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OVERVIEW
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• INTRODUCTION - speaker’s background
• OVERVIEW OF TUTORIAL

o PART 1 – Context
─ Electromagnetic interference & compatibility
─ Trends in power systems and power electronics
─ Potential impacts of EMI in wireless communication
─ EMI Standards

o PART 2 – Fundamentals of EMI
─ Power electronics as source of EMI
─ Spectral characteristics of switching signals
─ Electromagnetic coupling (conduction, induction, radiation)

o PART 3 - Principles and practice of EMI minimisation
─ Minimising EMI at the source (e.g. PWM and switching techniques)
─ Minimising EMI coupling (e.g. circuit layout, filtering, shielding)
─ Measuring EMI

SCHOOL OF ENGINEERING



About the presenter…
Graham Town

o Professor, School of Engineering, Macquarie University
o graham.town@mq.edu.au

Presenter Overview
Graham Town is an electrical engineer with 8 years experience in the Australian electronics industry, and 30 years
experience in engineering education and research. He received a Bachelor of Electrical Engineering (Hons1) from
NSWIT (now UTS) in 1984, a PhD in medical imaging from the University of Sydney in 1992, and a Graduate
Certificate in Leadership and Management (Higher Education) from Macquarie University in 2007.

Graham is currently a Professor in the School of Engineering at Macquarie University where he established Macquarie
University's undergraduate engineering program, first offered in 2004. He has published extensively in diverse areas
including medical imaging, terahertz technology, guided-wave optics and photonics, and in recent years has been
leading industry-supported research on power electronics, and smart-grids with a focus on electric vehicles.

Dr Town is a Senior Member of the IEEE, and a Fellow of Engineers Australia.



About the presenter
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• 1978-81/83/85: Radio Trades Apprentice / Engg Trainee / Engineer
� AWA Pty Ltd, Industrial Products Division
� Interscan, mwave comm’s, 1st generation optical fibre comm’s, etc.

• 1978-84: BE (Hons 1) NSWIT in Electrical Engineering
� Thesis on holographic antenna measurements, CSIRO Radiophysics

• 1985 – 1991: PhD Sydney Univ. in Medical Imaging
� Built 1.5T (64MHz) NMR imaging system

• 1992 - 2002: Academic Engineer, Sydney Univ.
� 3rd gen’n optical fibre lasers & guided-wave devices for telecomms and 

sensing

• 2002 - : Academic Engineer, Macquarie Univ.
� Established BE program at Macquarie Univ. (commenced 2004)
� Member Sustainable Energy Systems Engineering research group
� Some externally funded research projects since 2010…

o Integrated Energy Conversion (GaN power electronics) 
o Distributed Energy Storage and Management (EVs in electrical energy systems)
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Integrated Energy Conversion
Motivations: Trend to increasingly compact and portable electronic devices. 

Increases in energy efficiency Æ savings in infrastructure.
Goal: Electronic power converters with increased efficiency, decreased size.

Methods: GaN devices and circuits, RF switching, novel circuit topologies, 
intelligent control (e.g. efficient PWM, EMI minimisation, etc).

Applications: Distributed power systems & microgrids (e.g. IT server farms), 
renewable energy systems, energy-efficient lighting, electric vehicles.



Distributed Energy Storage
Motivations: 

~ 35% of energy in developed countries used for transport 
~ 20% of vehicles in Australia to be fully or hybrid electric by 2020 [AECOM2012].

Goal: Management electric vehicles and their impact on electric power grids. 

Methods: Automatic (M2M) wireless monitoring of vehicle state of charge and position, 
“smart charging” algorithms for EV batteries, new services for EVs and/or 
enabled by EVs. 

Applications: Future “smart-grid” energy systems incorporating renewable energy and 
electric vehicles.



PART 1 - Overview
- Aims of this tutorial
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• Assist electrical engineers understand Æ apply 
o PART 1 - Characteristics of EMI

- how/why EMI can occur, especially in wireless communication systems
- potential signs and effects of EMI
- standards regarding limits and measurements of EMI

o PART 2 - Physical basis of EMI in power electronics
- switching signals (time ÅÆ frequency) 
- electromagenetics (circuits ÅÆ EM fields)
- EMI coupling mechanisms (conducted, inducted, radiated) and their 

dependence upon frequency, distance

o PART 3 - Methods for measuring and minimising EMI
- by reducing EMI at source
- by impeding coupling of EMI
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EMI and EMC 
- Definitions
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• Electromagnetic Interference (EMI)
“Any electromagnetic disturbance, induced intentionally or unintentionally, that interrupts, obstructs, or otherwise 
degrades or limits the effective performance of electronics and electrical equipment.” Dictionary of Military and 
Associated Terms. US Department of Defense 2017.
The effect of unwanted energy due to one or a combination of emissions, radiations, or inductions upon reception …., 
manifested by any performance degradation, misinterpretation, or loss of information which could be extracted in the 
absence of such unwanted energy” (ITU Radio Regulations, Section IV. Radio Stations and Systems – Article 1.166)
See also https://en.wikipedia.org/wiki/Electromagnetic_interference

• Electromagnetic compatibility (EMC)
“The ability of systems, equipment, and devices that use the electromagnetic spectrum to operate in their intended 
environments without causing or suffering unacceptable or unintentional degradation because of electromagnetic 
radiation or response.” Dictionary of Military and Associated Terms. US Department of Defense 2017.
See also https://en.wikipedia.org/wiki/Electromagnetic_interference
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EMI and EMC
- Overview
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• Reducing EMI usually improves EMC (reciprocity)
• Options for limiting EMI in any system

1. Reduce interfering emissions from source
2. Impede coupling(s) of interfering emissions
3. Reduce susceptibility of receiver to interfering emissions 

¾ The variety of source characteristics and coupling mechanisms can make EMI
difficult to diagnose - the effects are often intermittent and remote from the source -
but the impacts are potentially serious.
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CONTEXT
- Types and sources of EMI
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• Common types and typical sources of EMI…
o Electrostatic discharge (transient)

e.g. lightning, failing HV electrical infrastructure, etc.

o Voltage fluctuations and flicker (transient)
e.g. sudden changes in large and reactive loads, e.g. motors.

o Broadband radio-frequency emissions caused by electrical 
switching power electronics, motors, etc.

e.g. “hard” switching in power electronics

• Note: impacts, characterisation methods, standards, and 
mitigation techniques usually different for different types of EMI
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CONTEXT
- FOCUS, TRENDS
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• This tutorial will focus on EMI…
o caused by power electronics 
o in electronic and wireless communication systems…

• Motivations…
o trends to increasingly compact and/or efficient power electronics

− higher switching frequencies, higher speed switching devices (e.g. GaN)

o trends to increasingly pervasive power electronics
− increased efficiency, control of electrical equipment, e.g. solid state lighting, motors, etc.

o trends to increasing importance of wireless communications in the Internet 
of Things (IoT) for applications in monitoring and control
− “smart” grids, microgrids, intelligent transport, etc.
− emerging low power wide area network standards, use unlicensed (ISM) RF bands, etc.

o trends in EMI regulation and control
− onus shifting to suppliers to ensure compliance with emission limits.

o costs associated with EMI/EMC minimized if dealt with at the design stage
Background: McHenry, Roberson and Matheson, IEEE Spectrum, August 2015. http://spectrum.ieee.org/telecom/wireless/electronic-noise-is-drowning-out-the-internet-of-things
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CONTEXT
- Trends in Power Systems
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Smart appliances
• Controllable loads
• Status reporting
• EV as sink/source (V2G)

Smart operations
• Ancillary services
• Reliability
• Service connections
• Firming of renewables

Smart pricing
• Value differentiated pricing
• Aggregation pricing
• Market participation

Smart Planning
• Deferral of infrastructure
• Minimise cost
• Minimise carbon

Characteristics
and advantages 
of smart grids

Smart Grids: Technology Roadmap, IEA 2011.



CONTEXT
- Trends in Power Electronics
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Widebandgap devices - high switching rate and frequency
Æ increased switching efficiency
Æ increased power density (smaller reactive components)

• GaN HEMTS can switch very fast (observed):
� 600 V / 2 ns = 300 kV/us
� 200 A / 2 ns = 100 kA/us 

• Can in turn cause large transient in i & v through parasitic elements:
� iC = C. dv/dt if C = 10 pF, iCpk = 3 A
� vL = L. di/dt if  L = 1 nH,  vLpk = 100 V

Æ More efficient switching, but more EMI…
o bandwidth (larger d/dtÆ 1000s harmonics, into GHz range)
o transient amplitude (increased peak iC, vL in parasitics; C, L)



CONTEXT
- Standards, Regulations
Standards and regulations are evolving with technology, policy, etc.

• Power supply efficiency…
o e.g. US DOE Energy Conservation Standards for External Power Supplies, 2014.

minimum efficiency typ. > 85%, requires switchmode supplies

• EMI/EMC standards, limits on EMI generation…
o e.g. European Electromagnetic Compatibility (EMC) Directive 2014/30/EU
o e.g. IEC 61000-3, CISPR 11 – 15

• EMI/EMC measurement/characterisation methods…
o e.g. IEC 61000-4, CISPR 16, MIL-STD-461

• Wireless communication systems…
o e.g. narrowband low power techniques (LTE-NB, etc.)
o e.g. use of unlicensed (ISM) bands in RF spectrum

Note: See References section for links
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CONTEXT
- Standards, Regulations
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ANSI
C63.4 Methods of Measurement of Radio-Noise Emissions from Low-Voltage Electrical and Electronic Equipment in the 

Range of 9 kHz to 40 GHz

IEC
IEC 60050-161 International Electrotechnical Vocabulary. Chapter 161: Electromagnetic compatibility

IEC 60601-1-2 Medical electrical equipment - Part 1-2: General requirements for basic safety and essential performance -
Collateral Standard: Electromagnetic disturbances - Requirements and tests

IEC 60870-2-1 Telecontrol equipment and systems - Part 2: Operating conditions - Section 1: Power supply and electromagnetic 
compatibility

IEC 60940 Guidance information on the application of capacitors, resistors, inductors and complete filter units for 
electromagnetic interference suppression

IEC/TR 61000-1-1 Electromagnetic compatibility (EMC) - Part 1: General - Section 1: Application and interpretation of fundamental 
definitions and terms

IEC/TS 61000-1-2
Electromagnetic compatibility (EMC) - Part 1-2: General - Methodology for the achievement of the functional 
safety of electrical and electronic equipment with regard to electromagnetic phenomena IEC/TR 61000-1-6 
Electromagnetic compatibility

IEC/TR 61000-2-1
Electromagnetic compatibility (EMC) - Part 2: Environment - Section 1: Description of the environment -
Electromagnetic environment for low-frequency conducted disturbances and signaling in public power supply 
systems

IEC 61000-3-8 Electromagnetic compatibility (EMC) - Part 3: Limits - Section 8: Signaling on low-voltage electrical installations -
Emission levels, frequency bands and electromagnetic disturbance levels

IEC/TR 61000-3-15 Electromagnetic compatibility (EMC) - Part 3-15: Limits - Assessment of low frequency electromagnetic immunity 
and emission requirements for dispersed generation systems in LV network

IEC TR 61000-4-1 Electromagnetic compatibility (EMC) - Part 4-1: Testing and measurement techniques - Overview of IEC 61000-4 
series

IEC 61000-4-3 Electromagnetic compatibility (EMC) - Part 4-3 : Testing and measurement techniques - Radiated, radio-
frequency, electromagnetic field immunity test

IEC 61000-4-6 Electromagnetic compatibility (EMC) - Part 4-6: Testing and measurement techniques - Immunity to conducted 
disturbances, induced by radio-frequency fields

IEC 61000-4-16 Electromagnetic compatibility (EMC) - Part 4-16: Testing and measurement techniques - Test for immunity to 
conducted, common mode disturbances in the frequency range 0 Hz to 150 kHz

IEC 61000-4-19
Electromagnetic compatibility (EMC) - Part 4-19: Testing and measurement techniques - Test for immunity to 
conducted, differential mode disturbances and signalling in the frequency range 2 kHz to 150 kHz at a.c. power 
ports

IEC/TR 61000-5-1 Electromagnetic compatibility (EMC) - Part 5: Installation and mitigation guidelines - Section 1: General 
considerations - Basic EMC publication

IEC/TR 61000-5-2 Electromagnetic compatibility (EMC) - Part 5: Installation and mitigation guidelines - Section 2: Earthing and 
cabling

IEC 61000-6-3 Electromagnetic compatibility (EMC) - Part 6-3: Generic standards - Emission standard for residential, commercial 
and light-industrial environments

IEC 61000-6-4 Electromagnetic compatibility (EMC) - Part 6-4: Generic standards - Emission standard for industrial environments

IEC 61326-1 Electrical equipment for measurement, control and laboratory use – EMC requirements – Part 1: General 
requirements

IEC 61326-2-1
Electrical equipment for measurement, control and laboratory use - EMC requirements - Part 2-1: Particular 
requirements - Test configurations, operational conditions and performance criteria for sensitive test and 
measurement equipment for EMC unprotected applications

IEC 61800-3 Adjustable speed electrical power drive systems - Part 3: EMC requirements and specific test methods

IEC 62040-2 Uninterruptible power systems (UPS) - Part 2: Electromagnetic compatibility EMC) requirements

IEC 62041 Power transformers, power supply units, reactors and similar products - EMC requirements

CISPR
CISPR 11 Industrial, scientific and medical (ISM) radio-frequency equipment - Electromagnetic 

disturbance characteristics - Limits and methods of measurement

CISPR 14-1 Electromagnetic compatibility - Requirements for household appliances, electric tools and 
similar apparatus - Part 1: Emission

CISPR 15 Limits and methods of measurement of radio disturbance characteristics of electrical lighting 
and similar equipment

CISPR 16-1-1 Specification for radio disturbance and immunity measuring apparatus and methods - Part 1-
1: Radio disturbance and immunity measuring apparatus - Measuring apparatus

CISPR 16-1-2
Specification for radio disturbance and immunity measuring apparatus and methods - Part 1-
2: Radio disturbance and immunity measuring apparatus - Coupling devices for conducted 
disturbance measurements

CISPR 16-2-1
Specification for radio disturbance and immunity measuring apparatus and methods - Part 2-
1: Methods of measurement of disturbances and immunity - Conducted disturbance 
measurements

CISPR 16-2-3
Specification for radio disturbance and immunity measuring apparatus and methods - Part 2-
3: Methods of measurement of disturbances and immunity - Radiated disturbance 
measurements

CISPR 17 Methods of measurement of the suppression characteristics of passive EMC filtering devices

MIL
MIL-STD-461 REQUIREMENTS FOR THE CONTROL OF ELECTROMAGNETIC INTERFERENCE CHARACTERISTICS 

OF SUBSYSTEMS AND EQUIPMENT
CE101 Conducted Emissions, Power Leads. 30 Hz to 10 kHz 

CE102 Conducted Emissions, Power Leads, 10 kHz to 10 MHz 

CE106 Conducted Emissions, Antenna Terminal, 10 kHz to 40 GHz 

CS101 Conducted Susceptibility, Power Leads, 30 Hz to 150 kHz 

CS103 Conducted Susceptibility, Antenna Port, Intermodulation, 15 kHz to 10 GHz 

CS104 Conducted Susceptibility, Antenna Port, Rejection or Undesired Signals, 30 Hz to 20 GHz 

CS105 Conducted Susceptibility, Antenna Port, Cross-Modulation, 30 Hz to 20 GHz 

CS109 Conducted Susceptibility, Structure Current, 60 Hz to 100 kHz 

CS114 Conducted Susceptibility, Bulk Cable Injection, 10 kHz to 200 MHz 

CS115 Conducted Susceptibility, Bulk Cable Injection, Impulse Excitation 

CS116 Conducted Susceptibility, Damped Sinusoidal Transients, Cable and Power Leads, 10 kHz to 
100 MHz

RE101 Radiated Emissions, Magnetic Field, 30 Hz to 100 kHz 

RE102 Radiated Emissions, Electric Field, 10 kHz to 18 GHz 

RE103 Radiated Emissions, Antenna Spurious and Harmonic Outputs, 10 kHz to 40 GHz 

RS101 Radiated Susceptibility, Magnetic Field, 30 Hz to 100 kHz 

RS103 Radiated Susceptibility, Electric Field, 2 MHz to 40 GHz RS105 Radiated Susceptibility, 
Transient Electromagnetic Field

See also https://en.wikipedia.org/wiki/List_of_common_EMC_test_standards



CONTEXT
- Standards, Regulations
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• EMI/EMC Standards may in general be grouped by
• EM emissions vs susceptibility to interference (Tx vs Rx)
• EM coupling mode and/or frequency (conducted, inducted, radiated)
• Measurement method (depending on i and ii)

or by
• Equipment function (e.g. power supply, communication)
• Equipment application (e.g. commercial, medical, military)
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BACKGROUND
- Digital Communication Systems
The main functional blocks in a digital wireless communication system are as follows…
• Source Encoding/Decoding

Compresses the input data to remove any redundant or unneeded information. For analogue source signals, 
source coding performs an analogue to digital conversion. Decoding reverses the process.

• Channel Encoding/Decoding
Channel encoding adds some redundancy to minimize the effects of fading and noise in the channel.

• Modulation/Demodulation
The bit stream is modulated to generate the transmitted signal, e.g. pulse modulation at baseband, amplitude 
and/or phase modulation of RF carrier. 

• Transmission/ Reception
Amplification and transduction to/from propagating radio waves. May also involve i) multiplexing for multiple 
access, ii) mixing to intermediate frequencies (IF).

17SCHOOL OF ENGINEERING
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BACKGROUND
- Potential Impacts of EMI
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Susceptibility to interference depends on system design… 
• coding
• modulation
• RF carrier frequency, etc.

linked to system requirements…
• data rate
• range (sensitivity)
• multiple access methods
• EM environment
• mobility, etc.

and system application…
• simple wireless point-to-point links (e.g. remote control) 
• low power communications (sensing , IoT)
• cellular mobile phone networks (4G Æ 5G), etc.
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BACKGROUND
- Radio Frequency Spectrum

19SCHOOL OF ENGINEERING https://www.ntia.doc.gov/files/ntia/publications/january_2016_spectrum_wall_chart.pdf



BACKGROUND
- Wireless communication standards
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• Many wireless systems and standards for various 
communications applications (voice, IoT, etc.)….

• Can be classified by…
o Range (m to many km)
o Data rate
o System complexity
o License arrangements for use of RF spectrum

• Examples of wireless communication systems…
o WiFi (802.11n) 
o 2G/3G/4G/5G (cellular mobile phone networks, 0.9 – 2.1, 5 GHz)
o ISM (Industrial, Scientific, Medical) – unlicensed 900MHz, 2.4GHz, etc.

─ Bluetooth, Zigbee (2.4GHz ISM)
o LPWAN (low power wide area networking), IoT

─ LTE NB (cellular, licensed), LoRa, Sigfox (ISM) 

SCHOOL OF ENGINEERING



BACKGROUND
- Low-power wide-area network standards
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https://www.theiet.org/sectors/information-
communications/topics/ubiquitous-computing/articles/lpwan.cfm

LORA-WAN SigFox NB-IoT CATM1 RPMA

Modulation DSS with chirp UNB/ GFSK/ 
BPSK

OFDMA/ 
SC-FDMA

OFDMA/ 
SC-FDMA RPMA

Frequency 868/ 902-
928MHz 868/915 MHz

In band LTE, 
guard band 
and stand 

alone

In band LTE 2.4GHz

Coverage 153-161 dB 149-161 dB 164dB 155.7dB 168-172dB

Bandwidth 125kHz 100Hz (EU) 180kHz 1.08MHz 1MHz

Data rate 0.3 to 50 kbps 100bps 50kbps 1Mbps
624 Kbps DL

156 Kbps UL

Max msg / 
day unlimited

140 UL
n/a unlimited n/a

4 DL



BACKGROUND
- Narrow-band wireless for IoT
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LTE Cat 1 LTE Cat 0 LTE Cat M1 
(eMTC)

LTE Cat NB1 
(NB-IoT)

3GPP Release Release 8 Release 12 Release 13 Release 13

Downlink Peak Rate 10 Mbit/s 1 Mbit/s 1 Mbit/s 250 kbit/s

Uplink Peak Rate 5 Mbit/s 1 Mbit/s 1 Mbit/s

250 kbit/s (multi-
tone)

20 kbit/s (single-
tone)

Latency 50-100ms not deployed 10ms-15ms 1.6s-10s

Number of Antennas 2 1 1 1

Duplex Mode Full Duplex Full or Half 
Duplex

Full or Half 
Duplex Half Duplex

Device Receive 
Bandwidth 1.08 - 18 MHz 1.08 - 18 MHz 1.08 MHz 180 kHz

Receiver Chains 2 (MIMO) 1 (SISO) 1 (SISO) 1 (SISO)

Device Transmit Power 23 dBm 23 dBm 20 / 23 dBm 20 / 23 dBm

https://en.wikipedia.org/wiki/NarrowBand_IOT



BACKGROUND
- Wireless comunication
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RF carrier modulation
• Analogue (continuous) modulation

o Amplitude modulation
o Frequency/phase modulation
o Hybrids

• Digital (quantized, discrete) modulation
o ASK 
o FSK
o PSK
o Hybrids (e.g. QAM)

• Spread spectrum methods
o Time/Frequency hopping/diversity
o Direct sequence spread spectrum
o OFDM

Demodulator designed to distinguish 
between points in signal constellaion

SCHOOL OF ENGINEERING

By Chris Watts (Own work) [CC BY-SA 3.0 
(https://creativecommons.org/licenses/by-
sa/3.0)], via Wikimedia Commons



BACKGROUND
- Potential Impacts of EMI
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• EMI usually regarded as noise in wireless comms.
• Effects of noise (interference) depend upon 

1. Modulation method
• Analogue modulation
o AM: severe interference, noise = “signal” (e.g. AM radio near computer)
o F/PM: through nonlinear effects, e.g. overloading of receiver

• Digital modulation
o Effects of interference generally less obvious, 

up to a threshold 

2. Noise (interference) power
relative to signal power

NOTE: “Knee” in BER characteristic…
Æ BER deteriorates rapidly with SNR
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https://www.embedded.com/print/4017668



BACKGROUND
- Examples of EMI and impact
• Interference between automotobile ignition system and car radio.

Taggart, Methods of suppressing automotive interference, NBS Special Publication 480-44, 1981. 
http://nvlpubs.nist.gov/nistpubs/Legacy/SP/nbsspecialpublication480-44.pdf

• Satellite deployment failure due to inductive coupling (crosstalk) 
between an unshielded attitude control sensor cable and the power 
bus of the spacecraft. (The control systems cable was redesigned 
and shielding added). 
Leach et al (NASA), Electronic systems failures and anomalies attributed to electromagnetic interference, NASA-
RP-1374, 1995. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19960009442.pdf

• Misoperation of neighbour’s garage door opener when LED lighting 
with dimmer turned on. (Dimmer removed).
McHenry, Roberson and Matheson, Electronic Noise is drowning out the Internet of Things, IEEE Spectrum, 
August 2015. http://spectrum.ieee.org/telecom/wireless/electronic-noise-is-drowning-out-the-internet-of-things
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BACKGROUND
- Examples of EMI

26SCHOOL OF ENGINEERING http://www.ledbenchmark.com/faq/LED-interference-issues.html



BACKGROUND
- Examples of EMI
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PART 2 – Overview
- EMI Fundamentals

o EMI Fundamentals
i) generation
ii) coupling (energy transfer)

o Foundations: signals in linear systems
i) Signals - two perspectives: time domain ÅÆ frequency domain
ii) Systems - two perspectives: electric circuits ÅÆ electromagnetic fields
All perspectives are consistent wrt energy in both time and space.

o Understanding, from an appropriate perspective, how 
electrical and magnetic energies are embodied, connected, 
and interact with their environment
Æ effective EMI minimisation and mitigation strategies
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Fundamentals of EMI 
- Signals
• Every switch transition generates di/dt, dv/dt Æ EMI spectrum  

F{sgn(t)} = -j/w
• ~ ns rise time (GaN) Æ EMI cutoff frequency ~ 350 MHz
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Fundamentals of EMI 
- Signals
• Additional material to be included

Spectrum of a pulse
Spectrum of a periodic train of pulses
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Fundamentals of EMI 
- Electric Circuits

• Differences in electric potential (voltage) drive electrical currents around circuits, 
transporting electrical energy from source to load.

• Energy dissipated in resistive components: 
R = vR/iR (resistance, R [W] = electric potential [V] per unit current [A])

• Energy stored in reactive components: 
vL(t) = L.diL/dt, EL = ½ L.i2 (inductance L [H] = magnetic flux linkage L [Wb] per unit current i [A])

iC(t) = C.dvC/dt, EC = ½ C.v2 (capacitance C [F] = electric flux (or charge) y [C] per unit voltage v [V])

Reactance (sinusoidal steady state): XL(w) = w.L, XC(w) = -(w.C)-1  (reactance X(w) [W] = |V(w)/I(w)|)
Impedance (sinusoidal steady state): Z = R + jX (complex impedance Z(w) = V(w)/I(w) [W])

• Power flow (= rate of energy change) 
Instantaneous: w(t) = v(t).i(t)
Sinusoidal steady state: Complex power: S(w) = V(w).I*(w) = P + jQ [W]

Real or active power: P = Re{S} = S.cos(q) [W]
Reactive power: Q = Im{S} = S.sin(q) [VAR]
Apparent power: S  = |S| = (P2 + Q2)½ [VA]
Power factor: f = P/S = cos(q)

• Maximum real power flow from source to load when
Sinusoidal steady state: ZLD(w) = RLD + j XLD(w) = RS – j XS(w)= ZS

*(w)    [NB: when RLD = RS, XLD = - XS]

• Also, waves on transmission lines (distributed circuit; t & d, two conductors)
31SCHOOL OF ENGINEERING

By Wikieditor4321 (Own work) [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)], 
via Wikimedia Commons



Fundamentals of EMI 
- Electromagnetic Fields
• Energy density at a point in space, r, associated with 

o electric fields E [V/m] and associated electric flux density D = e.E [C/m] 
EE(r) = ½ e E2 [J/m3], (permittivity e = er. e0, permittivity of free space e0 = 8.85 x10-12 [F/m] )

o magnetic fields H [A/m] and associated magnetic flux density B = m.H [Wb/m]
EH(r) = ½ m H2 [J/m3], (permeability m = mr. m0, permeability of free space m0 = 4p x10-7 [H/m])

o Changes in E can induce H, and vice versa, even in free space.
o As for circuits, we may define complex impedance Zz(r,w) = Ex(r,w)/Hy(r,w)  [W]

Note: Orthogonal components of E and H used. For sinusoidal steady state (at frequency w), the real (in phase) and imaginary 
(phase-quadrature) parts related to energy dissipation and storage, respectively.

• Power flow (= rate and direction of energy density change at a point in space)
Poynting theorem: P(r,t) =  E(r,t) x H(r,t) [W/m2]
Sinusoidal steady state: Pav(r,w) + jQav(r,w) =  ½ Epk(r) x H*pk(r)    [W/m2] 

• Also, wave phenomena in free space (and in waveguides; t & r, single conductor) 

NOTE: Field and circuit models consistent - linked by considering energy:
o Voltage difference between two points in space Æ electric field. 
o Moving charge (current) through space Æ magnetic field.
o Energy stored in static (d/dt = 0) electric and magnetic fields consistent with lumped circuit model
o Electromagnetic wave phenomena in transmission lines consistent with distributed circuit model
Exception: electromagnetic wave propagation in free space – changing E and H linked by Maxwell, who predicted 
EM waves before experimental observation – but concept of impedance and other wave phenomena still apply.
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Fundamentals of EMI
- Static electromagnetic fields
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Fundamentals of EMI
- Electromagnetics of circuits
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Fundamentals of EMI
- Electromagnetics of distributed circuits
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Fundamentals of EMI
- Waves on transmission lines
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Fundamentals of EM waves
- Reflections on transmission lines

37SCHOOL OF ENGINEERING



Fundamentals of EM waves
- Sinusoidal waves on transmission lines
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Fundamentals of EM waves
- Impedance transformations
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Fundamentals of EMI
- Electromagnetic fields
• Maxwells equations (point or differential form)

o Describe how EM fields vary about a point in space, r

• Constitutive equations
o Describe the medium in which the fields exist

Note: in general, all variables
− are vectors – they have direction and magnitude
− represent fields – distributed throughout space, function of r
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Fundamentals of EMI
- Electromagnetic fields and waves
All engineering electromagnetic phenomena can be described by 
solving the partial differential equations 1 – 4, subject to 

i) constitutive equations 5-7, and 
ii) boundary conditions (depend on physical layout, to be specified).

Solutions of Maxwell’s equations predict to a high degree of accuracy 
phenomena such as

− Electromagnetic coupling in and between “lumped” electrical circuits 
− Behaviour of distributed electrical circuits (dimensions comparable to l)
− Electromagnetic wave propagation and interaction with materials
− Transduction between circuits and EM waves (antennas)
− Guidance of EM waves
− EM waves in free space
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Fundamentals of EMI
- Electromagnetic fields and waves
• Meaning of symbols, ISI units
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Fundamentals of EMI
- Electromagnetic fields
• Meaning of symbols, vector operators
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Fundamentals of EMI
- Electromagnetic fields
Special situations leading to simplification of equations
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Fundamentals of EMI
- Electromagnetic fields
Integral form of Maxwell’s equations

o describe EM field properties over regions, action at a distance
o obtained by integrating differential equations, using fundamental 

properties of vector fields Æ Gauss’ Law, Faraday’s Law

45SCHOOL OF ENGINEERING



Fundamentals of EMI
- Electromagnetic fields
Integral form of Maxwell’s equations

describe EM field properties over regions, instead of at points
Æ Ampere’s Law
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Fundamentals of EMI
- Sinusoidal electromagnetic waves
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Fundamentals of EMI
- Sinusoidal electromagnetic waves
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Fundamentals of EMI
- Boundary conditions
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Fundamentals of EMI
- Reflections of plane waves
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¾ Fundamentals of shielding against EMI in far field
o Assumption: plane wave normally incident on plane boundary between two semi-infinite regions 

(TEM incidence)
o Analogous to reflections of waves on transmission lines (also TEM)



Fundamentals of EMI
- EM waves - summary
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• EM waves in free space (EM radiation)
o antenna = VÅÆE, IÅÆ H “transducer”

• Guided EM waves
o TEM (two conductors Æ transmission line; V, I)
o TE, TM (one conductor, dielectric Æ waveguide; E,H)

• For all waves, two fundamental parameters:
o Wave impedance, Z(z) = Ex(z)/Hy(z) = V(z)/I(z)

real part Æ energy dissipation
imaginary part Æ energy storage

o Propagation constant, g =  a + jb = jwm.(s + jwe)½ = jwm/Z
a Æ change in amplitude with distance – loss, evanescent fields
b Æ change in phase with distance – propagating fields

o Z = j w m / g
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Fundamentals of EMI
- EM wave impedance, near vs far field
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EM impedance depends on
o type of source (E, H)
o distance from source
o frequency

EM coupling depends on
impedance matching
o Conducted

– Common impedance
– Guided-wave

o Near-field (induced)
– Capacitive (E-field)
– Inductive (H-field)

o Far-field (radiated, free space)
– E/H = Z0 = 377 W

¾ Most low frequency EMI 
conducted or induced

Adapted from Ott, Noise reduction techniques in electronic systems, Wiley 1976.

f [MHz] l/2p [m]
1 47.75
2 23.87
5 9.55

10 4.77
20 2.39
50 0.95

100 0.48
200 0.24
500 0.10

Dnear-field < l/2p < Dfar-field



PART 3 – Overview
- EMI reduction strategies
1. Reduce EMI generation

o Modulate PWM parameter(s) – e.g. switch phase (or frequency)
− spreads EMI over more frequencies…
− …reduces peak power spectral spectral density (no change to average PSD)

o “Soft” switching of active devices – generate fewer harmonics
- resonant converters - limit number of harmonics
- slow switching - reduce di/dt, dv/dt - limit bandwidth of harmonics
- additional circuitry, complexity, loss

2. Reduce EMI coupling, impede energy transfer
o Circuit layout (conducted, induced)

o Filtering (conducted, induced)
- cost & size

o Shielding (induced, radiated EMI)
- weight + cost
- often need to allow for ventilation
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Reduce EMI Generation
- PWM techniques
Modulating one or more parameters of a switch driving signal, q(t)

redistributes energy in frequency domain
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t0

1

TK

αk

εk

q(t)



Reduce EMI Generation
- Classification of PWM techniques
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Modulation Style SCHEME Sub classification
Pulse modulation parameters

Duty ratio
(ak/ Tk)

Switching cycle 
duration (Tk)

Pulse width (ak)
Pulse position 

(εk)

Periodic 

OR

Aperiodic 
(pseudo-random, 

chaotic, 
deterministic)

OR

Random*

PWM -- Fixed Variable Fixed Variable

PPM -- Fixed Fixed Variable Fixed

DRM+PPM+
fixed carrier 
frequency

Fixed Variable Variable Variable

CFM

CFM with Fixed 
Duty cyle Variable Synchronised Fixed Fixed

CFM with varying 
Duty cyle Variable

Fixed or 
Variable 

(not synched)
Fixed Variable

CFM+PPM+
fixed duty ratio -- Variable Variable 

(synched) Variable Fixed 
(synched)

CFM+PPM+DRM -- Variable Variable Variable Variable

PWM= Pulse Width Modulation, PPM= Pulse Position Modulation, DRM= Duty Ratio Modulation, CFM= Carrier Frequency Modulation



Reduce EMI Generation
- PWM techniques
• Additional material to be included

Example of PWM technique for EMI mitigation
“Soft” Switching
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EMI Reduction
- Minimising common impedance coupling
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Near Field EMI Reduction
- Minimising capacitive coupling
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Near Field EMI Reduction
- Minimising inductive coupling

59SCHOOL OF ENGINEERING



Far Field EMI Reduction
- Minimising radiative coupling
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Far Field EMI Reduction
- Minimising radiative coupling
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Reduce EMI coupling

• Additional material to be included
Methods – physical (layout), electrical (impedance mismatch)

− common and differential mode EMI
− conducted EMI - filtering
− radiated EMI 

antennas, shielding, Babinet’s principle, new composite materials, ventilation
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EMI/EMC measurements
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• Additional material to be included
EMI/EMC Measurements
− conducted EMI – LISN
− time-frequency relationships
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Conclusions
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• Switch-mode power electronics becoming increasingly common in 
modern power systems Æ Internet of Energy.

• Component advances enabling faster switching (ns) at higher 
frequencies (harmonics to GHz) Æ efficient, compact converters.

¾ Broadband EMI noise an increasing problem, especially for low 
power wireless communications and the Internet of Things.

• Power spectral density of generated EMI can be reduced using a 
choice of PWM and switching methods.

• Various EM coupling mechanisms (conducted, induced, radiated) 
- dominant mode of interference depends on frequency, distance from source 
- coupling can be minimized by impedance mismatch (filters, shielding, etc).

¾ EMI may be minimized by careful design, based on 
understanding of fundamentals of EMI generation and coupling.
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