69

7.3.2  Characteristic Impedance Z of Lossless
Transmission Lines ..............ooooioiiiiiiii .. 70
7.3.3  Characteristic Impedance Z of Parallel Wires.......... 71
7.3.4  Characteristic Impedance Z( of Twisted Pairs .......... 71
7.3.5  Characteristic Impedance Z( of Coaxial Cables ........ 72
7.3.6  Characteristic Impedance Z( of Microstrip Lines....... 73

7.3.7  Characteristic Impedance Z(y of Coplanar
Waveguide with Reference Plane ........................ 73
7.3.8  Characteristic Impedance Z of Centered Striplines.... 74
7.4 Per-Unit-Length Inductance L and Capacitance C'............... 75
7.4.1 L' and C' of Two-Wire Lines............ccoveeinenn... 76
742 L and C’ of Wires Above Ground Plane ................ 77
7.4.3 L' and C’ of Coaxial Cables...........c.ceoevuveininn... 79
744 L' and C' of PCB Traces .....o.vvvevineeninenninennennn. 80
7.5 Propagation Constant p.........ouvieiiiiiiiiiiiiiiiiiiiiiieenn. 82
7.6 Input Impedance of Transmission Lines ........................... 85
7.6.1 Input Impedance of Any Transmission Line ............ 85
7.6.2  Input Impedance of a Lossless Transmission Line...... 85
7.6.3  Input Impedance of a Transmission Line Atl =A/2... 86
7.6.4  Impedance of a Transmission Line At1=X1/4 ......... 86
7.6.5  Impedance of a Matched Transmission Line ............ 86
7.6.6  Impedance of a Shorted Transmission Line ............. 87
7.6.7  Impedance of an Open Transmission Line .............. 87
7.7 High-Frequency LOSSes.......oouuiiiiiiiiiiiiiii i 87
7.8 Loss Tangent tan(8) ......ceeeennnnuiieeeemnieeeiiiiieeeann. 88
7.9 Balanced vs. Unbalanced Transmission Lines..................... 89
7.10  Single-Ended vs. Differential Interfaces ........................... 90
TI1 SUMMALY .« ettt ettt e e 91
References. .. .o.ooviiiii 94
8 Electromagnetic Fields..................... o 95
8.1 The Electromagnetic Field ..., 95
8.2 Electromagnetic Field Characteristics ..........cccovvvuveeeennnn. 96
8.3 Near-Field vs. Far-Field ..o, 97
8.3.1 Near-Field ... 97

832 Far-Field ... 100



Xiv

10

Contents
8.4 Intrinsic Impedance 5.........ooooiiiiiiiiiiiii 100
8.4.1 Intrinsic Impedance of Any Media ...................... 100
8.4.2  Intrinsic Impedance of Magnetic Lossless Media....... 101
8.4.3  Intrinsic Impedance of Lossless Insulators............... 101
8.4.4  Intrinsic Impedance of Free-Space ...................... 101
8.4.5  Intrinsic Impedance of Good Conductors ............... 102
8.5 Wave Impedance Ziyy . .....coovvnniiiiiiiiiiiiiii i, 102
8.5.1  Wave Impedance of Any Wave ................oooeeee. 102
8.5.2  Wave Impedance vs. Distance ................oooveeee.. 103
8.5.3  Wave Impedance in the Near-Field of E-Field
PN 3 17c) 1 1 104
8.5.4  Wave Impedance in the Near-Field of H-Field
PN 3 17<) 1 1 105
8.5.5  Wave Impedance of Plane Waves ........................ 106
8.6 SUMMATY oot 106
REfEIONCES . ..t ettt 108
ANEEINAS . . ..ottt e 111
9.1 Antennas and EMC Testing ..........ovvvviiiiiiiiiiiiiniinnnennns 111
9.2 Isotropic Radiator ............uiiiiiiii i 112
9.3 Antenna Directivity D ... 113
9.4 Antenna Gain G.......ooiiiiiiiiii i 113
9.5 Effective APerture A ...........uuiiiiiiiiiiiiiiiiiiiiiiaaes 116
9.6 Antenna Factor AF......... i 116
9.7 Ground Plane Reflection and Multipath Effect.................... 118
9.8 Intended ANtennas ..........oovvuiiiiiiiiiiiiiii i 119
9.8.1 E-Field Antennas and Emission Testing................. 119
9.8.2  E-Field Antennas and Immunity Testing ................ 120
9.8.3  H-Field Antennas and Emission Testing ................ 122
9.84  H-Field Antennas and Immunity Testing................ 123
9.9 Unintended ANtennas .........ooeueeeeeeimiiiiieeeenniiiieeeennn. 125
9.9.1 E-Field from Differential-Mode Currents in
Small LoopS....oovveiiiii 125
9.9.2  E-Field from Common-Mode Currents in
Short
Cables ..t 126
9.9.3  Maximum E-Field from Common-Mode Signals....... 127
9.9.4  Maximum E-Field from PCB with Attached Cable..... 130
9.10  Free-Space Path LOSS ....vvvviiiiiiiiiiiiiiiiiiiiiiieees 131
011  Link Budget ......vvviiiiiiiiii s 132
0.12  SUMMATY .ttt eeeeeeeeeeees 133
REfEIONCES . ..t e et 133
Skin Effect.... ..o 135
10.1  Skin Depth ..o 135
10.2 DC vs. ACRESISTANCE ..oovnnnniiiieeeiiiie et i eeannas 138



Contents XV

11

12

10.3  Surface ReSIStancCe ...........uuuuuiiiiiiiiiiiiiiiiiiiiiiaas 140
104 SUMMATY . .ueiteiet et e e 142
R I ENCES . . . 142
COMPONENLS ...ttt eeeeeeeeees 145
111 CONAUCTOTS ..ttt 145
11.1.1  Definition of a Conductor ..............ccovvuuuuunnnnnn. 145
11.1.2  Conductor Equivalent Circuits ............cccoovvuunnnn. 145
11.1.3  Resistance of a Conductor...........ooovnnnnnnn. 148
11.1.4  Internal Inductance of a Conductor...................... 149
11.1.5 Internal Impedance of a Conductor...................... 151
11.1.6  External Inductance of a Single Conductor ............. 152
11.1.7  Conductor with Return Current Path .................... 153
112 RESISEOIS & u e 154
11.3 CAPACILOTS .. ue e 157
114 INAUCTOTS. ..t 164
11.5  Ferrites Beads ........uuuuuiiiiii e 169
11.5.1 Cable Mount Ferrite Beads............ccoovviiiiinnnnn. 169
11.5.2 PCB Mount Ferrite Beads ...........ccoooviiiiiiinnnn.. 171
11.6  Common-Mode ChOKES ...........c.couuuuuuuunnniiiiiinnnnn. 173
117 Baluns .uee 178
11.8  Clamping DeviCes ........uuuuuuiiiiiiiiiiiiiiiiiecieeeea 180
T1.8.1  VAriStOTS .. v 180
11.82 TVS DIOAeS . .eiiieiiiiiie i e 183
11.9  Crowbar DeviCes ... ....uuuuuuie e 185
1110 SUMMATY .. utet e 186
RO OIENCES . . . 188
Noise Coupling ... 189
12.1  Coupling Paths .........vviiiiiiiiiiiiiiiiiiiiiieees 189
12.1.1 Conductive Coupling .........cceevviiiiiiiiiiiiiennennnnns 191
12.1.2  Capacitive Coupling ........c.ccovviiiiiiiiiiiiniinnnnnns 192
12.1.3  Inductive Coupling ..........cevviiiiiiiiiiiiieenenennnnns 195
12.1.4  Electromagnetic Coupling...........ccoevvviiiiiiiinnnnns 197
12.2  Differential-Mode vs. Common-Mode ............ccovvvvviinnn. 198
12.2.1 Differential-Mode vs. Common-Mode Voltage ......... 199
12.2.2 Differential-Mode vs. Common-Mode Current ......... 200
12.3  Differential-Mode NOiSe SOUICES .....vvvviviiiiiiiiiiiiiiiieennnns 200
12.3.1  Conductive Coupling to Differential-Mode Noise ...... 201
12.3.2  Capacitive Coupling to Differential-Mode Noise ....... 201
12.3.3  Inductive Coupling to Differential-Mode Noise ........ 202
12.3.4 Common-to-Differential-Mode Conversion.............. 202
12.4  Common-Mode NOiSe SOUICES......uvvriiiiiiiiririeieeeeeeeeennns 203
12.4.1  Capacitive Coupling to Common-Mode Noise.......... 204

12.4.2  Electromagnetic Coupling to Common-Mode Noise ... 204



XVi

13

14

15

Contents
12.4.3  Reference Point Noise to Common-Mode Noise ....... 205
12.4.4  Differential-to-Common-Mode Conversion............. 205
12,5 SUMMATY . .ueiteiee et e 208
REfEIONCES . ..t ettt 209
Shielding .........oooiii 211
13.1  Shielding Theory ... ......uuuu e 212
13.2  Shielding Effectiveness ...........ccoceiiiiiiiiiiiiiiiiiiiiienn. 212
13.3  Far-Field Shielding ..........ccoooiiiiiiiiiiiiiiiiii i, 214
13.3.1 Reflection Loss R for Far-Field Shielding............... 214
13.3.2  Absorption Loss A for Far-Field Shielding ............. 215

13.3.3  Multiple-Reflection Loss Correction M for
Far-Field Shielding ...........ccooiiiiiiiiiiiiiiiiiinnnn 216
13.4  Near-Field Shielding...........ooooiiiiiiiiiiiiiiiiiiiiiiiie e, 216
13.4.1 Near-Field Shielding of Electric Sources................ 217
13.4.2 Near-Field Shielding of Magnetic Sources.............. 218
13.4.3 Low-Frequency Magnetic Field Shielding .............. 219
13.5  Slots and APErtures ...............eeueununnnnniiinnnns 219
13.5.1  Single APerture ..., 219
13.5.2  Multiple APertures. .........uuuuuuuuuunnnnnnnnnnns 221
13.5.3  Waveguide Below Cutoff................oooiiiiiiiiie 223
13.6  Grounding of Shields ...........cooiiiiiiiiiiiiiiiiiiiiiiiiiiin 224
13.7  Cable ShieldS.......ooineiii i 225
13.7.1 Transfer Impedance Z; ..........cccooviiiiiiiiiiiiinnnnn. 225
13.7.2  Cable Shielding Against Capacitive Coupling .......... 225
13.7.3  Cable Shielding Against Inductive Coupling............ 227
13.7.4  Grounding of Cable Shields................cceeeviiiinin. 231
13.8  SUMMATY ...t 232
REfEIONCES . ..ttt 233
Grounding ...........ooiiiii 235
141 Typesof Ground ............evviiiiiiiiiiiiiiiiiiiiiiiiennns 235
142 Ground SymbolS .......oviiiiiiiiiiiiiiiiii e 235
14.3  EMC Grounding Philosophy .........c.ccoiiiiiiiiiiiiniiniinnnns 236
14.4  Return Current Path on PCB Ground Planes ...................... 237
14.5  Grounding of SyStems ........vvviiiiiiiiiiiiiiiiiiiiiienens 238
14.5.1 Single-Point Ground Systems..........cccvvvivvriiennnns 239
14.5.2  Multipoint Ground SyStemS........cvvvvririreieereeennns 239
14.5.3 Hybrid Ground Systems.........cevvvvveriiiiereeeeeennns 240
146 Ground LOOPS ....vvvriiiiiiiiiii e 241
147 SUMMATY ..ttt eeeeeeeeees 243
REfEIeNCES. ..o e et 244
Filtering........cooo i 245
15.1  Filter Characterization .............ccoouviiiiieeeiiiiiiieeeeennnnnns 245
15.1.1 Time-Domain: Step Response ...........cccoevvvvivnnn. 246

15.1.2  Frequency-Domain: Frequency Response............... 248



Contents

152 Low-Pass FAlters .........ooeiiiiiiiiiiiiiiiiic i
153  High-Pass FIlters .........oooiiiiiii i
154  Band-Pass Filters..........ccooiiiiiiiiiiiiiiiiiiiiiiiiiie
155  Band-Stop Filters .........ooiiiiiiiiiiiiii i
15.6  Active and Passive Filters ............ccoiiiiiiiiiiiiiiiiin.
15.7  Differential- and Common-Mode Filters ..........................

15.7.1 Differential-Mode Filters...............ccooooiiiiiiinin

15.7.2 Common-Mode Filters ............cccoviiiiiiiiiiiiiinn.
15.8  Mains Supply Filters........ccooiiiiiiiiii
159  Transient Suppression Filters.............ooooviiiiiiiiiiiiian.
15.10 Digital FIIters ......oouuuiiiiiiii e
1511 SUMMALY «.ueitteee e e e e
REfEIONCES . .. et eeei e

16 EMC Design Guidelines ...............ccooiiiiiiiiiiiiiiiiiiiiiiiiiiens

16.1  Most Common EMC Issues in Practice.................oceeenn,
16.2  Guideline # 1: Never Route Signals Over Split

Reference

Planes . ....ee e
16.3  Guideline # 2: Always Consider the Return Current..............
16.4  Guideline # 3: Decoupling—Use Low-Inductance

Capacitors AND Planes...........cevviiiiiiiiiiiiiiiiiiiiiiennnnnns
16.5  Guideline # 4: Use Ground Planes on PCB for Shielding ........
16.6  Guideline # 5: Route High-Frequency Signals Adjacent

t0aPlane ..ottt
16.7  Guideline # 6: Control Rise- and Fall-Time .......................
16.8  Guideline # 7: Keep Clock lines As Short As Possible ...........
16.9  Guideline # 8: Fill Top and Bottom Layers with Circuit GND ...
16.10  Guideline # 9: Add Stitching Vias Around High-Speed

Signal VIas ..oooonnnii
16.11 Guideline # 10: Add a Capacitor Close to Every Pin of a

L0103 1131 e1 o)
16.12  Guideline # 11: Connect Circuit GND to Chassis at IO Area ....
16.13  Guideline # 12: Lay Cables Along Chassis (GND/Earth) ........
16.14  Guideline # 13: Don’t Use Cable Shield as Signal

Conductor for Low-Frequency Signals ...............ccoiiiini.
16.15 Guideline # 14: Cable Shield Grounding on Only One

End for Low-Frequency Signals ............ooooeiiiiiiiiiiinn.
16.16 Guideline # 15: Cable Shield Grounding on Both Ends

for High-Frequency Signals .........cccooiiiiiiiiiiiiiiiiiiiinnnn.
16.17 Guideline # 16: Minimize Loop Area of Signals in Cables.......
16.18 Guideline # 17: Avoid Electrical Balance Changes ...............

R OIENCES .. it

266
266

267
267

268
268
269
269

271



XVviii

Contents
ConStants ..........ooiiiii 277
Complex Numbers ...........cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 279
B.1 Definition and Notation...........c.eeeeiiiiiiiiiieiiiiiiiieeeennn. 279
B.2 Cartesian Complex Plane ..........ccooeiiiiiiiiiiiiiiiiiiinnnnns 279
B.3 Polar Complex Plane ............cooiiiiiiiiiiiiiiiiiiiiiiiiiiin, 280
B.4 CompleX CONJUZALE . ...vvvveieiiiiiiteeeeeeas 281
B.5 Mathematical Operations with Complex Numbers................ 281
B.6 Impedances in the Complex Plane .................cooooiiiiinnn. 281
VeCtOrS ... 283
C.1 Vector Definition .........oooviiiiiiiiiiiiiiic i 283
C2 SUmM Of VECTOIS . .uveeeeee e 283
C3 Vector Multiplication with Scalars..................coovviiiinnn. 284
c4 Vector Dot Product..........coooiiiiiiiiiiiiiiii i 284
C5 Vector Cross Product ..., 285
ReferenCes. .. oovii e 286
Electromagnetism ... 287
D.1 VOIAZE . ... 287
D.2 L1 1) L P 288
D.3 Impedance..........ooooi 288
D4 POWeT .. 289
D.5 Complex Permittivity ...........cooiiiiiiiiiiiiiiii i 289
D.6 Complex Permeability ... 290
D.7 Electric Field ... 291
D.8 Electric FIUX. . ... 292
D.9 Electric Flux Density ..........ooooiiiiiiiiiiiiiiii i, 292
D.10  Displacement Current Density ...............ooooiiiiiiiiaa.an. 293
D.11  Polarization Density .............ooooiiiiiiiiiiiiiiiiiiean. 294
D.12  Electric Current Density ..............ccooiiiiiiiiiiiiiiiiiean. 294
D.13  Magnetic Field ... 295
D.14  Magnetic Flux........ ... 295
D.15 Magnetic Flux Density ...............ccooiiiiiiiiiiiiiia. 296
D.16  Electromagnetic Field .................cc.iiiii. 297
Ref@IENCES . . . . 298
Maxwell’s Equations and Lorentz’s Force Law ........................ 299
E.1 Gauss’ Law for Electricity..........oocoviiiiiiiiiiiiiiiiiiana. 299
E2 Gauss’ Law for Magnetism............oooeeieiiiiiiiiineniiinn, 300
E3 Faraday’s Law ... 300
E4 AmPEre’s Law . ... 301
E.5 Lorentz’s Force Law ........ooooiiiiiiiiiiiiiiiiiiiiiiiiiiiii 302

RefeIeNCE ... i 302



Contents Xix

F

Integral Transforms ...............ccooiiiiiiiiiiiiiiiiiiiiiiiiiiiees 303
F.1 Fourier SEries .........ooviiiiiii i i 303
F2 Fourier Transform......... ... i, 304
F3 Discrete Fourier Transform (DFT) ...........oooooiiiiiiiiiii. .. 304
F4 Discrete-Time Fourier Transform (DTFT)......................... 305
E5 Laplace Transform ...........oooiiiiiiiiiiiiiiiiiiiiiiee e, 305
F.6 Z-Transform. .. ... i 306
R ereNCeS . . oot 306
Material Properties ............ ..o 307
G.1 Conductor Properties ............eveveiiiiiiiiiiinnnns 307
G.2 Insulator Properties ............uuuiiiiiiiiiiiiiiiiiiiiia 310
G3 PCB MaterialS. . .....cooiiiiiiiei it iiiiee it 311
R ereNCeS . . ottt 313
Galvanic Series ............ccoiiiiiiiiii s 315
H.1 L) 5 01 0 s I 315
H.2 Corrosion Prevention .............ooiiiiiiiiiiiiiiiiiiii e, 316
H.3 Standard Electrode Potential Series..............ccooeeeeiiiinnnn.. 316
H.4 Seawater Galvanic Series ......oooeeeiiiiiiieeeeriiiiiaeeeeennnenn. 317
R ereNCeS .. ettt 319
Triboelectric Effect .......... ... ... ... 321
L1 How Electrostatic Charges Are Produced ......................... 321
12 Triboelectric Series .........vviiiiiiiie i 322
References . ..o 323
Country-Specific EMC Regulations .................................... 325
J.1 Australia and New Zealand...........................oiiii.. .. 325
J2 Brazil ... ..o 326
J.3 Canada. ... 327
J4 ChiNa ... 327
1.5 Eurasian Economic Union..................coooiiiiiiiiiiiian. .. 328
J.6 European Union..........ooeiiiiiiiiiiiiiiiiiiiii i 329
1.7 India ..o 331
J.8 Japan . . 332
J9 Republic of Korea..........ooooiiiiiiiiiiiiiiiiiiii i 333
JJ10  Switzerland ... ... oo 333
J.11 TAIWAN . ..o e 334
JA2  TurKeY oo e 335
J.13 United Kingdom ........c.ooiiiiiii e 336
J.14  United States of America..............coooeiiiiiiiiiiiee ... 336

R eIENCES . ..ot 339



XX Contents
K EMC Test Setups and Equipment ......................coooiiiiiiiiin.. 343
K.1 Pre-compliance vs. Compliance Testing ..............cooeeeeennn. 343
K.2 RF Emission: CISPR 11 ... 344
K.2.1  CISPR 11: Applicability ........cccevviiiiiiiiiiiiinn. 345

K22 CISPRIL:Group 1,2 ..ooiiiii i 345

K23 CISPR11:Class A, B ..oovvviiiiei i 347

K24  CISPR I1: Test SEtup «.oovvnnniiieeiiiiieeenninas 348

K.2.5 CISPR 11: Test Limits....ooouuuiieeeiiiiiiienninnee. 349

K.3 RF Emission: CISPR 32 ... 357
K.3.1  CISPR 32: Applicability ........ccoevviiiiiiiiiiiinn. 357

K.3.2 CISPR32:Class A, B .oouviiii i 357

K.3.3  CISPR32: LiMitS....eveeeiiiiiiiieeiiiiiieeenaiae, 358

K.4 Harmonic Currents: IEC 61000-3-2 ..........coiiiiiiiieeannn. 358
K.4.1  IEC 61000-3-2: Applicability ..........ccoeeeeeeiinnn... 359

K.4.2 IEC61000-3-2: Class A, B,C,D.....oooiiiiiiiiiinnn. 361

K43  TEC 61000-3-2: TeSt Setup ....vveeeerrnuiiieeeennnnnnnnn. 362

K44 TEC 61000-3-2: LIMits «eoovuneniieeeennniiiieeeennninns 363

K.5  Flicker: IEC 61000-3-3 ..ottt 365
K.5.1  IEC 61000-3-3: Applicability .........cccoeeeeeiinnn... 366

K.5.2  TEC 61000-3-3: TeSt Setup «..vvveeeerinniiieeeeennnnnnne. 366

K.5.3  TEC 61000-3-3: LImits «eoevunnriieeeennniiieeeennninnns 367

K6 ESD:IEC 61000-4-2...ccoiinniiitiiiiiie i 369
K.6.1  TEC 61000-4-2: TeSt Setup ....vveeeerrnuiiieeeeennnnnnne. 370

K.6.2 IEC 61000-4-2: Test Levels .......cccovviiieiiiiiiinnn. 373

K.7 RF Radiated Immunity: IEC 61000-4-3 ..............oooeeeeenan. 373
K.7.1  TEC 61000-4-3: TeSt Setup ....vveeeeernuiiiieeeennnnnnne. 374

K.7.2  TEC 61000-4-3: Test Levels .......cccovviiieieeiiiinnnn. 376

K.8  EFT:IEC 61000-4-4 ... oottt 377
K.8.1  IEC 61000-4-4: TeSt Setup .....veeeerrnuuiieeeeennnnnnnn. 377

K.8.2 IEC 61000-4-4: TestLevels .......cccovviiiiiiieiiiinnnn. 378

K.9  Surge: IEC 61000-4-5 ..ot 380
K.9.1  TEC 61000-4-5: TeSt Setup ....vvveeerrnuiiieeeeennnnnnnn. 380

K.9.2 IEC 61000-4-5: Test Levels .......cccovviiiiiieniiinnnn. 382

K.10  RF Conducted Immunity: IEC 61000-4-6 ..................ceuee 384
K.10.1 TEC 61000-4-6: TeSt Setup .....eeeeerrnuiiieeeeennnnnnnn. 384

K.10.2 TEC 61000-4-6: Test Levels .......cccovvviiiiieeiiinnnn. 388

K.11  Magnetic Field Immunity: IEC 61000-4-8 .................ooeute 388
K.11.1 IEC 61000-4-8: Applicability ............ccceeviinn... 389

K.11.2 TEC 61000-4-8: TeSt Setup ....vvveeerrnuiiieeeeennnnnnne. 390

K.11.3 TEC 61000-4-8: Test Levels .......cccovvviiiieieiiiinnnn. 391

K.12  AC Dips: IEC 61000-4-11 ...ovviiiiiiiii i 392
K.12.1 IEC 61000-4-11: Applicability............cccevvvinnn... 393

K.12.2 TEC 61000-4-11: Test Setup......cceevvvuruieeeeennnnnnns 393

K.12.3 TEC 61000-4-11: Test Levels.......cooovviviiiniiinnn... 393



Contents XX1
K.13  Generic Immunity Levels for Residential Environments:
TEC 61000-6-1 «.nnnnneeeiee e 395
K.14  Generic Immunity Levels for Industrial Environment:
TEC 61000-6-2 ...nnnnneeeee e 396
K.15  Generic Emission Limits for Residential Environments:
TEC 61000-6-3 ...nnreeteee e 397
K.16  Generic Emission Limits for Industrial Environment:
TEC 61000-6-4 ...nnneeeteee et e 397
K.17  Generic Emission Limits for Light-Industrial
Environment: IEC 61000-6-8 ........ccooiiiiiiiiiiiiiiiiieannn. 397
RETEIONCES . . .t ettt 398
L American Wire Gauge (AWG) ..., 401
M Rulesof Thumb ..., 403
M.1  Air Breakdown Voltage ...........ccooiiiiiiiiiiiiiiiiiiiiiiinnn, 403
M.2  Amplitude of Square Wave Harmonics ...............cooeuuunnnn. 403
M.3  Antenna Input Power for Desired E-Field Strength ............... 405
M.4  Bandwidth of Digital Signals...........cccoeiiiiiiiiiiiiiiiinnnn.. 405
M.5  Ciritical Length of Transmission Lines............................. 405
M.6  Characteristic Impedance of Wires.............coooviiiiinnnn. 405
M.7  Capacitance Per-Unit-Length ... 406
M.8  Inductance Per-Unit-Length ..............ooooiiiiiiiiiiiiiiiiin.,. 406
M9  CMOS Input Impedance............coovuuiiiiiiiiiiiiiinnn, 406
M.10 E-Field from Differential-Mode Currents in Small Loops........ 407
M.11 E-Field from Common-Mode Currents in Short Cables .......... 407
M.12 E-Field from Common-Mode Current with Cable at
RESONANCE ....ovviii 407
M.13 E-Field from Common-Mode Voltage with Cable at
RESONANCE ....oeviii 408
M.14  E-Field Strength for Given Antenna Power........................ 408
M.1I5  Galvanic COTTOSION ... ......uee e 409
M.16 Return Current on PCB Planes ................ooooiiiiiiiiiiiinn, 409
M.17 Via Capacitance and Inductance .................coooviiiinnnnn.. 409
ReferenCes. .. oovii e 409
IndeX ... oo 411



Acronyms

The key test for an acronym is to ask whether it helps or hurts
communication.
—Elon Musk

List of the most common abbreviations and acronyms in the field of electromagnetic
compatibility used throughout this book:

AAMI
AC
ADC
AF
AM
ANSI
BCI
CB

CE
CEN
CENELEC
CI
CIGRE
CISPR
CS
CSA
dB
dBd
dBi
dBm
dBW
DC
DFT
DPI
E3
EEE
EFT

Association for the Advancement of Medical Instrumentation
Alternating Current

Analog-to-Digital Converter

Antenna Factor

Amplitude Modulation

American National Standards Institute

Bulk Current Injection

Certified Body

Conducted Emissions

European Committee for Standardization

European Committee for Electrotechnical Standardization
Conducted Immunity

International Council on Large Electric Systems
International Special Committee on Radio Interference
Conducted Susceptibility

Canadian Standards Association

Decibel, logarithmic unit (dimensionless)

Gain of an antenna relative to a dipole antenna/radiator
Gain of an antenna relative to an isotropic antenna/radiator
Decibel milliwatt, logarithmic unit

Decibel Watt, logarithmic unit

Direct Current

Discrete Fourier Transform, mathematical operation
Direct Power Injection

Electromagnetic Environmental Effects

Electromagnetic Environmental Effects

Electrical Fast Transients, also called bursts or EFT/B
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EM
EMC
EMI
EN
ERP
ESD
ESL
ESR
ETSI
EUT
FAC
FAR
FCC
FDA
FFT
GDT
GND
GTEM
HBM
HEMP
HF
HV
IDM
IEC
IECEE
IEEE
IL
ISM
ISO
ITE
ITU

LF
LISN
LV
MLCC
MV
NEMP
OATS
PCB
PCBA
RAM
RE

RF
RFI

Acronyms

Electromagnetic

Electromagnetic Compatibility

Electromagnetic Interference

European Standards

Effective Radiated Power

Electrostatic Discharge

Equivalent Series Inductance (of a capacitor)

Equivalent Series Resistance (of a capacitor)

European Telecommunications Standards Institute
Equipment Under Test

Fully Anechoic Chamber, type of radiated emissions test site
Fully Anechoic Room, type of radiated emissions test site
Federal Communications Commission, USA

U.S. Food and Drug Administration

Fast Fourier Transform, fast algorithm for calculating the DFT
Gas Discharge Tube

Ground

Gigahertz Transverse Electromagnetic (Mode)

Human Body Model

High-altitude Electromagnetic Pulse

High-Frequency

High-Voltage

Imbalance Difference Modeling

International Electrotechnical Commission

International Electrotechnical Commission for Electrical Equipment
Institute of Electrical and Electronics Engineers

Insertion Loss, a high-frequency parameter

Industrial, Scientific, and Medical

International Organization for Standardization
Information Technology Equipment

International Telecommunication Union, specialized agency of the
United Nations

Low-Frequency

Line Impedance Stabilization Network

Low-Voltage

Multilayer Ceramic Capacitor

Medium Voltage

Nuclear Electromagnetic Pulse

Open Area Test Site, type of radiated emissions test site
Printed Circuit Board

Printed Circuit Board Assembled

Radiation-Absorbent Material

Radiated Emissions

Radio-Frequency

Radio-Frequency Interference



Acronyms

RI
RL
RMS
RoHS

RS
RTCA

SAC
SAE

SMD
SMT
SNR
SPICE
TEM
VSWR

XXV

Radiated Immunity

Return Loss, a high-frequency parameter

Root Mean Square

Restriction of (the use of certain) Hazardous Substances in electrical
and electronic Equipment

Radiated Susceptibility

Radio Technical Commission for Aeronautics, U.S. volunteer organi-
zation

Semi-Anechoic Chamber, type of radiated emissions test site
Society of Automotive Engineers, US standards developing organiza-
tion

Surface Mount Device

Surface Mount Technology

Signal-to-Noise Ratio

Simulation Program with Integrated Circuit Emphasis

Transverse Electromagnetic (Mode)

Voltage Standing Wave Ratio



Symbols and Units

In science there is only physics; all the rest is stamp collecting.

—Lord Kelvin
Table 1 Symbols, dimensions, and units. Part 1/2

Quantity Symbol Definition Unit
Admittance Y Y=I/V Siemens S
Attenuation constant o 1/m
Capacitance c c=Q/V Farad F
Capacitive Reactance Xe Xc=1/2=fC) Ohm Q
Complex dielectric £ g=g-je" F/m
Complex permeability u u=u-ju” H/m
Complex propagation ¥ y=a+jp 1/m
Conductivity o o=JE S/m
Current / ||=dQ/dt Ampere A
Current density J |J|=dl/dA A/m?
Dielectric conductivity o a=me" S/m
Dielectric constant g’ e'=¢g,"eo=|DE| F/m
Dissipation factor, loss factor D D=tan(s)= &"e' Dimensionless
Electric charge Q Coulomb C
Electric field strength E E=F/Q' Vim
Electric flux density D goe,'E C/m?
Electric loss factor e" £"=J jpss /[ @ E) F/m
Electric polarization P P=D-z,E FV/m?
Electric susceptibility 2 re=&, -1 Dimensionless
Electromotive force emf HE-dl) Volt V
Force F F=qE+qv>B Newton N
Frequency, angular frequency f. @ =1/T, @=2nrxf 1/sec=Hz, 1/rad
Impedance Z Z=V/ Ohm Q
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Symbols and Units

Table 2 Symbols, dimensions, and units. Part 2/2
Quantity Symbol Definition Unit

Impedance (intrinsic) n n=E/H Ohm Q
Inductance /B L=V/(dl/dt) Henry H
Inductive Reactance X, X =2nxfL Ohm Q
Loss tangent (dissipation factor) tan( J) tan(S5) = &'/&' Dimensionless
Magnetic field strength H P(H-dI)=I Alm
Magnetic flux @ @=B-A Weber Wb = Vs
Magnetic flux density B B= g1 (H+M) TeslaT
Magnetic loss factor u" H/m
Magnetic permeability o' u'=B/H H/m
Magnetic susceptibility T Im=p -1 Dimensionless
Magnetization M M=B/p,-H A/m
Mutual inductance M M=/, H
Phase constant Yij p=2xz/i 1/m
Power P P=dW/dt Watt W
Quality factor of capacitor Q Q=1/tan( 5) Dimensionless
Quality factor of inductor Q Q=2 zfL/R Dimensionless
Relative dielectic permittivity &' g.'=g¥gg Dimensionless
Relative magnetic permeability T = g Dimensionless
Resistance R Re(Z) Ohm Q
Resistivity P p=l/e Om
Voltage v V=-emf Volt V
Velocity v v=s/t m/sec
Wavelength A A=2x/p Meter m




Chapter 1 )
Introduction Check for

I have not failed. I've just found 10’000 ways that won’t work.
—Thomas A. Edison

1.1 What Is EMC?

Electromagnetic compatibility (EMC) is an established discipline within the field of
electrical and electronics engineering. EMC is the ability of equipment or a system
to function satisfactorily in its electromagnetic environment without introducing
intolerable electromagnetic disturbances to anything in that environment [1]. In
other words, each device must have a certain immunity against electromagnetic
disturbances, and on the other hand, each device must keep its own electromagnetic
emissions low enough to not disturb other devices in its environment (Fig. 1.1).

1.2 EMC vs. EMI

EMI stands for electromagnetic interference and is often mixed up with EMC. EMI
means that one electronic device A is causing disturbance to another electronic
device B, which is in the surrounding of device A.

What is the difference between EMC and EMI? Now, an EMC-compliant
product has to be tested on EMI during its development. For an EMC-compliant
product, EMI should not happen anymore. This is because EMC-compliant products
proved their electromagnetic immunity to be high enough and their electromagnetic
emission to be low enough to work seamlessly in its predefined environment.

© The Author(s) 2023 1
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Radiated
Emissions

Product
The product must have a
£ certain immunity to
pet ll  interference and its
phones etc.) emissions must be kept
below allowed levels.

Radiated

Fig. 1.1 How an EMC design engineer sees a product

1.3 Why Is EMC Important?

EMC-compliant products reduce the risk of undesired interference and disturbances.
However, why is that so important? EMC is important because interference and
disturbances of electrical equipment can seriously harm people, infrastructure, and
the environment. For example, in 1992, a woman died because the heart machine of
the ambulance shut down every time the technicians turned on their radio transmitter
to ask for advice [12]. Another example is the explosion of the Texaco refinery in
Milford Haven UK, on the 24th of July 1994, which was caused by an electrical
storm giving rise to power surges which tripped out a number of pump motors while
leaving others running. The explosion led to 26 people being sustainably injured and
damage of £48 million [12]. These are just two of numerous examples and show us
that taking care of EMC-compliant design is not just a necessity for selling products;
it means a safer world with reliable products and satisfied customers.

1.4 EMC Terms and Definitions

The discipline of EMC can primarily be divided into the subjects of emission
and immunity (or susceptibility). Figure 1.2 shows the most important terms and
definitions in EMC. Other EMC abbreviations and acronyms can be found in chapter
“Acronyms” in the front matter of this book on page xxiii.
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Electromagnetic Compatibility (EMC)

Phenomena
Conducted Radiated Conducted Radiated
Emission Emission Immunity Immunity

Electrostatic Electro-
Discharge Magnetic
(ESD) Pulse (EMP)

Fig. 1.2 EMC terms and definitions

1.4.1 Emission

It is distinguished between conducted emissions (CE) and radiated emissions
(RE).

e Conducted emissions. Conducted emissions are measured at cables that are
connected to the equipment under test (EUT). For commercial and industrial
electrical/electronic equipment, it is distinguished between different emission
aspects:

— RF conducted emissions. Goal: prevent connected cables from radiating and
avoid the interference of connected equipment. The frequency range of the
RF emission measurements for commercial and industrial products goes from
150kHz to 30 MHz (CISPR 32 [2], FCC 47 CFR Part 15 [3]). However, the
frequency range depends on the industry and may be as wide as from 30 Hz to
40 GHz for defense and military products (MIL-STD-461G [13]).

— Harmonics. Goal: limitation of harmonic currents injected into the public
mains supply system. The mains supply input current of many devices and
machines is often not a harmonic sine wave.

— Flicker. Goal: limitation of voltage changes, voltage fluctuations, and flicker
in public low-voltage supply systems. Flicker is the impression of unsteadi-
ness of visual sensation induced by a light stimulus whose luminance or
spectral distribution fluctuates with time [1].

¢ RF radiated emissions. Goal: prevent disturbance of nearby electrical and
electromechanical equipment. Radiated emissions are measured in an anechoic
or semi-anechoic chamber or at an open area test site (OATS). For commercial
and industrial products, the frequency range of radiated emission measurements
goes from 30 MHz to 6 GHz (CISPR 32 [2]) or 30 MHz up to 40 GHz (FCC 47
CFR Part 15 [3]). However, the frequency range depends on the industry and
may be as wide as from 10kHz to 40 GHz for defense and military products
(MIL-STD-461G [13]).
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1.4.2 Immunity

It is distinguished between conducted immunity/susceptibility (CI, CS), radiated
immunity/susceptibility (RI, RS), and immunity against phenomena like electro-
static discharge (ESD) or electromagnetic pulses (EMP).

Conducted immunity. Conducted immunity tests are performed at cables that
are connected to the EUT. For commercial and industrial electrical/electronic
equipment, it is distinguished between different immunity aspects:

— RF conducted immunity. Goal: functional immunity to conducted distur-
bances induced by RF fields. The frequency range of the conducted RF
immunity tests for commercial and industrial products goes from 150kHz to
80 MHz (IEC 61000-4-6 [9]).

— EFT. Goal: functional immunity to repetitive electrical fast transients (EFT,
bursts), such as those originating from switching transients (interruption of
inductive loads, relay contact bounce, etc.). Test voltages vary from 0.5kV to
4kV (IEC 61000-4-4 [8]).

— Surge. Goal: functional immunity to unidirectional surges caused by overvolt-
ages from switching and lightning transients. Test voltages vary from 0.5kV
to 4kV (IEC 61000-4-5 [11]).

— Dips. Goal: functional immunity to voltage dips, short interruptions, and
voltage variations at the power supply ports.

Radiated RF field immunity. Goal: functional immunity to radiated radio-
frequency electromagnetic radiation in the far-field (80 MHz to 6 GHz: IEC
61000-4-3 [6]) or in the near-field (26 MHz to 6 GHz: IEC 61000-4-39 [7]).
Radiated magnetic field immunity. Goal: functional immunity to magnetic
disturbances at mains power frequencies 50 Hz and 60 Hz (IEC 61000-4-8 [10])
or at wireless charging/inductive power transfer frequencies 9 kHz and 26 MHz
(IEC 61000-4-39 [7]).

ESD. Goal: immunity to static electricity discharges, from operators directly and
from personnel to adjacent objects. Test voltages vary from 1kV to 15kV (IEC
61000-4-2 [5]).

EMP. Goal: protection against electromagnetic pulses (EMP). An EMP is an
instantaneous, intense energy field, which can be caused by a nuclear explosion
or other pulse-generating devices. If this explosion happens at a high altitude, it
is called a HEMP. EMPs are a topic for defense and military applications and not
for commercial and industrial products.
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1.5 Design for EMC

Design for EMC means considering EMC early during product development, not
just at the end of the project. If you test your product for EMC just shortly before
the product is to be launched, project delays and budget overruns result. Figure 1.3
shows that the later a defect in the product life cycle is fixed, the more expensive it
is. Here are some essential points regarding EMC and product development:

¢ EMC concept. You need to define an EMC concept at the very beginning of the
development project (before the first hardware is designed). This EMC concept
should especially define the following points:

— Grounding. Define a grounding concept for the product (system grounding),
the subsystems of the product (intrasystem grounding), and PCBAs (board-
level grounding).

— Shielding. Define if and how to shield sensitive circuits and cables (intrasys-
tem and external cables). Define the bonding of the shields.

— Filtering. Define if and how cables and wires (intrasystem and external
cables) have to be filtered. Especially consider ESD, EFT, and surge for cables
that leave your product. RF-filtering should be considered for every cable.

» Iterative testing. It is recommended to test the EMC performance (emission,
immunity) at different product development iterations. There are typically four
iterations in hardware development projects: breadboard, prototype, pilot, and
series. It is good practice to do pre-compliance testing (testing in-house or at a not
fully accredited compliance lab) at the prototype stage and fully compliant EMC
testing at the later project stages (pilot, series). Pre-compliance EMC testing is
an excellent choice to save time and money. Another advantage of in-house EMC
testing is the constant improvement of the EMC knowledge of the development
team.

Committed costs
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Concept Design Development Production Operations thr-
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Fig. 1.3 Life cycle costs [4] and the costs of fixing defects at different life cycle stages
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1.6 Summary

EMC. EMC is the ability of equipment or a system to function satisfactorily in
its electromagnetic environment without introducing intolerable electromagnetic
disturbances to anything in that environment.

EMC tests. EMC tests can be divided into two categories: emission tests and
immunity tests.

Coupling paths. EMI occurs via conduction (connected cables), via radiation
(directly from and to a product), or a combination of both.

Design for EMC. Considering EMC design in the early product development
stages helps to prevent budget overrun and product launch delays.
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Chapter 2 ®
Regulations and Standards Qs

If you make 10°000 regulations you destroy all respect for the
law.

— Winston Churchill

2.1 Big Picture

Products which are sold on the market should have the following properties:

* Safety. Be safe.

¢ Health. Do not be health threatening.

¢ Environment. Do not pollute the environment (e.g., RoHS).

¢ Quality. Fulfill expectations regarding quality.

¢ Reliability. Work reliably and as intended in their defined environment (e.g.,
EMC, temperature, humidity, and altitude).

In order to have only products on the market which fulfill the bullet points above,
governments and their legislative bodies issue laws and directives, and products
must be regulatory compliant according to this legislation.

A company that is the legal manufacturer of a product must prove compliance
with the regulations. This is done with conformity assessments. In case a product
contains electronics, an EMC conformity assessment is necessary. Such an EMC
conformity assessment usually comprises the proof of:

1. The conformity of the product regarding the applicable EMC standards (EMC
type testing).
2. The manufacturing process control (quality).

In nearly every country, electronic devices or machines on the market must be EMC
compliant, meaning they must fulfill the EMC regulations and standards for the
intended use of the products. What EMC regulations and standards are applicable
for which product is defined by the country where the product is sold to the end
customer.

© The Author(s) 2023 9
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2.2 EMC Compliance

EMC compliance means that an electronic or electromechanical product is compli-
ant with the laws, directives, and regulations of the country where it is sold to the
end customer.

2.3 EMC Regulations

Every government defines its own EMC regulations (laws, directives) for its country.
However, these national regulations often adopt multinational regulations (e.g.,
countries in the European Union refer to the EMC directive 2014/30/EU).

The government usually sets up or appoints an organization, commission, or
committee responsible for defining the applicable EMC standards (see Fig.2.1).
Such organizations or committees define the applicable EMC standards so that
products, which pass the tests defined in the applicable EMC standards, are then
compliant with the EMC regulations (laws, directives).

Some authorities (administrations, organizations, commissions, committees)
develop the applicable EMC standards for their countries or customs unions them-
selves. However, in most cases, the authorities adopt the content from the respective
international EMC standards into their EMC standards or refer to the respective
international EMC standards. Further information about specific countries and their
responsible authorities for EMC regulations and standards can be found in Sect. 2.5.

Fig. 2.1 EMC regulations EMC Standards
through directives and

standards Developed by
national

Developed by National

IEIRENLE standards refer to

organizations Sl international
i authorities

(IEC, CISPR,...) (FCC....) standards

Standards are to apply for

Law determines which EMC
{presumption of) conformity.

EMC Directives / EMC Regulations / EMC Laws

Issued by National law
Issued by national, implements

customs unions commissions, international
(EU, EAEU,...) administrations directives, law
(FCC, SAMR, ...) and regulations
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2.4 EMC Standards

The following chapters focus primarily on international EMC standards (IEC,
CISPR) and not on local or country-specific standards.

2.4.1 What Are EMC Standards?

EMC standards define terms, rules, and test methods for EMC. Furthermore, they
specify limits and minimum test levels for electric and electromagnetic emissions
and immunity. Figure 2.2 shows a product and some commonly applied EMC
standards for consumer electronic products.

2.4.2 Why Do We Need EMC Standards?

EMC standards help make measurements comparable and repeatable by defining
the test methods, test equipment, and test environment. Most importantly, EMC
standards aim to bring harmonization to EMC testing, in the best case: global
harmonization. Global harmonization of standards reduces trade barriers, and as a
most important consequence for society, harmonized EMC standards help increase
global prosperity and wealth.

2.4.3 Who Writes EMC Standards?

Standards in EMC are either developed by international, national, or regional orga-
nizations and committees on behalf of administrative bodies, or the administrative
and/or regulatory bodies word the EMC standards and regulations themselves (e.g.,
FCC MP-5). Usually, the appointed administrative bodies (e.g., CENELEC for the
EU, BSI for the UK, or ACMA for Australia) adopt the international EMC standards
written by IEC/CISPR or ISO, word for word. The International Electrotechnical
Commission (IEC) is the most important organization when it comes to EMC
standards development. Within the IEC, the following committees have the lead:

¢ IEC Technical Committee 77 (TC 77). The main scope of the TC 77 covers:

— Immunity and related items, over the whole frequency range: Basic EMC
Publications and Generic EMC Standards.

— Emission in the low-frequency range (f <= 9kHz, e.g., harmonics and
voltage fluctuations): Basic, Generic, and Product (Family) EMC Standards.
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— Emission in the high-frequency range (f > 9kHz): disturbances not covered
by CISPR 10 (1992), in coordination with CISPR (e.g., mains signaling).

CISPR. The main scope of CISPR is the protection of radio reception in the
range 9 kHz to 400 GHz from interference caused by operation of electrical or
electronic appliances and systems in the electromagnetic environment.

Here is a (not exhaustive) list of international and national organizations and
committees which develop and/or define the applicable EMC standards:

International.
— TEC Committees for Basic and Generic EMC Standards:

Technical Committee 77, Electromagnetic Compatibility (TC 77)
International Special Committee on Radio Interference (CISPR)

— IEC Committees for Product and Product Family EMC Standards.
— IEC liaison partners:

International Organization for Standardization (ISO)

ITU Telecommunication Standardization Sector (ITU-T)
International Council on Large Electric Systems (CIGRE)
The Union of the Electricity Industry (Eurelectric)
International Organization of Legal Metrology (OIML)

Australia. Standards Australia (AS).

Azerbaijan, Armenia, Belarus, Georgia, Kazakhstan, Kyrgyzstan, Moldova,
Russia, Tajikistan, Turkmenistan, Uzbekistan, Ukraine. Euro-Asian Council
for Standardization, Metrology, and Certification (EASC).

Canada. Canadian Standards Association (CSA).

China. Standardization Administration of China (SAC, representing China in
national ISO and IEC committees). SAC/TC79: National Radio Interference
Standardization Technical Committee (the corresponding Chinese committee to
IEC/CISPR). SAC/TC246: National Electromagnetic Compatibility Standardiza-
tion Technical Committee (the corresponding Chinese committee to IEC/TC77).
European Union (EU).

— Comité Européen de Normalisation Electrotechniques (CENELEC)
European Telecommunications Standards Institute (ETSI)
International Council on Large Electric Systems (CIGRE)

— European Committee for Standardization (CEN)

Germany. The Deutsche Kommission Elektrotechnik Elektronik Information-
stechnik (DKE) in DIN and VDE is the organization responsible in Germany
for the development of standards, norms, and safety regulations in the fields of
electrical engineering, electronics, and information technology.

India. Generally: Bureau of Indian Standards (BIS). Additionally for telecom-
munication equipment: Telecommunication Engineering Centre (TEC).
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e Japan.

— Japanese Industrial Standards Committee (JISC)
— Japanese Standards Association (JAS)

¢ Korea. Korean Standards Association (KSA).

¢ New Zealand. Standards New Zealand (NZS).

* Russia. Federal Agency for Technical Regulation and Metrology (GOST-R).
* Singapore. Info-Communications Media Development Authority (IMDA).

e Turkey. Turkish Standards Institution (TSE).

e United Kingdom (UK). British Standards Institution (BSI).

¢ United States (USA).

— Association for the Advancement of Medical Instrumentation (AAMI)
— American National Standards Institute (ANSI)

— Department of Defense (DoD)

— Federal Communications Commission (FCC)

— Radio Technical Commission for Aeronautics (RTCA)

— Society of Automotive Engineers (SAE)

2.4.4 EMC Emission Standards

EMC emission standards define test methods and emission limits for conducted
and radiated electromagnetic emissions. Examples of EMC emission standards for
residential, commercial, and industrial products are:

e IEC 61000-3-2—Test methods for harmonic currents

e [EC 61000-3-3—Test methods for flicker

e IEC 61000-6-3—Emission limits for equipment in residential environments

e IEC 61000-6-4—Emission limits for equipment in industrial environments

e IEC 61000-6-8—FEmission limits for commercial and light-industrial locations
e CISPR 11—RF emission limits and methods for ISM equipment

e CISPR 14-1—RF emission limits and methods for household appliances

e CISPR 32—RF emission limits and methods for multimedia equipment

e FCC Part 15—RF radiated and conducted emissions (RF devices)

* FCC Part 18—REF radiated and conducted emissions (ISM equipment)

2.4.5 EMC Immunity Standards

EMC immunity standards define test methods and immunity test levels for con-
ducted and radiated electromagnetic disturbances. Examples of EMC immunity
standards for residential, commercial, and industrial products are:
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* IEC 61000-4-2—Test methods for ESD

¢ JEC 61000-4-3—Test methods for RF radiated, far-field

* IEC 61000-4-4—Test method for burst (EFT) immunity

¢ IEC 61000-4-5—Test method for surge immunity

» IEC 61000-4-6—Test methods for RF conducted

* JEC 61000-4-8—Test methods for magnetic field immunity

* IEC 61000-4-11—Test methods for AC dips

¢ JEC 61000-4-39—Test methods for RF radiated, near-field

* JEC 61000-6-1—Immunity test levels for residential and light-industrial
* IEC 61000-6-2—Immunity test levels for industrial environments

e CISPR 14-2—Immunity test levels for household appliances and electric tools
e CISPR 35—Immunity test levels for multimedia equipment

Performance criteria are used to evaluate the immunity characteristics of the
equipment under test (EUT) in the course of an EMC immunity test. In other words,
performance criteria describe the loss of function or degradation of performance of
the EUT. The pass/fail criteria of an immunity test case are specified in the EMC
test plan before testing the EUT. These criteria are typically set to A, B, C, or D.
The criteria A, B, C, and D are described in detail in the respective EMC immunity
standard [3]:

¢ Performance criterion A. Normal performance within limits specified by the
manufacturer, requestor, or purchaser.

* Performance criterion B. Temporary loss of function or degradation of perfor-
mance which ceases after the disturbance ceases and from which the equipment
under test recovers its normal performance, without operator intervention.

* Performance criterion C. Temporary loss of function or degradation of perfor-
mance, the correction of which requires operator intervention.

* Performance criterion D. Loss of function or degradation of performance which
is not recoverable, owing to damage to hardware or software or loss of data.

2.4.6 Types of EMC Standards

The following are classes or types of EMC standards (see Fig. 2.3):

¢ Basic EMC Publications
¢ EMC Product Standards
e EMC Product Family Standards
¢ Generic EMC Standards
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EMC Standards

EMC Product Standards EMC Product Family Standards Generic EMC Standards
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for a certain produc

refer to

Basic EMC Publications
Test met
IEC 61000-4-",

Basic EMC Publications

General con: ons B and imi ing ieving EMC in general.

Fig. 2.3 Types of EMC standards and their dependencies

2.4.6.1 Basic EMC Publications

Basic EMC Publications specify terms and conditions for EMC testing, define the
rules necessary for achieving electromagnetic compatibility, specify test methods
(testing techniques, test setup, test equipment, and environment), and so on. Basic
EMC Publications are the EMC standards to which other EMC standards (EMC
Product Standards, Generic EMC Standards, etc.) refer.

The IEC Basic EMC Publications are structured into the following categories [1]:

General. Guidance on how to draft an EMC publication, definition of the EMC
terminology and vocabulary, general considerations. Examples are IEC Guide
107, IEC 60050-161, IEC TR 61000-1-1, IEC 61000-1-xx, etc.

Environment. Classification and description of different electromagnetic envi-
ronments and compatibility levels. Examples are IEC TS 61000-2-5, IEC TR
61000-2-3, IEC 61000-2-xx, etc.

Emission. Definition of test setups, testing techniques, test equipment, test
environment, and other considerations regarding EMC emission testing and
measurement. Examples are IEC 61000-3-2, IEC 61000-3-3, IEC 61000-3-xx,
CISPR 16, etc. CISPR 16 is itself a series of publications specifying equipment
and methods for measuring disturbances and immunity impacting them at
frequencies above 9 kHz.

Immunity. Definition of test setups, testing techniques, test equipment, test envi-
ronment, and other considerations regarding EMC immunity testing. Examples
are IEC 61000-4-1, IEC 61000-4-2, IEC 61000-4-3, IEC 61000-4-xx, etc.
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 Installation/Mitigation. Installation and mitigation guidelines regarding earth-
ing and cabling, mitigation of external electromagnetic influences, HEMP
protection concepts, and so on. Examples are IEC TR 61000-5-1, IEC TR 61000-
5-2, IEC 61000-5-xx, etc.

2.4.6.2 EMC Product Standards

EMC Product Standards apply to particular products. EMC Product Standards refer
to the relevant Basic EMC Publications (for that particular product) and specify the
limits of emission and immunity (the minimum test levels).

Examples of EMC Product Standards are IEC 62104 (DAB receivers), IEC
61851-21 (electric road vehicles charging system), IEC 62599-2 (alarm end elec-
tronic security systems), etc.

2.4.6.3 EMC Product Family Standards

EMC Product Family Standards apply to a group of products with common general
characteristics and may operate in the same environment and have neighboring
fields of application. EMC Product Family Standards refer to the relevant Basic
EMC Publications (for that particular product) and specify the limits of emission
and immunity (the minimum test levels).

Examples of EMC Product Family Standards are IEC 61967 (integrated circuits),
IEC 61326 (electrical equipment for measurement, control, and laboratory use), and
IEC 60947 (switchgear and controlgear).

2.4.6.4 Generic EMC Standards

The Generic EMC Standards are for products operating in a particular EMC
environment (residential/industrial), where a specific EMC Product (Family) Stan-
dard does not exist. They are general and somewhat simplified EMC Product
Standards while referring to Basic EMC Publications for detailed measurement and
test methods. Generic EMC Standards specify a limited number of emission and
immunity tests and minimum test levels.

Examples of Generic EMC Standards are IEC 61000-6-1 (immunity standard
for residential, commercial, and light-industrial environments), IEC 61000-6-2
(immunity standard for industrial environments), I[EC 61000-6-3 (emission standard
for equipment in residential environments), IEC 61000-6-4 (emission standard for
industrial environments), and IEC 61000-6-8 (emission standard for professional
equipment in commercial and light-industrial locations).
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2.4.7 EMC Standards in Different Industries

Some industries require their own industry-specific EMC standards. Sometimes they
are also called EMC Product (Family) Standards. Table 2.1 lists some popular inter-
national and industry-specific EMC standards, e.g., automotive, aviation, lightning,
or medical.

Table 2.1 EMC product (Family) standards and industry-specific EMC standard
"EWiC Product (Farmiy) Standards

CISPR 12
Automotive: Vehicles, boats and internal combustion engines CISPR 25 -
CISPR 36

CISPR 36: Electric and
hybrid electric road vehicles.

IS0 11451

Automotive: Road vehicles - Vehicle test methods IS0 10605

Vehicles.
150 11452

ive: Road - Comp t test methods el Y S Components.
1SO 10605

RTCA DO-160 and
EUROCAE ED-14 are
identically worded.

RTCA DO-160

Avionics: Airborne equipment, aircraft, helicopters EUROCAE ED-14

Electricity metering equipment (AC) IEC 62052-11

H hold: H hold li electric tools and similar apparatus JeEISER CISPR 14-2

CISPR 32 replaced CISPR
Inf I hnology equif 2 ITE, notebooks, telephones CISPR 32 (o1l 3L 02 in 2017, CISPR 35
replases CISPR 24 in 2022,

Lightning: Electrical lighting and similar equipment CISPR 15 IEC 61547
Medical equif t: Medical electrical equipment - General
requirements for basic safety and essential performance - Collateral IEC 60601-1-2

Standard: Electromagnetic disturbances - Requirements and tests

borat: i t: Electrical equipment for measurement, control

ey IEC 61326-1 IEC 61326-1
and laboratory use - EMC requirements

Medical IVD Electrical i for ent, control
. " 4 IEC 61326-2-6
and laboratory use - EMC requirements
Medical safety equif Electrical equipment for measurement,
contrel and laboratory use - Immunity requirements for safety-related IEC 61326-3-1
systems and equipment

Power unitities: Communication networks and systems for power utility

¥ IEC 61850-3
automation

Relays: M. g relays and protecti i IEC 60255-26 IEC 60255-26

current op i circuit-k
iors for b et

with integral

o IEC 61009-1
and similar uses

avercur p

Ships with a metallic hull: Electrical and electronic installations in ships -
Electromagnetic compatibility (EMC)

IEC 60533 IEC 60533
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2.4.8 Which EMC Standards to Apply?

As mentioned above in Sect. 2.3, the applicable EMC standards are defined by the
responsible governmental administrations, organizations, commissions, or commit-
tees. Therefore, the process of finding the applicable standards often differs from
country to country. As an example, Fig. 2.4 shows a flow chart based on the EMCD
Guide published by the European Commission [4].

Other useful tips:

* Contact the national authorities—where the product will be sold—for legal
advice.

e Check which EMC standards your competitors apply.

* Ask your EMC test laboratory for advice on which EMC standards to apply.

2.5 Compliance Marks

Which compliance marks to go for? To decide if and which compliance marks you
need for your product depends on which countries or customs unions (e.g., EU) you
want to sell your product to.

Let’s take a step back to the big picture of conformity marks: mandatory marks
vs. nonmandatory marks.

1. Mandatory conformity marks and labels. Mandatory marks and labels are
legally binding and have to be attached to the product. Examples of mandatory
marks and labels are:

* Australia and New Zealand. RCM mark (Regulatory Compliance Mark).
* Brazil. ANATEL label (Agéncia Nacional de Telecomunicagdes).

e Canada. ISED label (Innovation, Science, and Economic Development).
e China. CCC mark (China Compulsory Certificate).

* EEU (Russia). EAC mark (Eurasian Conformity).

e EU. CE mark (Conformité Européenne).

e Japan. PSE mark (Product Safety Electrical Appliance and Material).

¢ Republic of Korea (South Korea). KC mark (Korean Certification).

* Singapore. IMDA label (Infocomm Media Development Authority).

¢ Switzerland. CH mark (Swiss Conformity Mark).

e Taiwan. BSMI mark (Bureau of Standards, Metrology, and Inspection).
¢ UK. UKCA (United Kingdom Conformity Assessed).

¢ USA. FCC mark (Federal Communications Commission).

2. Nonmandatory conformity marks and labels. Nonmandatory marks are not
legally binding and are therefore optional. Examples of nonmandatory marks
are:

¢ Canada. CSA (Canadian Standards Association).
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Fig. 2.4 Flow chart based on the EMCD Guide published by the European Commission [4]
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* Germany. GS (Gepriifte Sicherheit).
* Japan. VCCI (Voluntary Control Council for Interference).
e USA). UL (Underwriters Laboratory).

More country-specific EMC regulations and requirements can be found in the
Appendix in Chap.J.

2.6 Global Market Access

Section 2.5 and Appendix J show that the situation regarding EMC regulations
and standards can be confusing. However, there is a great way to get access to
the global market with a single EMC test report: test your product according to
the International Electrotechnical Commission for Electrical Equipment (IECEE)
Certified Body (CB) Scheme. The IECEE CB Scheme is a system for mutual
recognition of safety and EMC test certificates of conformity for over 50 countries.
It is also a tool for accessing global markets directly when national authorities and
regulators, retailers, buyers, and vendors accept CB test certificates and the associate
test reports. The same concept of the [IECEE CB Scheme does also apply for safety
regulations and standards. Figure 2.5 shows the organizational hierarchy of the
Member Body (there is one MB per country), the National Certification Body (NCB
issues the CB test certificate), and the Certified Body Test Laboratories (CBTLs do
perform the actual EMC testing).
This is how the EMC testing for global market access works:

1. EMC testing. Find a Certified Body EMC Test Lab (CBTL) and test your
product according to the CB Scheme at this CBTL and obtain a CB EMC Test
Report for your product. CBTLs are listed on the IECEE website [2].

Fig. 2.5 Involved institutions

. Member Body (MB)
for EMC testing for global The MB is the representative of the national electro-
market access technology communities. There is only one MB per country.

National Certification Body (NCB)
A NCB operates national certification or approval scheme(s)
for electrotechnical equipment and components in a country
that has a Member Body of the IECEE. The NCB issues the
CB Test Certificates.

CB Testing Laboratories (CBTL)
CBTLs perform the test programs and issue CB Test
Reports for I|EC International Standards. CB Test
Certificates are based on CB Test Reports.
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2. CB test certificate. Request a CB EMC Test Certificate at a National Certifica-
tion Body (NCB) for your product. NCBs are listed on the IECEE website [2].

3. Request market access. To obtain a national EMC certification for a participat-
ing CB Scheme country without additional retesting of your product, you have to
submit your CB EMC Test Certificate and CB EMC Test Report to the Notified
Certified Body (NCB) of that country where you would like to get market access
to. Countries that accept the CB Scheme are listed on the IECEE website [2].

2.7 Summary

EMC compliance. EMC compliance means that a product is compliant to the laws,
directives, and regulations of the country where it is sold to the end customer.
EMC standards. Each country or customs union defines the applicable EMC

standards itself.
Global market access. Testing a product according to the CB Scheme helps to get
global market access (for over 50 countries) with minimum test effort.
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Chapter 3 )
Decibel e

If you cannot measure it, you cannot improve it.

—Lord Kelvin

3.1 Gain and Loss [dB]

Let’s have a look at the amplifier or attenuation network in Fig.3.1. The power,
voltage, and current gain of this network can be expressed in [dB] as [2]:

P, \% 2 R:
poer i 451 =10-tw () =10 | () (25 |
n i oa

(3.1
A Vout Rin
Voltage gain in [dB] = 20 - log,, + 10 - logyg (3.2)
Vin Rload
.. Lout Rioad
Current gain in [dB] = 20 - log;, + 10 - logyg (3.3)
Iin Rin

In case R;, and Rj,,q are equal (typically 50 €2), then the following term is equal to
Zero:

R
10 - logyg <R _“

R
) = 10-1og10( ’”‘“‘) =10-log;o (1) = 0
load R;

124

Now we can write the following for power/voltage/current gain:

mn

. . P()M[
Power gain in [dB] = 10 - log, P 3.4
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24 3 Decibel
N Pi D ok Poue |
| Amplifier- or
Vin < | Attenuation-Network Vou| | &
Fig. 3.1 An arbitrary amplifier or attenuation network
. . V()Ml
Voltage gain in [dB] = 20 - log; 3.5)
in
. . IOM!
Current gain in [dB] = 20 - log;, 7 (3.6)
in

Points to remember when it comes to gain and loss calculations in decibel:

Absolute vs. relative. Decibels are always ratios of numbers, never an absolute
quantity, even if they are named absolute levels.

Amplification. If P,,, is bigger than P;,, the gain value in [dB] is positive. This
means that in case of an amplification, the power gain in [dB] is positive.
Attenuation. If P,,; is smaller than P;,, the gain value in [dB] is negative. This
means that in case of an attenuation (loss), the power gain in [dB] is negative.
Gain = —Loss. Power loss is indicated by a negative decibel power gain. For
example, if an interconnection shows a loss of 1dB, the power gain of that
interconnection is —1 dB.

Cutoff frequency f .. At the cutoff frequency, the output power (P,,;) is half the
input power (P;,), and the power/voltage/current gains are all —3 dB.

1
Power gain in [dB] at f, = 10 - log; (§> = —3dB

1
Voltage gain in [dB] at f. = 20 - log;, (E) = —3dB

1
Current gain in [dB] at f. = 20 - log,, (E) = —3dB

Ratio to [dB]. Table 3.2 presents some common ratio to [dB] value conversions.
For example, if power increases by factor 2, the power/voltage/current gain
increases by 3 dB.
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Unit Type Unit Reference Value |Typical Usage

dBm Power 1mw Wireless and RF applications
dBw Power 1w Wireless and RF applications
dBuv Voltage 1uv Conducted emission

dBuA Current 1 A Conducted emission
dBuV/m |[Electric Field Strength 1 pV/m Radiated emission

dBuA/m |Magnetic Field Strength |1 pA/m Radiated emission

Fig. 3.2 Commonly used absolute decibel levels in EMC

3.2 Absolute Levels [dBm, dBpV, dBpA]

The most common absolute power, voltage, and current levels in EMC are [dBm],
[dBwV], and [dBpA] (Fig. 3.2). They are calculated like this [2]:

P
Absolute power level in [dBm] = 10 - log; <1 W) (3.7
m
Vv
Absolute voltage level in [dBV] = 20 - log; <W> (3.8)
u
. 1
Absolute current level in [dBpA] = 20 - log; (ﬁ) 3.9)
il

More information about physical quantities and their units (also in decibel) can
be found in the Appendix D. The same concept of absolute levels can also be applied
to electrical fields £ [V/m], magnetic fields H [A/m], or radiated power density S
[W/m?]:

Electric field strengnth in [dBuV/m] = 20 - log, (W) (3.10)
pV/m
Magnetic field strength in [dBpA/m] = 20 - log; <W) (3.11)
HA/m
Radiated power density in [dBmW/mz] =10 - log;q (W) (3.12)
mW/m

Points to remember when it comes to calculations with absolute power levels in
decibel:
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Zero values.

def

— 0dBm =1mW
— 0dBuV = 1uVv
— 0dBpA = 1pA

0dBuV/m = 1 pV/m
— 0dBpuA/m = 1 pA/m

Negative values. A negative [dBm]-value means that the power is smaller than
1 mW. A negative [dBLV]-value means that the voltage is smaller than 1 uV. A
negative [dBpAJ-value means that the current is smaller than 1 pA.

Positive values. A [dBm]-value bigger than 0 means that the power is higher
than 1 mW. A [dBnV]-value bigger than 0 means that the voltage is higher than
1uV. A [dBpA]-value bigger than 0 means that the current is higher than 1 pA.
Gain and loss. Gain values in [dB] G;p can just be added to the absolute power
levels in order to get the output power. The linear calculation with input power
P;,, linear gain G, and output power P,,; can be written as:

Pour = Pip - G

In decibel, the output power P,,; 45 is the sum of the input power P;, 4p and the
gain G4p:

Pout.ap = 10 - 1Oglo (Pour) =10 - 10g10 (Pin) +10- 1Ogl() (G) = Pinap + Gus

Let’s assume a signal with P;,; 4p, = 0dBm at the input of an amplifier with
gain G4p = 20dB. The output power is:

Pout.aBm = Pin.apm + Gap = 0dBm 4 20dB = 20dBm

Never sum up absolute levels. Do never sum up absolute decibel levels, because
adding decibels means multiplying the linear values and therefore:

def

0dBm +0dBm £ 1 mW - I mW = 1 mW? =2

What does power squared mean? Thus, never add up absolute decibel levels.
Sum of absolute levels and decibel. It is allowed and useful to sum up [dBm]-,
[dBuV]-, or [dBpA]-values with gain G values in [dB]:

Pout 1in = Pin lin - Glin = Pout,dBm = Pin,dpm + GdB = —3dBm +20dB = 17dBm

Vout.tin = Vin,tin - Viin = Vour.dv = Vin.apv + Gag = —3dBV +20dB = 17dBV
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* Subtraction of two absolute levels. Subtracting two absolute [dBm]-, [dBV]-,
or [dBpA]-values is equivalent to computing the ratio of their linear values:

Powrtin 100mW .
outdin _ N 100 & Py asm — Pnasm = 20dBm — 0dBm = 20dB
Pin,lin 1 mW

Vourdin 10V .
—ounlin _ =10 ¥ Vouapv — Vinapy = 20dBV — 0dBV = 20dB

Vin,lin v

3.3 Summary

The Tables 3.1, 3.2, 3.3 and 3.4 present conversions between different absolute
decibel levels, linear rations to relative decibel values and vice versa.

Table 3.1 Conversion between [dBV], [dBlLA], and [dBm] for systems with system
impedance Zp = 50 [1]

[dB] Unit Conversion for 500-Systems - [dBm] to [dBuV] to [dBuV]

dBm dBuV dBuA
[dBm=dBuV-107] [dBpV=dBm+107] [dBpA=dBm.+73]
[dBm=dBuA-73] [dBpV=dB A+34] [dBuA=dB V-34]

50 157 123

40 147 113

30 137 103

20 127 93

10 17 83

0 107 73

10 97 63

20 87 53

30 77 43

40 67 33

50 57 23

60 47 13

70 37 3

80 27 7

90 17 17

100 7 27
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Table 3.2 Conversion from (linear) ratios to [dB] values and vice versa

Unit Convertion - Voltage/Current/Power Ratio [1] to [dB]

Voltage Ratio

Voltage Ratio

Current Ratio | POWer Ratio [[@B1f [~ "0 2" | Power Ratio | [dB]
1 1 0 1 1 0
1.02 1.04 017 0.98 0.96 -0.17
1.04 1.08 0.34 0.96 0.92 -0.34
1.07 1.14 0.59 0.93 0.87 -0.59
110 1.21 0.83 0.91 083  |-083
115 132 121 0.87 076 |-1.21
1.20 1.44 1.58 0.83 0.69 -1.58
1.30 1.69 2.28 077 0.59 -2.28
1.41 2 3.01 0.7 0.50 -3.01
1.50 2.25 3.52 0.67 0.44 -3.52
1.60 2.56 4.08 0.63 039  |-4.08
173 3 477 0.58 033  |-4.77
1.80 3.24 5.11 0.56 031 |-5.11
1.90 3.61 5.58 0.53 0.28 -5.58
2 4 6.02 0.50 0.25 -6.02
2.20 4.84 6.85 0.45 0.21 -6.85
2.40 5.76 7.60 0.42 017 |-7.60
2.50 6.25 7.96 0.40 016  |-7.96
2.60 6.76 8.30 0.38 015  |-830
2.80 7.84 8.94 0.36 013 |-894
3 9 9.54 0.33 0.11 —-9.54
3.25 106 10.2 0.31 0.095 -10.2
3.50 12.3 10.9 0.29 0.082 |-10.9
3.75 1441 115 0.27 0.071 -11.5
4 16 12.0 0.25 0.063 -12.0
4.50 20.3 131 0.22 0.049 =131
5 25 140 0.20 0.040  |-14.0
5.50 303 14.8 0.18 0.033 |-14.8
6 36 156 017 0.028 |-156
6.50 42.3 16.3 015 0.024 -16.3
7 49 16.9 0.14 0.020 -16.9
7.50 56.3 175 013 0.018 -17.5
8 64 18.1 0.13 0016  |-18.1
9 81 19.1 0.11 0012 [-19.1
10 100 20 0.10 0010 | -20
30 500 295 0.03 T11E-03 |-29.5
100 1.00E+04 40 0.01 1.00E-04 —-40
300 9.00E+04 49.5 0.003 1.11E-05 |[-495
1000 1.00E+06 | 60 0.001 1.00E-06 | —60
3000 9.00E+06 |69.5 0.0003 111607 |-695
1.00.E404 1.00E+08 | 80 1.00E-04 1.00E-08 | -80
3.00.E+04 9.00E+08 |89.5 3.33E-05 1.11E-09 |-89.5
1.00.E+05 1.00E+10 100 1.00E-05 1.00E-10 —-100
1.00.E+06 1.00E+12 120 1.00E-06 1.00E-12 -120
1.00.E+07 1.00E+14 140 1.00E-07 1.00E-14 —-140
1.00.E408 1.00E+16 | 160 1.00E-08 1.00E-16  |—160
1.00.E409 1.00E+18 | 180 1.00E-08 1.00E-18 |-180
1.00.E+10 1.00E+20 | 200 1.00E-10 1.00E-20 |-200

3 Decibel
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Table 3.3 Conversion between voltages in [V] and [dBuwV], between currents in [A]
and [dBpA], and between power in [dBm] and [mW] for different system impedances

Zy [1]

[dB] Unit Conversion - [V], [dBV], [dBpV], [A], [dBA], [dBpA], [dBm]

To Calculation Remark
v V] = m([d?o”)
v V] = m{”““:ffum)
dBV  [[dBV] = 20 log,,(V)
dBV  |[dBV] = [dBpV] — 120
dBuV  |[dBpV] = 20 log,o(V) + 120
dBuV  |[dBpV] = [dBm] + 10 log,(Z) + 90 Z = system impedance
dBpV  |[dBuV] = [dBm] + 107 500 system impedance
dBuV  |[dBpV] = [dBpA] + 20 log,(Z) Z = system impedance
dBpV  |[dBuV] = [dBpA] + 34 500 system impedance
A g = 1005
A Ay = 105
dBA  [[dBA] = 20 log,o(A)
dBA [dBA] = [dBpA] — 120
dBpA  |[dBpA] = 20 log,,(A) + 120
dBpA  |[dBpA] = [dBm] — 10 log,,(Z) + 90 Z = system impedance
dBpA |[dBpA] = [dBm] + 73 500 system impedance
dBuA  |[dBpA] = [dBpV] — 20 log,,(2) Z = system impedance
dBpA  |[dBpA] = [dBuV] — 34 500 system impedance
dBm  [[dBm] = [dBpV] — 10 log,,(Z) — 90 Z = system impedance
dBm  [[dBm] = [dBpV] — 107 500 system impedance
dBm  [[dBm] = [dBpA] + 10 log,,(Z) — 90 Z = system impedance
dBm  |[dBm] = [dBpA] — 73 500 system impedance
W g = 1007
mwW [mW] = 10(( d?‘l’"n)
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Table 3.4 Conversion between field strengths [V/m], [A/m], [dBuV/m], [dBpA/m],
[dBpT], and [ T] for free-space (far-field) where Zg = 377 2 [1]

[dB] Unit Conversion - Field Strength (free-space, 3770)

To Calculation Remark
Vim [y /g = 10(E2mLot20)
Vim [V/m] = /[W/mZ] - 377 Free space, £ = 3770
A/m [A/m] = % Free space, Z = 3770
dBpV/m  |[dBuV,/m] = 20 log,,([V/m]) + 120
dBuV/m |[dBpV/m] = [dBm/m?| + 10 log,,(Z) + 90 Z = system impedance
dBuV/m |[dBuV/m] = [dBm/m?| + 1158 Free space, Z = 3770
dBpV/im |[dBuV/m] = [dBpA/m] + 20 log,,(Z) Z = system impedance
dBuV/m  |[dBuV/m] = [dBpA/m] + 51,5 Free space, £ = 3770
dBuA/m  |[dBpA/m] = [dBpV/m] — 20 log,,(Z) Z = system impedance
dBpuA/m |[dBpA/m] = [dBuV/m] — 51,5 Free space, 2 = 3770
dBuA/m  |[dBpA/m] = [dBpT] — 2 Free space, £ = 3770
dBmW/m® [[dBm/m?] = [dBpV/m] — 10 log,(Z) — 90 Z = system impedance
dBmW/m® |[dBm/m?] = [dBuV/m] — 1158 Free space, Z = 3770
dBpT  |[dBpT| = [dBpA/m] + 2 Free space, £ = 3770
uT [uT] = [A/m] - 1,25 Free space, £ = 3770
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Chapter 4 )
Frequency and Wavelength Qs

If you want to find the secrets of the universe, think in terms of
energy, frequency and vibration.

—Nikola Tesla

4.1 EMC and Frequencies

In general, conducted EMC emission and immunity tests take place at lower
frequencies than radiated EMC emission and immunity tests.

Conducted RF Emissions. It is assumed that connected cables to electric equip-
ment could act as antennas (in case of conducted emissions from the equipment
induced into these cables). Therefore, conducted RF emission limits exist to
avoid radiation of connected cables (power, communication). Usually, conducted
RF emissions are specified for frequencies f = 150kHz to 30 MHz [1].
Radiated RF Emissions. Radiated RF emissions tend to occur at higher
frequencies (in the megahertz range, depending on the equipment’s maximum
dimensions [m]). Therefore, regulators usually specify the maximum RF radia-
tion limits for frequencies from f = 30MHz to f = 6 GHz [1].

Conducted RF Immunity. As stated above, connected cables are thought to
act as antennas. Therefore, conducted RF immunity tests exist to evaluate the
functional immunity of electrical and electronic equipment when subjected to
conducted disturbances induced to connected cables by RF fields. Conducted RF
immunity tests are usually performed with frequencies from f = 150kHz to
80 MHz [4].

Radiated RF Emissions. Radiated RF immunity tests are intended to demon-
strate the immunity of electrical and electronic equipment when subjected to
wireless devices like mobile phones and other radiated interference. Radiated
RF immunity tests are usually performed with frequencies from f = 80 MHz to
6 GHz [3].

Radiated Magnetic Field Immunity. Magnetic field immunity tests are usually
performed at mains power frequency: 50 and 60 Hz [5].
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4 Frequency and Wavelength

Table 4.1 ITU frequency bands and their corresponding wavelengths in free-space [11]

nf::'l:r Symbols Frequency range Gz:::;lo:::::g Example Uses
1 Extremely low frequency (ELF) 3-30Hz 100'000 —10°000 km|Submarine communication
2 Super low frequenc (SLF) 30-1300 Hz 10'000-1'000 km |Submarine communication
3 Ultra low frequency (ULF) 300-3'000 Hz 1'000=100 km  |Communication within mines, submarine
4 Very low frequency (VLF) 3-30 kHz 100-10 km Navigation, time signals, submarine
5 Low frequency (LF) 30-300 kHz 10—-1 km Mavigation, time signals, AM, amateur radio
3] Medium frequency (MF) 300-3000 kHz 1'000-100m  |AM, amateur radio, avalanche beacons
T High frequency (HF) 3-30 MHz 100-10m Shortwave broadcast, amateur radio
8 Very high irequency (VHF) 30-300 MHz 10-1m FM, TV, aircraft, amateur radio, weather radio
9 Ultra high frequency (UHF) 300-3000 MHz 1=0.1m WiFi, mobile phones, Bluetooth, GPS, TV
10 Super high frequency (SHF) 3-30 GHz 100-10 mm WiFi, mobile phones, astronomy, satellites
1 Extremely high frequency (EHF) 30-300 GHz 10-1 mm Astronomy, remote sensing, weapons
12 Tremendously high frequency (THF) | 300-3'000 GHz 1-0.1 mm THz time-domain spectroscopy, tomography

¢ Common-Mode Low-Frequency Disturbance. In some areas, there are also
conducted EMC immunity tests specified from f = OHz to f = 150kHz
[2]. This is intended to demonstrate the immunity of electrical and electronic
equipment when subjected to conducted common-mode disturbances such as
those originating from power line currents, frequency converters, and return
leakage currents in the earthing/grounding system.

The radio spectrum managed by the International Telecommunication Union (ITU)
goes up to 3000 GHz' and is divided into 12 ITU frequency bands. Table 4.1)
shows the ITU frequency bands with their corresponding wavelength and potential

applications.

4.2 Wavelength vs. Frequency

4.2.1 Wavelength in Any Media

The frequency f [Hz] of a sinusoidal electromagnetic wave (Fig.4.1) and its
wavelength ). [m] have the following relationship [6]:

2
A= —

1

4.1)

f

ﬁ (€/H,_€,/M,,) elu”—i_e/,ﬂ/ 2
fFl= = 1+<m> +1

! Radio waves are electromagnetic waves of frequencies arbitrarily lower than 3000 GHz (3 THz),
propagated in space without artificial guide. 3 THz is already in the infrared frequency band
(300 GHz—430 THz); visible light starts at 430 THz.
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Fig. 4.1 Wavelength A of a sine wave signal

where:

v = propagation velocity of the signal in [m/sec]

f = frequency of the sinusoidal signal in [Hz]

B = propagation constant in [1/m]; see Eq. 7.53

€’ = real part of the complex permittivity ¢ = ¢’ — je” of the medium through
which the wave is traveling in [F/m]

€” = imaginary part of the complex permittivity € = ¢’— je’ of the medium through
which the wave is traveling in [F/m]

' = real part of the complex permeability © = ' — ju”” of the medium through
which the wave is traveling in [H/m] B

1" = imaginary part of the complex permeability & = ' — ju” of the medium
through which the wave is traveling in [H/m]

4.2.2 Wavelength in Insulating Media

In case of an insulator (i, = 1) and negligible dielectric and magnetic losses (¢” =
0, u” = 0), the wavelength of a sinusoidal electromagnetic wave with frequency f
[Hz] can be written as:

A=

v 1 c
NN

4.2)

where:

v = propagation velocity of the signal in [m/sec]

f = frequency of the sinusoidal signal in [Hz]

c =1/(/mo€p) = 2.998 - 10® m/sec = speed of light

wo = 12.57 -10~7 H/m = permeability of vacuum, absolute permeability
€0 = 8.854 - 10~'2 F/m = permittivity of vacuum, absolute permittivity
€, = relative permittivity, dielectric constant of the insulator
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4.2.3 Wavelength in Vacuum

For vacuum (and approximately air), the calculation of the wavelength of a
sinusoidal electromagnetic wave reduces to [10]:

A== (4.3)

c
o frogo
where:

c = 1/(/1no€p) = 2.998 - 108 m/sec = speed of light
f = frequency of the sinusoidal signal in [Hz]

4.2.4 Wavelength in Good Conducting Media

In case the electromagnetic sinusoidal wave travels through a good conductor
(through and not along(!), e.g., through a shield) with negligible magnetic losses
(n” = 0), the wavelength can be calculated as [10]:

4
A= | —— 4.4
fuwo @9

f = frequency of the sinusoidal signal in [Hz]

W' = ;o = real part of the complex permeability (4 = ' — ju”) in [H/m]

o = specific conductance of the medium where the wave is propagating through in
[S/m]

where:

4.3 Wavelength of Signals Along Wires, Cables, and PCB
Traces

It is important to understand that the signal propagation velocity v [m/sec] depends
on the transport medium through which the electromagnetic field is traveling.
Therefore, the same signal with the same frequency f [Hz] has a different
wavelength A [m] in a blank wire (surrounded by air) than in a cable or PCB trace
(surrounded by one or multiple insulation materials). The wavelength A of signals
traveling along wires, cables, and PCB traces—where the dielectric and magnetic
losses can be neglected (¢ = 0, u” = 0) and the materials around the conductors
are assumed to be nonmagnetic (u). = 1)—is given as [9]:
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A=—=—" = __.VF 4.5)

v
? f«/ Ereff f

where:

v = propagation velocity of the signal in [m/sec]

f = frequency of the sinusoidal signal in [Hz]

¢ =2.998 - 10® m/sec = speed of light

€refr = effective relative permittivity (dielectric constant) of the material(s) through
which the electromagnetic field is propagating

VF = velocity factor

4.3.1 Wavelength of Signals Along Blank Wires

The wavelength X [m] of a signal with frequency f [Hz] which travels along a blank
wire (or antenna surrounded by air) depends only on the speed of light ¢ [m/sec]
and the signal frequency f [Hz] (v = ¢, because €. = 1 and u). = 1 and therefore
VF =1) [9]:

C
Ablankwire = ? (46)

where:

c = 1/(Jmmoco) = 2.998 - 10® m/sec = speed of light
f = frequency of the sinusoidal signal in [Hz]

4.3.2 Wavelength of Signals Along Cables and PCB Traces

The wavelength A of a signal with frequency f which travels along a wire, cable, or
a printed circuit board (PCB) trace is [9]:

c
)\cable/PCBtrace = 57 — 4.7)

f * S Ereff
where:

c =1/(/mo€p) = 2.998 - 108 m/sec = speed of light

f = frequency of the sinusoidal signal in [Hz]

€reff = the effective dielectric constant (relative permittivity) through which the
electromagnetic wave is propagating
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Fig. 4.2 Transmission line examples. (a) PCB trace: microstrip line. (b) Twisted pair cable. (c)
PCB trace: stripline. (d) PCB trace: coplanar waveguide with reference plane

The effective dielectric constant €, is defined as the uniform equivalent dielectric
constant for a transmission line, even in the presence of different dielectrics (e.g.,
FR-4 and air for a microstrip line; see Fig.4.2a). The relative permeability w,. is
assumed to be equal 1.0 for cables and PCBs, because the insulation materials
are nonmagnetic. Thus, the velocity factor (VF) depends primarily on the effective
relative permittivity €, through which the electromagnetic wave is propagating.

The calculation of the effective dielectric constant €, depends on the insulation
material and the geometry of the transmission line (e.g., ribbon cable, microstrip,
coplanar waveguide, etc.), because the amount of electric field lines in the different
media depends on the geometry of the transmission line. Figure 4.2 shows some
common transmission lines and Table 4.2 the corresponding €77

The velocity factor (VF) of a transmission medium is the ratio of the velocity
v [m/sec] at which a wavefront of an electromagnetic signal passes through the
medium, compared to the speed of light in vacuum ¢ =2.998 -10% m/sec:

VE=2 (4.8)
C

Thus, the smaller the velocity factor (VF), the smaller the wavelength A [m].

During EMC emission measurement and troubleshooting, it is often necessary to
determine the wavelength A [m] of a certain unintended disturbance with frequency
f [Hz] because once you know the wavelength of the disturbance, you can look for
potential antennas of the disturbance (e.g., looking for cables with length [ = A /4
or [ = X/2 of the disturbance). Table 4.3 presents the velocity factors for different
€rery and the resulting wavelength A [m] for a given frequency f [Hz].
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Table 4.2 Approximate velocity factor (VF) for different transmission lines and insu-
lation materials. Calculation of €7y according to: [7, 8, 12]

Material ¢, | Transmission line eon | VF
[ = = 1
FR4 (fiberglass epoxy of Microstrip line (w=0.3mm, h=0.5mm) 3 0.57
PCBSs) 4.5 |Stripline (within FR-4 epoxy) 45 | 0.47
Coplanar waveguide (w=0.3mm, h=0.5mm, s=0.5mm) 3.0 | 058
2.2 .67
Polyethylene (PE) 226 Twisted pair cable 6| 0.6
Ribbon cable 1.3 | 0.88
Polyvinyl chloride (PVC) | 3.0 Twisted pak cable 4 | 058
Ribbon cable 15| 0.82
1
Polytetrafluorethylene, Twisiod pair cable = .80
2.1 |Ribbon cable 1.3 | 0.88
Teflon (PTFE)
Coaxial cable 21 | 0.69

Table 4.3 Wavelength A [m] for given frequencies f [Hz] and dielectric constants €;.

Frequency A [m] for free- A [m] for A [m] for A [m] for
[Hz] space g,=1 £=1.5 VF=0.82 | £=3.0, VF=0.58 | g=4.5, VF=0.47
1 Hz 300'000'000 246'000'000 174'000'000 141'000'000
10 Hz 30'000'000 24'600'000 17'400'000 14'100'000
100 Hz 3'000'000 2'460'000 1'740'000 1'410°000
1 kHz 300'000 246'000 174'000 141'000
10 kHz 30000 24'600 17'400 14'100
100 kHz 3000 2'460 1740 1'410
1 MHz 300 246 174 141
10 MHz 30 25 17 14
100 MHz 3.0 25 1.7 1.4
1 GHZ 0.30 0.25 0.17 0.14
10 GHz 0.030 0.025 0.017 0.014
100 GHz 0.0030 0.0025 0.0017 0.0014
1 THz 0.00030 0.00025 0.00017 0.00014

4.3.3 Summary

* Wavelength. The wavelength A [m] of a sinusoidal signal with frequency
f [Hz] depends on the media through which the electromagnetic wave is
propagating because the velocity v [m/sec] changes with the dielectric and
magnetic properties € [F/m], u [H/m].

« Wavelength of signals along conductors.

r=v/f =c/(f/Eerf) 4.9)

where:

v = propagation velocity of the signal in [m/sec]

f = frequency of the sinusoidal signal in [Hz]

€reff = the effective dielectric constant (relative permittivity) through which
the electromagnetic wave is propagating
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Wavelength of electromagnetic waves in free-space.
r=c/f (4.10)

where:

c = 1/(/1no€p) = 2.998 - 108 m/sec = speed of light
f = frequency of the sinusoidal electromagnetic wave in [Hz]
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Chapter 5 ®
Time-Domain and Frequency-Domain Qs

Fourier’s theorem has all the simplicity and yet more power
than other familiar explanations in science. Stated simply, any
complex pattern, whether in time or space, can be described as
a series of overlapping sine waves of multiple frequencies and
various amplitudes.

—Bruce Hood

5.1 Fourier Analysis

Figure 5.1 presents measurement instruments for measuring electrical signals in the
time-domain (oscilloscope) and the frequency-domain (spectrum analyzer). Fourier
analysis refers to the mathematical principle that every signal can be represented by
the sum of simple trigonometric functions (sine, cosine, etc.). The Fourier analysis
enables a transformation of a signal in the time-domain x(¢) to a signal in the
frequency-domain X (w), where @ = 2mf. In other words, a Fourier analysis
is a mathematical operation for calculating the frequency-domain representation
(frequency spectrum) of a signal in the time-domain. Two common Fourier analysis
notations are:

x(t)o—eX (w)

F{x(0)} = X(w)

where:

x(t) = a signal in the time-domain
X (w) = the Fourier transform of x(¢) (frequency-domain)

Figure 5.2 shows a representation of a square wave signal (1 V amplitude) with
the sum of only four harmonic sine waves (first, third, fifth, and seventh) and a
direct current (DC) component of 0.5 V. For representing an ideal square wave, an
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(a)

Fig. 5.1 Time-domain and frequency-domain measurement equipment. However, some oscillo-
scopes do also have built-in Fourier analysis functionality (FFT). (a)Time domain: high-end
oscilloscope R&S®RTO64 by Rohde & Schwarz. (b) Frequency domain: signal and spectrum
analyzer R&S®FSVA3030 by Rohde & Schwarz

1.2 &
—n=0({DC)
1 ——n=1 (1st harmonic)
——n=3 (3rd harmonic)
0.8 n=5 (5th harmonic)
——n=7 (7th harmonic)
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B
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a
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<< u

Time [sec)

0.8

Fig. 5.2 Fourier analysis of a square wave; up to the seventh harmonic

indefinite number of sine waves would be necessary (because the rise- and fall-time
of an ideal square wave are 0's).

There are different types of integral transforms. These transforms have in
common that they define the necessary math for converting a signal from time-
to the frequency-domain and vice versa. Every integral transform has its field of
application:

¢ Fourier Series. Continuous and periodic signals.
* Fourier Transform. Continuous, nonperiodic signals.
¢ Discrete Fourier Transform (DFT). Discrete and periodic signals.
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Fig. 5.3 Time-domain to frequency-domain transforms

¢ Fast Fourier Transform (FFT). The FFT is a DFT. The FFT is an implementa-
tion of the DFT for fast and efficient computation.

¢ Discrete-time Fourier Transform (DTFT). Discrete, nonperiodic signals.

* Laplace Transform. Control systems and filter design.

e Z-Transform. Time-discrete control systems and filter design.

Figure 5.3 shows some common integral transforms used in the field of
EMC. Further details about the different integral transforms can be found in the
Appendix F.

5.2 Frequency Spectra of Digital Signals

Digital signals like clocks and data interfaces are the primary cause for EMC
emissions of electronic circuits and electrical equipment and systems. Digital
signals in the time-domain can be represented by trapezoid-shaped pulses with a
period time T [sec], a pulse width 7, [sec], a rise-time #, [sec], and a fall-time
tr [sec]. Figure 5.4 shows an extract of a digital waveform and the corresponding
frequency spectrum (Fourier analysis). It can be seen that the pulse width 7,
[sec] defines the frequency at which the amplitude spectrum starts to drop with
—20dB/decade, whereas the minimum fall- and/or rise-time defines the frequency
at which the spectrum starts to drop with —40 dB/decade. Figure 5.5a compares
the frequency spectrum of clock signals with different duty-cycles [%] (pulse
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(®)

Fig. 5.4 Digital signal in the time- and frequency-domain. (a) Digital waveform with period time
T [sec], pulse width t,,, [sec], rise-time #, [sec] and fall-time 7 [sec]. (b) Amplitude frequency
spectrum of a digital signal and its envelope curve [3]

widths). It is remarkable that a clock signal with a 90 % duty-cycle has a lower
amplitude of the first harmonic than a clock signal with a 50 % duty-cycle (of the
same frequency [Hz] and with the same rise-/fall-time [sec]). However, as a 90 %
clock signal has more power, this power adds to the DC component (0Hz). For
EMC design engineers, Fig.5.5b is even more important than Fig. 5.5a because it
shows how high-frequency harmonics of a clock signal can be reduced effectively.
In this example, an increase of the rise- and fall-time [sec] by factor 10 reduces
the amplitude of the high-frequency harmonics (f > 32MHz) also by factor 10
(20dB).
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Fig. 5.5 Clock signal parameter analysis in the frequency-domain [1]. (a) Frequency spectrum
of 100kHz clock signals with rise-/fall-times of 10nsec and duty-cycles of 50% vs. 90%. (b)
Frequency spectrum of 100 kHz clock signals with 50% duty-cycle and rise-/fall-times of 10 nsec
vs. 100 nsec

5.3 Bandwidth of Digital Signals

Bandwidth [Hz] of a digital signal means what is the highest significant sine wave
frequency component in the digital signal? Significant in this case means that the
power in [W] in the frequency component is bigger than 50 % of the power in an
ideal square wave’s signal with the same amplitude A in [V] and duty-cycle D =
(tpw/T) in [%]. A drop in 50 % of the power [W] is the same as a drop of 70 % in
amplitude [V] or a drop of 3 dB.

The rule of thumb for calculating the bandwidth [Hz]—or the highest significant
sine wave frequency—of a trapezoid digital signal is [2]:

g__03 5.1)
110-90%
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Fig. 5.6 The 3dB-bandwidth of a clock signal with a pulse width of 7, [sec], rise- and fall-times
of t, =ty [sec]

where:

B = bandwidth = highest significant sine wave frequency (harmonic) in a digital
signal [Hz]

t10—909% = rise- and/or fall-time (whichever is smaller) from 10 % to 90 % of the
slope of a digital signal in [sec]

Figure 5.6 shows the frequency spectrum envelop curves of an ideal square wave
tr =ty = Osec and a trapezoid with 7, > Osec and t > Osec. The 3 dB-bandwidth
of the trapezoid waveform can be found at f335 = 0.35/t10-90%-

Note: it is assumed that there is no ringing in the waveform and 7, = 7. In case
of ringing, the frequency spectrum envelope for f > 1/(;r¢,) would not drop off
with —40 dB/decade. Instead, an increase in the frequency spectrum is assumed at
the ringing frequency (see Fig.5.7).

5.4 Ringing and Frequency Spectrum

Impedance mismatch along a transmission line could cause ringing. One could
argue that ringing has nothing to do with EMC and that ringing is a signal integrity
topic. However, this is not entirely correct. Due to ringing, higher frequency
components (harmonics) are introduced, and it may be possible that the conductor—
where the signal is propagating along—acts as an efficient antenna at these higher
frequencies.
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Fig. 5.7 Simulation data of a signal with ringing (blue) vs. without ringing (gray). Both signals
have an amplitude of 3.3V, a fundamental frequency of 100kHz, and a rise-/fall-time of 10 nsec
[1]. (a) Time-domain. (b) Frequency-domain

In the example of Fig. 5.7, the harmonics around 50 MHz show as much as 100
times higher voltage amplitudes (40 dB) in the signal with ringing than compared
to the signal without ringing. This example illustrates that impedance matching
does also matter for EMC and that EMC design engineers must know which signal
connections must be considered as transmission lines and which not.

5.5 Summary

e Time- vs. frequency-domain. Electrical signals have a time-domain x(¢) and a
frequency-domain X (@) representation.

* Measurement methods. Time-domain representations are typically measured
with an oscilloscope and frequency-domain representations with a spectrum
analyzer.

« Bandwidth of digital signals.

B ~ 0.35/t10—90% 5.2)

where:

B = highest significant sine wave frequency (harmonic) in a digital signal [Hz]
t10—90% = rise- and/or fall-time (whichever is smaller) from 10 % to 90 % of
the digital signal in [sec]
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Chapter 6 )
RF Parameters Check for

The term impedance matching can be a very useful metaphor for
connoting important aspects of social interactions. For example,
the smooth and efficient functioning of social networks, whether
in a society, a company, a group activity, and especially in
relationships such as marriages and friendships, requires good
communication in which information is faithfully transmitted
between groups and individuals. When information is dissipated
or “reflected,” such as when one side is not listening, it cannot
be faithfully or efficiently processed, inevitably leading to
misinterpretation, a process analogous.

—Geoffrey West

6.1 Reflection Coefficient I"

We speak of matched impedances in case the load impedance Z,,,, is the complex
conjugate of the source impedance Z,,,., = Z},,; (Fig.6.1). In radiated emission
and immunity EMC testing, it is important to understand the term matching and
how to quantify it. All EMC RF measurement test setup receiver and transmitter
antennas must be matched to their receiver and transmitter equipment impedance
(typically Zy = 50 2).

The reflection coefficient I” is defined as [6]:

|4

E _ ~reflected (61)
Zforward
r= Zload — Zsource (6.2)

Zload + Zsource

where:

Y torwara = complex forward voltage wave to the load in [V]

Y efiecrea = complex reflected voltage wave by the load in [V]
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Zource = complex source impedance in [£2]

Zpqq = complex load impedance in [£2]

The reflection coefficient I” is often given in [dB]:

P .
I [dB] = 10 - log,, (M) (6.3)

forward

where:

Prefiecrion = reflected power by the load in [W]
P forwara = power sent to the load (at the load terminals) in [W]

6.2 Voltage Standing Wave Ratio (VSWR)

VSWR is dimensionless and means voltage standing wave ratio. The VSWR
expresses the ratio of maximum and minimum voltage of a standing wave pattern
along a transmission line. It is also a parameter for measuring the degree of
impedance matching. Standing waves occur in case of impedance mismatch. A
VSWR value of 1 means perfectly matched. A VSWR value of co means complete
mismatch (100% of the forward wave is reflected). Figure 6.2 shows an example of
a standing wave pattern.
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The VSWR can be calculated by using the reflection coefficient from above [6]:

Vipar 14T

VSWR = =
Vimin 1L

(6.4)

where:

|V |max = is the maximum value of the standing wave pattern in [V]
|V |min = is the minimum value of the standing wave pattern in [V]
|I”| = is the magnitude of the reflection coefficient

6.3 Return Loss (RL)

The return loss RL [dB] is a measure for the transferred power to a load by a source
(Fig.6.3). A low RL value indicates that not much power is transferred to the load
and is reflected instead. Return loss [dB] is always a positive value and it is equal
the reflection coefficient I” [dB] multiplied by —1 [5, 9].

P
RL [dB] = 10 - log,, <%) = —20-logy, (IT)) (6.5)
rejlecte,
RL [dB] = —I'[dB] (6.6)

where:

Pforwara = power sent to the load (at the load terminals) in [W]
Prefiection = reflected power by the load in [W]
|I”| = is the magnitude of the reflection coefficient

Fig. 6.3 Source with forward Shiites i
power Pforyara and the Pl i
reflected power Preficcred i i
from a one-port circuit Plorward

/\/ ' Prefiected !

| ——

Zioad
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6.4 Insertion Loss (IL)

The term insertion loss IL [dB] is generally used for describing the amount of power
loss due to the insertion of one or several of the following components (passive two-
port networks):

e Transmission line (cable, PCB trace)
¢ Connector
e Passive filter

The insertion loss is the ratio in [dB] of the power P; and P, in Fig.6.4. P,
represents the power, which would be transferred to the load in case the source
is directly connected to the load. The power P, represents the power, which is
transferred to the load in case the passive two-port network is inserted between the
source and the load [2, 6].

P P
IL [dB] = 10 - log,, (Fl) = —10-log,, (Fz) (6.7)
2 1

where:

P; = power, which would be transferred to the load in case the source is directly
connected to the load (without passive two-port network) in [W]

P> = power, which is transferred to the load in case the passive two-port network is
inserted between the source and the load in [W]

Va : Vi é

Py

Insertion Loss (IL)

Passive

2-Port Network

Fig. 6.4 Insertion loss
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6.5 Scattering Parameters

Scattering parameters —also called S-parameters—are commonly used in high-
frequency or microwave engineering to characterize a two-port circuit (see Figs. 6.5
and 6.6). The scattering parameters describe the relation of the power wave parts a |,
by, a,, b, that are transferred and reflected from a two-port input and output. The
physical dimension for the incident a and reflected b power waves is not Watt, but
it is +/Watt. The generic definitions for the forward power wave a; and the reflected
power wave b; of an arbitrary port i are given as [1]:

Vi+2:1
a4; = ——u (6.8)
" 2J/Re(Z)]
b — vV, -Z{1; 6.9)
b = ——— .
2\/IRe(Z))]

where:

V,; = complex voltage at the input of the ith port of a junction in [V]

I; = current flowing into the ith port of a junction in [A]

Z; = complex impedance of the ith port in [£2]

Z; = complex conjugate of Z;

The positive real value is chosen for the square root in the denominators

The forward traveling power toward port 1 Pj ry,¢ and the reflected power of port 1
Piref can be written as:

1 V1 fudl
Pifwa = = - la;)* = 6.10
1fwd =3 la, | IRe(Z)) (6.10)
1 Vires|
P =—-1b|?= 6.11
lref ) |_1 | ) Re(Zl) ( )
Fig. 6.5 Scattering I _ I
parameters of a two-port — sidc -
network U, - . U,
v v

[S]
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Fig. 6.6 S-parameters are
measured with vector network
analyzers. The picture shows
the R&S®ZNL6 by Rohde &
Schwarz

where:

171 fwd = peak value of the forward voltage to port 1 in [V]

Vire = peak value of the reflected voltage from port 1 in [V]

Re(Z;) = real part of the complex impedance Z; of port 1 in [€2]

Generally speaking, the S-parameter s,; is determined by driving port j with an

incident wave of voltage V" and measuring the outgoing voltage wave V" at port
i. Considering Fig. 6.5, the four scattering parameters can be computed as follows:

b,

S = = input reflection coefficient (6.12)
a1 la,=0
b

Sy = =2 = forward gain, forward transmission (6.13)
a1 lg,=0
b . -

s, == = backward gain, reverse transmission (6.14)
%) a;=0
b . .

Sy == = output reflection coefficient (6.15)
a
o a1=0

where:

a, = incoming power wave at the input port of a two-port in VW]
b, = outgoing power wave at the input port of a two-port in VW]
a, = incoming power wave at the output port of a two-port in VW]
b, = outgoing power wave at the output port of a two-port in VW]

The formulas 6.12, 6.14, 6.13, 6.15 showed that the S-parameters can be determined
by loading the ports with a reference impedance, e.g., Zo = 50 Q2. This means that
s1; = I” when the output port 2 is matched with its load. For a one-port s, is
always equal the reflection coefficient I". The input reflection coefficient I”; of a
two-port with a certain load (given by the reflection factor I"; ) is given by:

S17841 1"
Iy =s, +22=22=0 (6.16)
1 =507
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6.6 Signal-to-Noise Ratio

The signal-to-noise-ratio SNR [dB] is a key figure in analog or digital signal
processing applications. The bigger the SNR value, the better. The SNR is defined
as the ratio of the desired signal power to the power of the undesired signal (noise,
interference) [3]:

Psignal

SNR = (6.17)

noise

P .
SNR [dB] = 101og,, ( ;“‘”) (6.18)

noise

where:

Psignai = power of the desired signal in [W]
Ppoise = power of the undesired signal (noise, interference) in [W]

6.7 Noise Factor and Noise Figure

Noise factor F and noise figure NF [dB] are measures of degradation of the signal-
to-noise ratio (SNR), caused by components in a signal chain. The noise factor of a
device (e.g., amplifier) is defined as the ratio of the SNR at the input of the device
to the SNR at the output of the device [3]:

SNR;
— (6.19)
SNR,
where:
SNR; = SNR of the signal at the input of the device (linear, not in [dB])
SNR, = SNR of the signal at the output of the device (linear, not in [dB])
The noise figure NF [dB] is defined as the noise factor F in [dB]:
NF = 10log;, (F) = 1010 SNR; (6.20)
- glO - glO SNR() °

where:

F = noise factor of the device (linear, not in [dB])
SNR; = SNR of the signal at the input of the device (linear, not in [dB])
SNR, = SNR of the signal at the output of the device (linear, not in [dB])



56 6 RF Parameters

System 1 System 2 o 0 Systemn [——0O

Signal flow
>ignat fio FyuG — 5 Fy, Gy : + R F G,

\ E —

Fig. 6.7 Cascade of devices with gain G,, and noise factor F,

Fig. 6.8 1dB compression Power Ideal gain
point (P1dB) of an amplifier output/dBm , .o

N +
: P1de  Actual gain
|
I
|
I
|

Power input
» /dBm

If several devices are cascaded (see Fig.6.7), the total noise factor F' can be
calculated with Friis formula [3]:

F,—1 F3—1 Fy—1 F,—1

F=F+ RN
Gy G1G2  G1G2G3 G1G2G3---Gpy

(6.21)

where:

F,, = noise figure of the n-th device (linear, not in [dB])
G, = gain of the n-th device (linear, not in [dB])

The first amplifier in a chain usually has the most significant effect on the total
noise figure NF. Equation 6.21 shows that the first device should have the lowest
noise factor F1 and a high gain G, since the noise figure of any subsequent stage
will be divided by the gains of the preceding stages. As a consequence, the noise
figure requirements of subsequent stages are more relaxed.

The noise figure NF [dB] of a passive component (cable, attenuator, filter) is
always its loss L, and one can set F = L and G = 1/L (linear, not in [dB]) for a
passive component [3], where G is the gain.

6.8 1 dB Compression Point

The 1 dB compression point P1dB [dB] is a key specification for amplifiers. Besides
many factors, the gain G [dB] of an amplifier is a function of the amplifier’s input
power P;;, [dBm]. P1dB is defined as the output power P,,; [dBm] (or sometimes
as the input power P;,) of an amplifier at which the output is 1dB lower than it
is supposed to be, if it were ideal. In other words, P1dB is the output power P,,;
[dBm] when the amplifier is at the 1 dB compression point (Fig. 6.8).
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Once an amplifier reaches its P1dB, it goes into compression and becomes a
nonlinear device, producing distortion, harmonics, and intermodulation products.
Therefore, amplifiers should always be operated below the P1dB.

6.9 Spectrum Analyzer Terms

Spectrum analyzers measure the power of a signal’s frequency components. Today,
spectrum analyzers apply these measurement principles:

* Superheterodyne. The analog measurement signal is mixed with a sweep
generator frequency signal to the intermediate frequency IF, then band-pass
filtered with the resolution bandwidth RBW (IF filter) and finally measured
(envelop detector), low-pass filtered (VBW filter), and displayed (see Fig. 6.9a).

¢ FFT. The analog measurement signal is sampled and converted to a digital signal,
where the FFT algorithm is used to calculate the frequency spectrum of that
measurement signal (see Fig. 6.9a).

Basically, there are three types of spectrum analyzers:

* Swept-tuned analyzers apply the principle of superheterodyne receivers. They
have long scan times and a wide frequency range.

e FFT analyzers apply the principle of the FFT. They have a limited frequency
range and short scan times.

RF input Pre-selector IF filter / Envelop Video
attenuator low-pass filter  Mixer RWB filter detector bandwidth filter

S| A AR Y — 1Y

A 4

>

w

=

&
h-]

generator

A
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>

oscillator Dispiny
()
Low-pass Analog/digital Fourier
filter converter Memory transform Display
F
Input NS —{ A » RAM » FFT "
- i > > > —
Signal \j J\
(b)

Fig. 6.9 Block diagram of spectrum analyzer principles . (a) Superheterodyne principle. (b) FFT
principle
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e Hybrid superheterodyne-FFT analyzers combine the principle of superhetero-
dyne measurement and FFT calculation. They have shorter scan times than purely
swept-tuned analyzers and a wider bandwidth then FFT analyzers.

Sections 6.9.1-6.9.5 explain the basic terms of spectrum analyzers. Note: EMI
receivers are spectrum analyzers that fulfill the requirements according to CISPR
16-1-1 [8] (dynamic range, peak-detection, etc.).

6.9.1 Frequency Range

A spectrum analyzer measures the input signal from the start frequency to the stop
frequency. The frequency between the start and the stop frequency is called center
frequency, and the difference is the frequency span.

center frequency = (start frequency + stop frequency) /2 (6.22)

span = stop frequency — start frequency (6.23)

6.9.2 Resolution Bandwidth

For spectrum analyzers that employ the superheterodyne principle, the resolution
bandwidth (RBW) is the bandwidth of the band-pass IF filter in Fig. 6.9a. The RBW
determines how c