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OVERVIEW n MACQUARIE

« 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
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About the presenter...

Graham Town
o  Professor, School of Engineering, Macquarie University
o graham.town@mgq.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.
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About the presenter

1978-81/83/85: Radio Trades Apprentice / Engg Trainee / Engineer
= AWA Pty Ltd, Industrial Products Division
= Interscan, pwave comm’s, 15t 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:

Goal:
Methods:

Applications:

Trend to increasingly compact and portable electronic devices.
Increases in energy efficiency = savings in infrastructure.

Electronic power converters with increased efficiency, decreased size.

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

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

Power Supply (0-300V DC
Sspply)

Testing FPGA-controlled switch-mode power supply



& R
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.

TCP/IP Socket




PART 1 - Overview
- Aims of this tutorial
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« Assist electrical engineers understand - 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 < frequency)
- electromagenetics (circuits <> 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

SCHOOL OF ENGINEERING 7
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- Definitions

w Physical
EMI Coupling ~

Source %Mechanism(s)/ Receiver

« 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 |V. 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

SCHOOL OF ENGINEERING 8



EMI and EMC

- Overview

" MACQUARIE
-8 University

 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

EM wave

coupling
Lightning
Radio transmitters capacitive
Electrical equipment w (E) coupling ™~ Biological organisms
(e.g. motors, lighting) EMI Receiver Wireless receivers
Computers Source inductive -7 Electronic equipment
Microwave oven ?7 (H) coupling Sensors (many applications)
Power electronics

% common /
impedance
(Z) coupling

» 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.

SCHOOL OF ENGINEERING 9



CONTEXT - BT
- Types and sources of EMI

« 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

SCHOOL OF ENGINEERING 10
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- FOCUS, TRENDS

 This tutorial will focus on EMI...

O
©)

caused by power electronics
in electronic and wireless communication systems...

« Motivations...

O

O

trends to increasingly compact and/or efficient power electronics
— higher switching frequencies, higher speed switching devices (e.g. GaN)

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

trends to increasing importance of wireless communications in the Internet
of Things (loT) 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.

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

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

SCHOOL OF ENGINEERING 11



CONTEXT
- Trends in Power Systems
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Smart Grids: Technology Roadmap, IEA 2011.

Smart appliances

* Controllable loads

* Status reporting

* EV as sink/source (V2G)

Smart operations

* Ancillary services

* Reliability

* Service connections

Characteristics * Firming of renewables

and advantages
of smart grids Smart pricing

* Value differentiated pricing
* Aggregation pricing

* Market participation

Smart Planning
e Deferral of infrastructure
* Minimise cost

* Minimise carbon

SCHOOL OF ENGINEERING 12
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- Trends in Power Electronics

Widebandgap devices - high switching rate and frequency
—> increased switching efficiency
—> increased power density (smaller reactive components)

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

« Canin turn cause large transient in i & v through parasitic elements:
= i, =C. dv/dt if C =10 pF, igy = 3A
= v, = L. di/dt if L=1nH, v, =100V

- More efficient switching, but more EMI...

o bandwidth (larger d/dt = 1000s harmonics, into GHz range)
o transient amplitude (increased peak i, v, in parasitics; C, L)

SCHOOL OF ENGINEERING 13
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- 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.lEC 61000-3, CISPR 11 - 15

« EMI/EMC measurement/characterisation methods...
o e.g. |[EC 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

SCHOOL OF ENGINEERING 14



CONTEXT
- Standards, Regulations
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ANSI
C63.4

IEC
IEC 60050-161
IEC 60601-1-2
IEC 60870-2-1
IEC 60940

IEC/TR 61000-1-1

IEC/TS 61000-1-2

IEC/TR 61000-2-1

IEC61000-3-8

|IEC/TR 61000-3-15

IECTR 61000-4-1

IEC 61000-4-3

IEC 61000-4-6

IEC 61000-4-16

IEC61000-4-19

IEC/TR 61000-5-1

IEC/TR 61000-5-2

IEC 61000-6-3

IEC 61000-6-4

IEC61326-1

IEC61326-2-1

IEC61800-3
IEC 62040-2
IEC62041

Methods of Measurement of Radio-Noise Emissions from Low-Voltage Electrical and Electronic Equipmentin the
Range of 9 kHz to 40 GHz

International Electrotechnical Vocabulary. Chapter 161: Electromagnetic compatibility

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

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

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

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

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

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

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

Electromagnetic compatibility (EMC) - Part 3-15: Limits - Assessment of low frequency electromagneticimmunity
and emission requirements for dispersed generation systems in LV network

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

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

Electromagnetic compatibility (EMC) - Part 4-6: Testing and measurement i - ity to
disturbances, induced by radio-frequency fields

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

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

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

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

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

Electromagnetic compatibility (EMC) - Part 6-4: Generic standards - Emission standard for industrial environments
Electrical equipment for measurement, control and laboratory use — EMC requirements — Part 1: General
requirements

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

Adjustable speed electrical power drive systems - Part 3: EMC requirements and specific test methods
Uninterruptible power systems (UPS) - Part 2: Electromagnetic compatibility EMC) requirements

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

CISPR 11

CISPR 14-1

CISPR 15

CISPR 16-1-1

CISPR 16-1-2

CISPR 16-2-1

CISPR 16-2-3

CISPR 17

MIL-STD-461

CE101
CE102
CE106
Cs101
Cs103
Cs104
CS105
CS109
Cs114
CS115

Cs11e

RE101
RE102
RE103
RS101

RS103

Industrial, scientific and medical (ISM) radio-frequency equipment - Electromagnetic
disturbance characteristics - Limits and methods of measurement

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

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

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

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

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

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

REQUIREMENTS FOR THE CONTROL OF ELECTROMAGNETIC INTERFERENCE CHARACTERISTICS
OF SUBSYSTEMS AND EQUIPMENT

Conducted Emissions, Power Leads. 30 Hz to 10 kHz

Conducted Emissions, Power Leads, 10 kHz to 10 MHz

Conducted Emissions, Antenna Terminal, 10 kHz to 40 GHz

Conducted Susceptibility, Power Leads, 30 Hz to 150 kHz

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

Conducted Susceptibility, Antenna Port, Rejection or Undesired Signals, 30 Hz to 20 GHz
Conducted Susceptibility, Antenna Port, Cross-Modulation, 30 Hz to 20 GHz

Conducted Susceptibility, Structure Current, 60 Hz to 100 kHz

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

Conducted Susceptibility, Bulk Cable Injection, Impulse Excitation

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

Radiated Emissions, Magnetic Field, 30 Hz to 100 kHz

Radiated Emissions, Electric Field, 10 kHz to 18 GHz

Radiated Emissions, Antenna Spurious and Harmonic Outputs, 10 kHz to 40 GHz
Radiated Susceptibility, Magnetic Field, 30 Hz to 100 kHz

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

SCHOOL OF ENGINEERING



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)

SCHOOL OF ENGINEERING 16



BACKGROUND

- Digital Communication Systems
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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). .
Transmitter

Data Source Channel Vodulation—s RF W
Input Encoder | | Encoder : 'transmittej
\ 4
i . . . Channel
Digital Wireless Communication System (+ noise,
. distortion
Receiver )
Data Source Channel Demod'n ¢ RF W_
Output Decoder Decoder h Receiverj

SCHOOL OF ENGINEERING




BAC KG ROUND " Ir;llﬁvce%tijtems
- Potential Impacts of EMI

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 , loT)
« cellular mobile phone networks (4G - 5G), etc.

SCHOOL OF ENGINEERING 18



BACKGROUND
- Radio Frequency Spectrum
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- Wireless communication standards

 Many wireless systems and standards for various
communications applications (voice, loT, 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 WIiFi (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), loT
— LTE NB (cellular, licensed), LoRa, Sigfox (ISM)

SCHOOL OF ENGINEERING 20
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BACKGROUND MACQUA
- Low-power wide-area network standards

LORA-WAN SigFox NB-loT CATM1 RPMA
. . . UNB/ GFSK/ OFDMA/ OFDMA/
Modulation  DSS with chirp BPSK SC-EDMA SC-EDMA RPMA
In band LTE,
868/ 902- guard band
Frequency 928MHz 868/915 MHz and stand In band LTE 2.4GHz
alone
Coverage 153-161dB  149-161dB 164dB 155.7dB 168-172dB
Bandwidth 125kHz 100Hz (EU) 180kHz 1.08MHz 1MHz
624 Kbps DL
Data rate 0.3 to 50 kbps 100bps 50kbps 1Mbps
156 Kbps UL
140 UL
. . . Max msg / unlimited n/a unlimited n/a
https://www.theiet.org/sectors/information- day 4DL

communications/topics/ubiquitous-computing/articles/I[pwan.cfm

SCHOOL OF ENGINEERING 21
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BAC KG RO U N D " MACQUARIE

- Narrow-band wireless for loT

3GPP Release

Downlink Peak Rate

Uplink Peak Rate

Latency

Number of Antennas

Duplex Mode

Device Receive
Bandwidth

Receiver Chains

Device Transmit Power

SCHOOL OF ENGINEERING

LTE Cat 1

Release 8

10 Mbit/s

5 Mbit/s

50-100ms

2

Full Duplex

1.08 - 18 MHz

2 (MIMO)
23 dBm

LTE Cat O

Release 12

1 Mbit/s

1 Mbit/s

not deployed
1

Full or Half
Duplex

1.08 - 18 MHz

1 (SISO)
23 dBm

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

LTE Cat M1
(eMTC)

Release 13

1 Mbit/s

1 Mbit/s

10ms-15ms
1

Full or Half
Duplex

1.08 MHz
1 (SISO)

20/23 dBm

LTE Cat NB1
(NB-loT)

Release 13

250 kbit/s

250 kbit/s (multi-
tone)
20 kbit/s (single-
tone)
1.6s-10s

1

Half Duplex

180 kHz
1 (SISO)

20/23 dBm

22



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

b
o FSK

0O PS K Modulated Signal

o Hybrids (e.g. QAM)  ’ 2 R
° Spread spectrum methOdS 1011 1c-old___i-:-1-:-:“ | ﬁc-'c-n I5%  225° 1100

o Time/Frequency hopping/diversity @ A{ ) 1 .:Q @

o Direct sequence spread spectrum et

O OFDM 1101 \111\'_‘ | 010D 0110

Demodulator designed to distinguish oo | oe o

between points in signhal constellaion By Chris Wats (Own work) [CC BY-8A 3.0

(https://creativecommons.org/licenses/by-

sa/3.0)], via Wikimedia Commons

SCHOOL OF ENGINEERING 23



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
hd Dlgltal mOdU|at|0n Bit Error rate vs Eb/No for various nodulation schenes
o Effects of interference generally less obvious, g ' ' ' BPSK —+—
up to a threshold Pt s
8.1 . 160AH —=— |
2. Noise (interference) power s
" p 0.01 39PSK —B— 1

relative to signal power

NOTE: “Knee” in BER characteristic...
- BER deteriorates rapidly with SNR

Bit Error Probahility, Ph

a 5 1IB 1I5 EIB 25
SNR per bit, Eb/No, dB
https://www.embedded.com/print/4017668

SCHOOL OF ENGINEERING 24



BACKGROUND " MACQUARIE
- 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://nvipubs.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
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Amplitude (dBm)

5W MR16 LED Downlight Review

General Information

r

ID #154
SKU LTMR5W3K2P
Series N/A
Manufacturer Click (other LEDs from Click)

Fitting Type

MR16 (other MR16 LEDs)

Light Type Downlight (PAR)
Height 48mm

Diameter PAR16 (50mm)
Weight 429

REF -40.0 dBm

10 dB/div
0

40
START 30.00000 MHz

RBW 250 KHz
ATTEN 10 dB

LIGHT OFF

CENTER 165.000 MHz
SPAN 270.000 MHz

VBW —
INT REF

STOP 300.00000 MHz
SWP 2.090 sec

Amplitude (dBm)

REF -40.0 dBm
10 dB/div
P

RBW 250 KHz
ATTEN 10dB

LIGHT ON

START 30.00000 MHz CENTER 165.000 MHz

SPAN 270.000 MHz

STOP 300.00000 MHz
SWP 2.075 sec

http://www.ledbenchmark.com/fag/LED-interference-issues.html
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BACKGROUND
- Examples of EMI

5W MR16 Downlight Review

General Information

ID #131
-
SKU LMR16BL27538
Series N/A K .
Manufacturer Mirabella (other LEDs from Mirabella) 7
Fitting Type MR16 (other MR16 LEDs t..._‘_ :
Light Type Downlight (PAR)
Height 50mm
Diameter PAR16 (50mm)
Weight 479

VBW REF -40.0 dBm v - LIGHTON
10 dB/div ATTEN 10 d8

“le

REF -40.0 dBm REW 250 KHz LIGHT OFF
o 10 dB/div ATTEN 10 dB INT REF

p

tude (dBm)
Amplitude (dBm)

START 30.00000 MHz

START 30.00000 MHz CENTER 165.000 MHz STOP 300.00000
SPAN 270.000 MHz SWP 2.075 sec

http://www.ledbenchmark.com/fag/LED-interference-issues.html



PART 2 - Overview
- EMI Fundamentals
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o EMI Fundamentals
i) generation
if) coupling (energy transfer)

o Foundations: signals in linear systems
i) Signals - two perspectives: time domain €- frequency domain
i) Systems - two perspectives: electric circuits <> 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

-> effective EMI minimisation and mitigation strategies
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« Every switch transition generates di/dt, dv/dt > EMI spectrum
Hsgn(t)} = -jlo
« ~nsrise time (GaN) - EMI cutoff frequency ~ 350 MHz

Frequency domain

-20

1

0.8
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-40

0.2

-60 0
0

-80 3 Step*(1-Exp)

0.8 \“

-100 ‘c
0.6 ‘\I
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-120 04 |
1 10 100 1000 |

0.2 ‘

——Step =——Step * Exp “
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 Additional material to be included

Spectrum of a pulse
Spectrum of a periodic train of pulses
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« Differences in electric potential (voltage) drive electrical currents around circuits,
transporting electrical energy from source to load.

« Energy dissipated in resistive components:
R = vg/ig (resistance, R [Q] = electric potential [V] per unit current [A])

« Energy stored in reactive components:
v (t) = L.di /dt, £ = 2 L.i? (inductance L [H] = magnetic flux linkage A [Wb] per unit current i [A])
ic(t) = C.dvc/dt, E; = 2 C.v2 (capacitance C [F] = electric flux (or charge) y [C] per unit voltage v [V])
Reactance (sinusoidal steady state): X, (o) = o.L, X;(®) = -(0.C)" (reactance X(w) [Q2] = |V(0)/|(®)])
Impedance (sinusoidal steady state): Z = R + jX (complex impedance Z(w) = V(o)/l(®) [])

 Power flow (= rate of energy change)
Instantaneous: w(t) = v(t).i(t)

Sinusoidal steady state: Complex power: S(») = V(o).I'(0) = P +jQ [W] Q«fp Q, Reactive Power
Real or active power: P = Q.{S} = S.cos(0) [W] q,,?’Q
Reactive power: Q = $.{S} = S.sin(0) [VAR] 0 3
Apparent power: S = |S| = (P2 + Q2)** [VA] P, Real Power
Power factor: f = P/S = COS(@) By Wikieditor4321 (Own work) [CC BY-SA 4.0

(https://creativecommons.org/licenses/by-sa/4.0)],
via Wikimedia Commons

* Maximum real power flow from source to load when
Sinusoidal steady state: Z, 5(0) = R p + j X p(®) = Rg —j Xg(®)= Z5'(®) [NB:when R 5 = Rg, X p = - Xd]

« Also, waves on transmission lines (distributed circuit; t & d, two conductors)
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- 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 [C/m]
5E(I’) =% ¢ E? [J/m3], (permittivity € = ¢,. o, permittivity of free space ¢, = 8.85 x10-12 [F/m] )

magnetic fields H [A/m] and associated magnetic flux density B = u.H [Wb/m]
EH(I') =Y o8 H?2 [J/m3], (permeability p = p,. p, permeability of free space p, = 4 x10-7 [H/m])
Changes in E can induce H, and vice versa, even in free space.

As for circuits, we may define complex impedance Z,(r,0) = E,(r,0)/H/(r,®) [Q]
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/m?]
Sinusoidal steady state: P, (r,0) + jQ, (o) = Y2 E,(r) x H*,(r) [W/mZ]

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

NOTE: Field and circuit models consistent - linked by considering energy:

(@)

O

O

O

Voltage difference between two points in space - electric field.

Moving charge (current) through space - magnetic field.

Energy stored in static (d/dt = 0) electric and magnetic fields consistent with lumped circuit model
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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- Reflections on transmission lines
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arether forward wave , U= (ZeZe + i)'u‘_ + Ug, 2 - |
Zs+Za * J |
o |
tiy 2L
=
’ te= Vs = 20
ZeeZs '
Tpa =LF
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Fundamentals of EM waves |
- Sinusoidal waves on transmission lines

We sl now derive the  above using joéasgrs‘ arﬂ/

inelude He effect of losses, .
VIow vEt) = Ke ‘(\f‘z) esdé? (0] EX&.W‘Z/G
{{z’f,) = R ;I/ZJ doi @ A -JJQ’,AW.Q Line is Mee.sww[ of jf’z, and w(;um( 4o
l ’ have R= 42 afkm G= 02 _uS/hn
C = 5'4 nF/km

Low RE Mh’/km

ond the ‘Effjmfi\erls ,&?.1; ,r,ﬁ'ﬂ\ f’ofsr are
VUe,t) = cnt) , Ya fra?uucd s jL‘Hz} calewlade

-W = R. L ® Griven

=

ez i cAArat'f‘thf‘,'c ;r*f?ez{a.ﬂ(‘eJ a.#o_nuad’r'o/\ 3 n/\c{ DJE/QJ a."f
- _’\1’: Gu 4 Cr_%g @ o Fu"/\'i{ 10k o.fnu Ffhe //rig 4/50 w'r;ryle both +he

Re Aime domain  amd fn'mSov- formulae for \/e”ﬁae + coarrent Hhere .

BZV’Z) - ,‘.\‘@{ ‘J,_)(G‘J,_‘,C)_ \f(z) = }}’1 \{7_) @ %cfﬂ: W= 2w = 2nx o© [r/s?
v fro= @‘ Zs (_1th) - \/4-1 4J.<Jm\o’°_ 22 xi0” = | 4-2+43.13-8
0 2x10¢ 4 j ¥ 2mx ISt x S4xiC 02x104 ] 3 thnic ®

ozt

'il_ﬂ_}) 5 f((_'_.J'uC)(E’rJ‘.:L)_I@ = Z’lf(z) ®
27

= 652.8 /%%

e 7.,(:1](“1) s A TA -.J' Y ] =

{fon @ Y (qrH2) = \[@l_z ,.,JI}S)CO-Z;MO"H:\’3«d,‘|6’)x m

@ od® moy gns{fdw be Safm."‘#c dwg
Ce Y(ik#z) = o.o0033 +jororr [leri]

Ve = Ve@y+ Volz) = Vi & eV, e @
Yi @ x(t kﬂl) = ©0-00313 [NP/ lee |
(% (! l('i'\:-) = 0.020L [T‘oal/ km]

I0: Lie)+5@ = I % Twe

.
sa

)L/ere_ Y is colld He propedadion conglant : 10km  dowa  lines .
=P p ~0uE
Shere Y= oc+jf = J(Rejol)BejuC) (™ <= 0-033[Np] | LVes V. @ = 0947 Vo, (oMl
J J dJ
| hae Ta= LAy = LB = [0x 0022 - 3{&1.6]

atenuation constent L o) 2rio®

(_mﬁi&"-"" m—’ " e

[Mef] (pd/v] ] ok, ) = 0967 con(2maidt = 0:22%) |V (lok=) = 0947 P

g ) [487- [4 fopstial —i0x
= (oo st phase chumes) [ Zel= [E] () TeoYeo 01 @™ | s foad frdl, ipx 15 cofirndto ooty
<5 644 —193 [A]

/ / ; / )
The characterishi inpedance is defed a5 before. GJ

———
Zy = \_)f = —E, = jrz oL [n] [ o lossless ling, \j

Ie T \ G+ jwC \ %% /

:;J“Md )?‘G)L]C, ot adan 7 \P.,tm"_s/ﬂﬂ“f!._] @
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n
- Impedance transformations
e are offen 0/1(9/ inderested 5 sthad Agﬁ;wg ot Mov, back fowards Jhe saurce , fhe Jotal w/fge
e +ermima.ls G& mf:m( + om}mo of o HransmsSion ord “curreat ot ?{i L ‘f“ .
line ; rotber fhan what i betureed oﬂl\vfﬁ (& Vi= Ve Qﬁ + Vo %’ﬂ _T.v [Il]z
s usw/[d, 1‘mmcess1£l‘e Q.JLJCU). @ L= !f LS ;—" L -
Za - Tl &0
olvi nd for V, and  subsf, indo and
Iﬂ Su.cA Sr)lucu.liorts) /'1L 7 use-[’u-/ -1[0 ﬁm/e e Aol :?' :@ ;QIQ o MA £ et @ @)
. » 3 g2 Lt Lo
mode]  Hor Fhe  fransmission line o e§ (hm2e)
I .
T, T v - +_;I" J Nq'“\tm-l'-cqi . Yo -¥1 "W O-H ~
Tg‘#’ar ‘TB__‘ZT"" _.,T 1 wmeded de M= Ve _;C. v ZI, ¢ -2 <« V5 cahd oZaudm"\ﬂ
A Vo 2
—_— =
Zr-d Z=e Za Ti= i Q_“‘-(‘:“ - I. ‘Qr{—f Q-.” = Vs amh¥{ « o cosh ¥4
] circurd Hhee Zo "2 TR “Ze
NB: we row fl’Cme 2 z3 (Ju.n'pea' a.femr.m‘) =
zs0 o tood. Wodle/. i [\/] 2| emhwt zoaih uJ[ vll
L < Aanh T coh ¥ Ta
ﬂs:'n Ahege rfaq/e[s we will see how Aramsmission
i b for _impedance 4ransformadtion, ‘ -
/ﬂLS et E blSE&/ " m_'P and = = o (Jsv #‘L ﬂa#l,p{n.i"'a./ r’laO(t’./ we car] cﬂ-fcu{ﬂﬂ%‘ #«e
ond  how they can be wused as furpeo] _elements el ; )
7[ J 'F ) pm[;edonce seen lookin n 4o -/_kg Ffrongmission line.
" e :
e KJ M#% pu DAJ /gomf 5 a.van o foocl Z, . r'T-l
7, = dzin
2= Port model Impedosce seen ot z:-d  ine zr?_‘_
enerr»(} an c,Jr‘cLA,lJ: HI-‘{A an .'nf:urf o.r\a/ au.fFuJL -('ru—«@
can be modelled as a. eZ-foFf netedork -Qo(esm‘éed’ @ Zia= Vi = AVis BVayz, - Za<z Zicmh ¥ + Zoainh¥d Zu.ml\)’{)
bd perarefers as:_m[b -Pre?uch c/e]eena'enﬂ which = CVz+ DVa/z, Z, oinhll +20 coth ¥l

velofe the mf:ua‘ -~ our}:u‘f n/o//ajes + cu/*ren?ls
For 4romsmission  hies , fransmission ,DamMeflErs are best
Vil | R B][Va
[ I.] - [ C DHI; ®

i/P KMiSSion U/P

Materix
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/:WevaeJ quﬂl,ms (D) @ counld b writkn uan P= (2_ Z>/( 4-&

V= Vet CH PQ—,“{) So Z.‘.»:Z,'_*&ﬁ @
i -2 - peit
I = \Zicoe (1-p&™) o

The load impedance 7, is +ronstormed 4o look like Ziy BJ T-L.
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 Maxwells equations (point or differential form)
o Describe how EM fields vary about a point in space, r

H-w“ {lm& Fo;,w-l‘ 5 E-M  fields Wgé;e\.{ = the 7'{(5”0@‘\;451‘ laws.

(@)
(0] <. Db = pES) Coapzal Fags
@ J.BFA = 0
@ V% ET:)‘}' == /E)._E_(L{) -ro.rucio-m Low
ot
@ < % L-:‘T‘*,: 5’:{{)+'D DEL ‘..:J‘EPE.E - Maywell (o
‘ ot

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

wr = -

® D(Ft) = e(rE)EWF )
&) /7){'{ YH
JTEM) = oF E) Ef4)

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 B Vi
- 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 1)

— 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 B ViR
- Electromagnetic fields and waves

* Meaning of symbols, ISI units

5~1mbp'\s [units]

T [m , vodiens] A vector which denctes r:os.\{--ow\ E fv_m"] Ellzc{'r\f Lield udrma#ln} O Veckor f;e‘d'
n_spoce vrlative to some veference (Aom{ The g [T= We ]  Mognetic flux deasity, o vector LM
_ coordinade  system weed may  be any__one of +he a [Am'] rﬂcﬂnehc Lie\d <>’(ren34h, o vector Lield
orthoaonal gﬂ,—gl'/io]g__g_}q_fems rectanqular, J [Am*] Current d-er\sxlc:j & Nechor Creld
— 7;5{_{{3&@44 _S{Jj@rico\lﬂ o%c) but showld be < %rod\e.n*- oPero:\or' del " o~ _\ector ofero:\or
C/\Of’."f""__'/:q use  symeielries present in +the ea 10 3D w':d_\\\i\mr Coordwnales VU = ";%.*3;% ¥ k,{%
bounclar corro./.’lroﬂs_ where 0, §, Rk ore  unit yectors in  the
D LCwi™1 Fleciric £lox dQ{\SI'{J S vector field |, P S 2 direct ong w'ESPecmLNe\J_
e (a+ am:s instant in Hme) the flux o)\r:ﬂsdi\j The 6;1\0;;@.& of & gealar Lunction @5 V({D)
ﬂ‘o:j Whowe oo waique direction g\_c_i maﬁmhmla @:{ any poiﬂ‘f) _is 6 vector  which F\:QM‘S
o every point _in space. ) in the cdlirection of Sreaj(es+ dno.n\r}e € &
- VJ:Q.‘Y'&J_.C,%Q%E._JQ,‘SJ% 50 scalar 7{“.‘@(& " (eq, i OE tepreseiits dhe elevation of o hill asg

ie (o,* 0.\3 nstent  in Jﬂme) he Clho.rse O{QV’\%H‘J
Mab hove o umq‘u\e mq:sm\ucle ot ewer

pome in_spoace, (d@w:i%\ cloes ot love &‘\re,c4vo/\>

a function of position , thea o loall Placed ot T
on the Wl will ol in the direction of -T6),
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 Meaning of symbols, vector operators

T 4 i F d SroOdA ¥ + d { F 1 "
LB divernpreg | seslar oot of qrudient o0d weloe fiad  SOEEcurl , veshe prduc of gudient one veclor it
aa, in_ 3D fectilineor c<oordinates 8y AN "_ab r_e_d\\_meo_r c‘_ooid.nodes % -5)
= % 5 > = = 2 VxbE =[x Y Z |=¥2KR-2E)+Y2R-26)1ZQF-2 F
. =(ND :L)_ 2 % + ¥ ZF z :) Y = { .S o S
B, ( ng;yés_};:‘ Sf);géE_Ex_ e Fy 'n) Be %‘:) %, > © oz z ox ) ©x 4 )
T T T T a= S 7);»_? - E)z_L T e T - = F. N R

The G{“fﬁ“y’-me o o yector field (m‘ “”S (Jm’n+>
Wwes A 5ca.far' rleasure of fluy Flow oer
,or @?uf.l/afeﬂ‘?l'ly ,

pnit  volume source s#eryﬂj
cer _unit volume at +thaf pount, @3 v.5= @)

or ﬂ‘efof u’o.rfw[.'or\ mn +he d;‘rec«lron mn -ﬂod.

The diveraence  theorem relates the pei Hlux -ﬁou}vzj

J .
‘//‘-IOMSI’\ & closeo surfoce 4o +he

Soulrce

The curl of o yector -{:{e,[\& (0_4 cm& Pomf) fsiu'es

a  vector measure of 4he line intearal per unit area.

J
Tt is NoT 4 meosure of {ield curvadure,
but oo measure

enclosed ,

of {ield voriodion acroce ifS

direcd ion

of flow The otational UQ’[OCH:') of an
Ly Pa.ddla wheel I’D\o&ed ot
Pc\.ml in o field Mmeasuses dhe cosl of the

i\ﬂ('\u\HQ‘;( “’\0‘““\. f)v"\cku Some

er(:rg'{l-'iv"ﬂ —“he _ehclosed Finde volume. 1 A5 field  of 4ot (’0“"{-
® Els = [ N.Fdv R — S
i 4= P —— % (6)) vei=o
—  IxF #0 o =t

O.s woder Llow  over

o _sucfoce

_ Stokes teorem

_al'_'guno( 4 closed

en Magestic £ lux
Ck,f‘puu*& o. constont line curtent
yelates the line jndeqral of field
of Finide length

contour ; +o the ~fotal curl of

the field over aﬂJ surface enc/osea/ éJ the contfour:
b
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Special situations leading to simplification of equations

N n o 2) Coneditutive qrt\»\:x\.gw;
’ ) . o) isotropic media
&) tatic Lields
P p / )  haomogeneous wedia
b) Snusodol  (Hime- ha onic) Lreld e
r r o lineoxr wedia
€) charqe Ared current free ans
. J
\ { ¢ [ [ I:s . 2 o) H Mediws 4 oM@
a.) { 4 Cields depend only posidion . 4hod ig 3
. = o partu lar | PANS
. e 2gns O A becorie B / L
P S oxd_for —
(&)

Anisod Medio ore  arsed in  devices  such
) 0s  (faht polorisers however
S .
‘ A wont e (LAY | =
o mistl Course, So
K & | be a
= J « 3 2D
il ot €, M
¢ dorm of Moxuwells eqn '
Ft)= O W [ Medsum
ikt Yy proper Tj
2 Treceiore t
ore 4rwe S0, .
TxE = - 28/04 e
2
= “ g Sk
7.8 =0 NVxH= oD/o¢
@
i X ®b
Q te the symmeds of Moxwells s W free \ o
J /

Tdeal media ¢ \ c d
wnless the

{en

(eq oy

+he nclus

In wur\"‘(

Al medlio

A
5] A Medivem
ot +the

fquotions
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Fundamentals of EMI B acouarie

- 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 - Gauss’ Law, Faraday’s Law

Qod @ que £§B.d5 = (V.Badv=( pdv = Q@ , @ond@j,memf:}f.ﬂ-zj VxE.dS ,—,—%Jr B.d5 = — 20
3 e, v Jy < 2 - ° 8 oF
- e \_‘——7_<—c4h"‘ 7—;—_’— —_——
\—f—-d“i‘s e A \‘*—rﬁxu - Stekas #im. Maxwel!
@a \P = fﬁ‘i—é = Q GOLL‘;‘:; L—am\ @Ot. ?JYJ'F = —3-% Il_’q, ad‘akﬁ Lauws

S '] n T, < = J :
This gc\_:}e) 4lhe  4dotol electric ‘0\,\1 \gcw».\a o C!chtﬂd S Ut 0Ce Ihis Sone Aot the VOH‘OSO_ arauﬂd‘ a fDGP ‘é

equals the  enclosed C,L‘m‘aa equals (minus)  the rote of CI;\Q/‘:SQ of’ r«taﬁ,,,q.}ig flux  [inking 4L,

g\w-\‘\[\r{u\ @ o.v\cf @ ’a;ue @c\_ f g,:{g =0 = Qm

N 3 [ »
je. the dotel woanetic  flux  leaving o closed surince

(8 v — ’ - 7 -
s _zero  OR  oanetic  flux always links  wifh itse € forndays fou Ve p Eest =g || Beds = g
v | e N .
. P
FE { UxE «d
Gouss' / t &£ D dv = Q side
S JJg .
: .
oy
ot 'l I v.D d | Ix 3
1y ¢
I — _1®
2qua ntear ‘\(’.57 e | (]
Sim B-dS=0 v:8=0 |®
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Integral form of Maxwell’s equations
describe EM field properties over regions, instead of at points

- Ampere’s Law

@ andl @ 8:‘;6 = Mere

mmf = Ln.ﬂ 5 L IxH . dS =JE(§4§).DE - Ccn- E;%)L E.ds

S e - - —

ali e T T
ot
=Tc +Ip = L
@o. mm'szg Hodl = L __FAmperes Louw
L

This Says tod the m_a@f\g.ﬂ’g_r’_o_z’{sfe_. force _around a loop £
acimafs the  current ."fﬂf(—:nS o mmme.’(‘modz‘fﬁw" F}'mpe,-e’f, [0

by ao‘c(:mj o "chspio@_,v;emt” Comrwﬂmf’ of C_urr'eb’“%(j:nr- gg}_so (Noe-

QIWPQ.'—Q:S law obe.Jed c/mrje_ c_on%mu.f-/J (Qn X «—%E) for
+ime - \/ﬂtf}:nj fields (l:efor(} Masewsell n’m,oere’s lowws onfj
ofﬂe.dec( chorge co.qv‘mwl/}u for static 4‘@/55). g

The hJPa/h.ﬂsfs of o d:‘sP/aceMcn/ current led [lloxwell
fo_ the prediction of electro- maﬁn‘q#rc woes, (The_ N

Spe(;:‘cLL tleora  of -r-e‘-cx((u‘—:\{ oleo shows +he exisfence
f—

\J -~
of E-M waves, bul rMoxwell worked 50 Jeo.rs before Ens#em)
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B\ﬁ.m‘hc\&‘,

e [Fr']
A [He]
a LUm"]

¢ [we]
¥y [e]
I. [a]
Is.[A]
R ]
Qen (W]

% 9.2

Eleddric  permitrivid 9
mmswa%-: Pgrrﬂ%lci\ﬂ-:j
Eleciric  conducdivity
(ﬂaﬁne_lig Llux
Elecdric {luw
Conduction current due 4o flow of eleciric cLorJi
Displacement current due +o Cf—ar‘ﬁa in eleclrie  flux
Electric :}war%a,
1‘\"‘&3;.24 ic QL\urSe’ Cna.* ez igtent l\a-i\ @ o )

wnid  vectors  in <, 4 and z directions

the d‘a,pard‘ir.:,e of %\A&""{W"\'E_S oan__+firme Dle or SP(.LCQ s often

oritted For brcud:j );{or\'* let 4lis  conluse :«\cu\ >
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Let mediwum e linear

V(F.EN-V'E = 0 dE — e D'E

¢ ) =i ot . ot

b GZE = ODE — alé - YV P = O
A5 5% ALE D¢t ve

* L ed p=o (9_3. in  {ree space, hGMOJG.AEOu.s comdurior.g)
+hen  in 3D vectilinear coordinedes @© is
Db + T Ex + TE= = Ue DEx T e DT E,
T T S 5 2

DE543E3+D _.3_/“5'3*:., +,ue?)€

0

5,2-1 3‘3 2 f o
PE 'DI: + OE = U OE, 4 e D* E, J
o z* Dt I

iilac  reladions hold for the componenls of H

homoaeneous + isotropic

@&

JNE,: "g:o wes ossumegl .-MP’vanJ in us,,\j Ohpat [4@} 5;52‘ vl'o.‘l'Lh— 'flf‘a,y.

‘L (,Aaraa :.cn«[-'nur'ia VT = ‘af‘/at , m dervin Ui 2.
l‘ﬂ..i- V-TuH = O a YifTre :}éjf) E (:r, & %t) LD e (o eYye). P
£

——
vecdor idendid Tl
o d Paysell r Ot do pro (Fratimner
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or stedic {ield in

H:summq 1'/»2 +v€/0/5 Var S;nu:a.'c/a,/r’t N 74l %m?e ‘fle F,ig"pw’wfr[z

J
wave erns becorie (4,'n-ae-hwn~fc fore)

vlé’(f): V—fjb)ﬂ(ﬂ'.f\ju)e.) .';ﬁ(f') O o o
<A@ = tgep (o4 jee ) e (E2N

‘CN@ in_lingar wmedia , E-mM weves  with ﬁo:lsr,MSef'd‘m{ and

even ﬁori—per.ocf.r_ 4ime - variation can be STA#Aest'.Sad' éé

Sur)frr‘ﬂsr{-i(}) of  waves with aﬁoroj:rfmlc ﬁ‘e(fum,és 4 am’pﬂfua/es)

Also ,fcr sinlplicity | fed = -
D EA(‘F):QE,(?) (;q -ﬁ«e(a/ecf‘ri() Letd s ﬁ‘neorj /m:’m-.'eﬂ

othts polarisafions
i the x-direction , So E:'j = D) @ < n..fu) an
Supurns idion.

4han Since \_IXE:-‘!"AJHQ
E)Ex Zahz = HAY! n }—{ e}
)’ T o = ( = )

.a) ,Q(F);;H:’(T”) (fg Ho=0 also, +his leods lo one TEM
wave 4ruuet'/'mzi in the z_dir echon)

from  above E"’ o

. o.m-i from V. E =0 PEx = O
Dy DX

g

T o g3z
3
.
o T’
so E. ar-:J 'L"J aﬂ{j Va;;j in 4he Z—o/rrec;f:cm

also _fram  IxH= (orjwe)E, FHy =0, and from 9.8:0, s 0
-R

=z

[jmfer assumloﬂons 1) and ¢2) above Jhe wave @?utk‘/‘raﬂs Do, Da. becorie

e -TE. 20, DHy -PH -0 0@k
Dz oz

2
where 3/: J'L-.)/(A CO Uwé) (b/ is &./-’e‘di the Frnpaéa-fm-n .'cn&‘fom)
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Fundamentals of EMI ;;\‘
- Sinusoidal electromagnetic waves

By Ahe usual [iethods , or- %7 inspection , the solution D In free space =0, u=se _ €-€
fo Q?maﬂ(ﬁﬁfb @b is, o _ Fe ¥= jwldE ([3,; o JOE )
KY
e ~ - - g B s nmd the  Lorward +'-mre_l\-“r\3 Ef wowe is ZEZ € Foe z, =
Ez = E; P: y.::u»i—;z)e P # ‘ . ' — N&: F}H nyiof-:{ ? = RE! con[w(t —fmEz)] = TES Cﬂ(’*""fg”‘)
T E = X/e i + Ex € = j iy H= % Eg/”z coo[ w(t- e D=3 Ex eon (Wt - 32)
= {E@')E‘J'ﬁ} — — In fiee space , Efl woves +rovel of "
_ which your should Yecogaise_as Jhe _sum a('_g_{;rward's N oo . 2 x10% [ms]
_and bmgf:..mra/s ¥ra|/e//mj _wave , Esﬁ.gcg ¥ coniyplex ‘.473%;9.9,[‘ S LMo €
the mo.:g MJ be al‘vfemiaw"ﬂj as /Jr‘ﬂ,,'lﬂ,‘,jm('!ﬁ}. o and 4he infringic /If'?f}@r/aﬂcg ot fes space /s 7:!2:\ = 371760]
Once E  is known, H Hollows by  (or vice versa) =
il _ JJ“(V" é) 2) In god’ cono{ucf‘ors) conduction  current dominates
= over  dlisplocereat ('L.u-rm'l‘" se o P> we
O L --.___(E* 5 ‘E;é"‘) where B = -5 =jwpt = 7 ¥ I jeas \pu_cr (+3) = ==3g
- H’;) ¥z *HJ- aﬂ'l Hy* Hy~ Y o;nd\ the 'C\O(um.rc[ travell ing E_ weue is (J—Lsm‘or Lot wah phase ';im(‘l)
7 i5 the (NTRiNSic IMPEDANCE ~of B. = £f
" 4he ’::‘Lfi’!'i,,,, 7A7 —“ E. e‘“F‘( j = Z) ("Sﬂf“d(t 2 Z)]
Ao i = ,Qe{f Ju(érj@z) Y sl A = x " cov(wt-fz)
] vz Th W loeit V = A3 7
e phase ve gld s < ;}) (ms']
e . ; = —
It has Hhus been shown Hhot a possible. solution of the and _ infrinsic m/”e”/q’”e 2 J%}‘ = ('*d)\/vi;_% (2]

Helmholtz e?ua/fons s o wave , trawelling i _a linear,
hormogeneous _ang isofropic sieslium  snthoud boundaries The _skin depth is a measure of depth do which dhe

_such  that +the E field and A dield are o.vercj“gﬁe,_»g N E-rl wave Fravels inte the crma/ﬂor
/Jet‘/at’.'d‘v'(uf!l/ 4o each ofher and 4o +the direction of T == -;/2';‘;' [m3 i -
PfO{D03O«.'/tOV7 (ju/ﬂ_ n é::rz ExH ) E.e = E e % )

imraor'fon-f ,parﬁme/e,r:; of 11/1&,,{',’73@/‘_‘%_’1',’, wgﬂf_‘d‘ Wove

Y = ot dﬁ’ [—-ropﬂsa“\\c\n covistont of 4he wedium

ot R() alenmation  conslond of 4he Medim [Ne.#

> =Im(¥) phose censtont of dhe medium N LTJJ‘]

7? =Jw/£/‘( intrinsic W{Dedance of e medium  [ad
Wp = ¢ ve.!oel-b of wove n dhe mMedium Cms']

A= 2T/ mme%wsll« of wove N dhe wediuwy [m7

Nn= s refractive index of +the medium 01 40



Fundamentals of EMI
- Boundary conditions
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WHEN A WAVE ENCOUNTERS, A BOUNDAKY

BETWEEN MEDIA_ WTH DIFFERENT  [NTRINSIC
INPEDANCES | THEN N oOFDER FoR THE FiELps
AT _THE INTERFACE T0O SATILEY EouNDrwy I
conLiTioNS A REFLECTED WAVE [IND TRANSMITTE]
WAVE MAY  RESULT
G.Mi;LOG.FS: ) REFLECTIONS onl TEANSPIISSION  LINES Tz,
UNMHTCHED SoukCEs  OR LariDS Zi#Za, ZstZo
2) NON - rAx iy FowE R TrtINGE ER N CIRNITS
LIHTH LOARD UNMEBTCHEFD TO SOURCE Z ¢z
HOWEVER, THESE rFVrEOGIES —FRE oONLY GoaP LIHER
- ING FLONE LIAVES — NOEAMILY INCIDENT g7
FLHNE  INTEREFCES ,  WHIES CAN _fILSO  JuEET7T  INTERFICES
OELIOUE LY ).
7

PEVIED  of BOUNDAKRY CoNDmONS

Eosicalls "1‘:}.'.(&\(-‘7" ol  cormponentis of E gnd H

ér‘ ol\qrﬂa\l\\gq '_,\ ‘-r\er-\‘oi coy l‘)nw-:w\.-'g o D ard “J
ISt

2 LY
bz continnous ocross +4he boundory .

D TENGENTIAL E DOES NOT CHANGE AT EONDARIES

ek - — e
a.[x lEn j;E.m’ =3[8:% =>0 as 50
‘L, ELol -E.bl=0

Ei- Eyq

[ie. AxE -E.)=c]

NE  if one of the media s _a \:Qr‘fé:_*

conducior | +then Ei = EBaa=0 [!l F_*E_;::o]
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2) TANGENTIAL  §

wAless There is

DOES NOT cHANGE AT BouNDRARIES

o surfoce carrand )

S0.MQ

Us-‘:s

Selup as Gy,

Hedl = §(3+25).d5 => ©
% i‘ St/

s S—=o W lm 3,b=0
O

% (e 5D £inide)
aa Huve Wex [ie.. F])ﬁ(g.'q1>: o J
However ,wa \uer-(o:l conducdor LQ‘S gu,‘;ercgr-du\dor>
all  infernal m.aﬁm_‘-:nc (ields are zero due 4o I
gurfoce currends. In Yhot cose l.i::‘; T:= 3, (Ar'] 0 ’-. /ﬂ}
bl Hu-0, Hivs 36 bl a::‘:?ﬁe

|

% wnlse there i
NOT CHANGE HT

BOUNDARNIES (a Sar{oce charat)

= O as 5= 0
Dny 45, — Daads, = O

[ie 7.(B.-Buk 0]

if F (:n‘.l.e(l:ﬂ

&0

Doz Day

Dy
Homk'-:zr ,ma Iser(ef‘l conducor (k:,,nae resides
onl ot the sur{oce Lim e pe [Coit
S &vo e . )
+hen D20, D= P
[ie AD, = s ]
4) HNoemAL B Does HoT cHANGE AT ROUNDARIES

Ua.as

Sorme

Yo Bare Baw

';o,h\.\s as ()

§5r—__\

.ds = ©
[ie. 6.(B,-8.)=0]

In o ._:.uf,a.—:o.r\;{ucL:r’ Bz Brnaz 0O [[G_ 7.8 =0 ]
SUMMARY  of  BounDARY COND ITIONS
= finile = A
@ (€ -F) =0 (hyedsl £) AxE=o
(G Ne(Bi-8)=0 (pored €) A.B -0
@ ﬁx(n.-ﬂz\) =0, + Js ';{J*"’” F“"ﬁ‘:IS ICLE
& F.(0-D) =0, o pu f poee i B =py [ce]

ooy
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Fundamentals of EMI

B Jacouane
- Reflections of plane waves

» 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)

\j NoRmMALLY INCIDENT

+ A [+ %z -
Fi:\"’ | in medium @ j E = (Exwe a + Erw 9,”> X
- | +- | ” = = /. F.
= B ; ‘ Exa—» (_{,ae lechwee 2 { H, = (E:,J,,Q,K'l — Expe™ >_-7J; Y
[ )
Pl
iy Hye | Hag
3 3 | T p A = -Xz -
| n medium @ ( E.= ‘.(E—',(:,.,‘?z : > [
ﬁ N 4 -z N\
N[ Ma Vo, (Erw”-‘/‘ﬁ\:’
2
= ot A'vlr\g ‘.’_)rju.-f\cl(L-,'\\ (7,: Q)
1 r =
4 S for B ft’w Exuo + Ex.u = E::zo b:} BC‘J ©
5 - et
r _ -
{for H fields Exio = Exp = Exte by (@3 &)
N, Ny
N order 10 aeiwne Exi , B C/"'n_m 3! ‘u) 1) lerms
y Bz L e, Hyzo,
of 4he ncident EF, (l"l:"w) we  defline
\ ~ 1 } |
f_(—;):g_c,t_qu- (C‘QL‘.’\_\C_,;.’:A‘ oG VEEiB uE‘T\{‘C ewl —ﬁ-\Q 1( g_idg oA @\ Aney ‘.(,J’l CC | e bo rl’u'.: ore ‘l".I\P’E rore
= . - . A - s [ v L1518 = — 4 [ oh 4z ]
i E:Cm 'l:; - E:.;w fz) in medium o E| — ng.n)ﬁ. "-/VflAf-i: e 7 , H =Y I__z o € =1, ,:“\‘g z ‘,
Exlo Efe f l\’m_« 7 (O Yt |
e
dhen © and ) Moy be mn"'cgmn: Pe
S . . r ., oz Ao
o | Pﬁ = T D in medium (@) EL =¥ Exie B _771_ . e 3 H= Zx r-_l/,?
7 b
@ l— o = 77 /4‘/‘ il
: /" - @
) . Py - N o | 2 /e | - 2 3
@: 1. ~T£’ T = 27, The frockion of incidend Po,ucor % +rone lwl'ta'! Fa/ps | IRl
N, +7] M.+, at 4he inderface { Teflecied P /pt = |RI? @
! ¢ . f
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Fundamentals Of EMI ﬂ MACQUARIE
-8 University
- EM waves - summary

- EM waves in free space (EM radiation)
o antenna =V<&-E, 1€ H "transducer”

e Guided EM waves

o TEM (two conductors - transmission line; V, |)
o TE, TM (one conductor, dielectric > waveguide; E,H)

* For all waves, two fundamental parameters:

o Wave impedance, Z(z) = EX(Z)/Hy(Z) = V(2)/1(z)
real part 2> energy dissipation
imaginary part > energy storage

o Propagation constant, y = a + jB = jou.(c + joe)”2 = jou/Z
o = change in amplitude with distance — loss, evanescent fields
B = change in phase with distance — propagating fields moa AL L

o Z=iouly AT
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Fundamentals of EMI

- EM wave impedance, near vs far field

" MACQUARIE
-3 University

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)
- EBEH=2,=3770Q

» Most low frequency EMI
conducted or induced

SCHOOL OF ENGINEERING

WAVE IMPEDANCE (OHMS) E/’u ‘

f [MHz]
1
2
< < ¥
Dycar-field < A/27 < Diar field 10
20
aa, wire anteana, 50
5K |- 100
wr= ELECTRIC FIELD PREDOMINANT—
3K — Eac1/r3, Heo 1/r2 200
2K |- 500
1K -
PLANE WAVE
Eec 1/r. Heot/t
500 |-
400 [~ T Za=3771)
300 |- ——
~~ "AGTUAL
200 |-
TRANSITION
100~ F"‘ REGION _’{
S0 MAGNETIC FIELD PREDOMINANT —
40— Hec1/r3, Eccl/r
30
20 ey loop antenna
e — — NEAR FIELD-—————— —-——f«-———FAR FIELD ———-3-
10 | | |
0.05 0.1 0.5 1.0 5.0

DISTANCE FROM SOURCE NORMALIZED TO A /27

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

A/2w [m]
47.75
23.87

9.55
4.77
2.39
0.95
0.48
0.24
0.10
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PART 3 — Overview
- EMI reduction strategies

" MACQUARIE
-3 University

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

n MACQUARIE
-3 University

Modulating one or more parameters of a switch driving signal, q(t)

a(t)T
. —> o &—|
:<—>
0 : & t
| | |
e T ] |

redistributes energy in frequency domain

|
i
Af, 1t Af,
>
A /W\j_:
il
Amplitude | || Amplitude E-g/w\
Before After Ll
Modulation| [Modulation i E
~ 1/ il
o
i\
Y Y %
fo
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Reduce EMI Generation
- Classification of PWM techniques

lvi

"% MACQUARIE
-8 University

Modulation Style SCHEME Sub classification
PWM -
Periodic PPM -
OR QRM+PPM+
fixed carrier
Aperiodic frequency
(pseudo-random, CFM with Fixed
chaotic, Duty cyle
deterministic) CFM
CFM with varying
OR Duty cyle
Random* CFM+PPM+ _

fixed duty ratio

CFM+PPM+DRM =

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

SCHOOL OF ENGINEERING

Pulse modulation parameters

Switching cycle
duration (T,)

Fixed

Fixed

Fixed

Variable

Variable

Variable

Variable

Pulse width (a,)

Variable

Fixed

Variable

Synchronised

Fixed or
Variable
(not synched)

Variable
(synched)

Variable

Pulse position

(£4)

Fixed

Variable

Variable

Fixed

Fixed

Variable

Variable

Duty ratio
(a/ Ty)

Variable

Fixed

Variable

Fixed

Variable

Fixed
(synched)

Variable
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Reduce EMI Generation B Vi
- 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

&) Comeron \r\\wedawc@ rou&)\;nrs - = -
This doogM wwolve (o\;‘:l.na of eleclric or r\f\anel\c {elds  yra
non- conductive madra, _but (gu(ﬂmi between  cireuils  whick
hove scome conductive Fn.rj‘ WA Cowananh, The mos! common

such sifuadion arises in “‘jmufdmj" different /Dou“fS of o

ofrewit

o=

Carrents  throwgh cireuit 3
9

4o earth  vaise the ‘eartl”

) po'fenl;cs.[ seen lo\:) ceds [ and 2.

— \ /\ / Read P.—cbl‘cms occur ,‘f’(‘o‘_ emw-pfe)
o B il e cirewd | s senstive ana"’j Cc#;‘j" and

- earth yeturn —z= R+ jwils
Zor 3 are clﬁ(jl)[ﬂ’, (Jr('u!/ﬁn

Currends  in any oue circudd
g(’D not aa\ecnf dhe £11:1’L

~rew'"erencg of OmJ other.

F‘-‘e-rer:ccl cgnmc‘-w\ {Lor
circ h\,\is 4bad a"equure
Comrion qrou ~d".

(a?‘ "Inu'—aj audio - f‘refua.m‘e:)

The oloove Sidusdion is ene of dhe me)/es'; that can occur
Phra other ripre a;f‘lﬂfar sifuadions arise_, but  won'f be
cou&»ed f'.ere Eera wse n’s. not reaN‘ '.pr'el'ols 1 moues.“ Ma f'c: rio. /

Eje(er Ho —#\g é;ook b(j 07‘.'[ i[ Mw‘s’res#ee{,
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Near Field EMI Reduction

MACQUARIE
University

- Minimising capacitive coupling

® MNEAR FIELD N i —
Ta dYrs  cose e can  comsider  the  effect of
elecie  and maanetic  felds sepm%elé, In fack,
circwil  theory can  be used do  wodel, the elediric
and n\ajnei‘c nderactions involued .
The most corimon _inferfererce ’proéﬁ?ms encountered C(.s/:eciq/l’
within o pice of e?urprv_venf) are _due 4o pear field ca,_,f:/,rg.
e_& at _1MHz , the near Lield oplends Tom ftom Hhe Source.

PROBLEMS and SOLUTIONS.
0] Copm;h\iue (lechric  near field) wuph‘ma

The mvoc\lonce bedween  4wo  wires
(or ony  other shaped conductors) can

be calculoded using wethods learnt

dwe conductors olsove n e/e.c 1’1 ro‘_:_; Jof ics”

o %rcuu\d ‘:\!U‘e eb £or Lo i:mrai\c\ wires

2h = distonce belween conducters Ln(,’ll»./m)
I C{‘“‘ <U\’ Tadivg  of conducters )
v (D QZ
Gy ¢ 3 :
= if {?"ﬂ < Zmz//lczj ~then \/;_=Jw RCa Ve
So clmr‘\j *F;C‘SU'P on conducior 2 is
Proeor-\;onm\ 4o freriue/\cs’ -'mFeda/:ce fo Jrcund,
capocifance from Source , sa’renj#\ of Source
Solutions: D lower imreo\cmge wet eorth of Tecciver”

—rovas wires a.pnpf

i) qeduce ca.[m:.'f:\/c couu,ol'f;'gi. IS i T

WY  increose C,%’ Clﬁ —keep  woires close fo ground plane
%)
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C~ 218 e [pFfn)

Shield w\% 70-3:»._{».«'5-1' electric  dield (ou{;Lm:Sg .
i) Swmrd f((\a on cireuid &aom(,s 'Q'f: p
Gs

eas. ) cooxial calle

e —

A Cbg Rtﬂa

=
C|3 - C;ST JVAI

ofc#m"{j within Hhe shield® then oll electric field

coupling  bedween conductors | and 2 is eliminated,
(N‘m‘e?} fhere is no such {Arj as o Perfecvl aruuﬂ&/ or ,BErﬁU’

shield jn praclice , but Hhey can be rade predy Jana/, with cnre.>
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Near Field EMI Reduction
- Minimising inductive coupling

@ In&\x(l"\jq_ (ersnuic ear f.a\ci) Cour:!'-mj

o
_— L('7§T —
e = -

MACQUARIE

bdq

-4 University

2 Raa The mudual  induelance belwean -Hwo
) ﬁ)'ﬁ‘- /‘ La B igops carnf(na [ow C@f{un‘c\-j currents
v / con be colewladed using Ma{L\orJS
R: i B
_1,! Lp;uneci. in  Maanetosdadics

Vy = JQMI‘

- | Soludion: veduce M = A éé //z' z:[_(-z
wd S E G L8 T
Rll

e, IN-T

1e seduce Maanedic -ﬁux I'wka\jcs L;quw;
Jhe Hwo  cicuits

— lncrease disfance befueen ¢ ircwidfs

X tenath
decrease  area enclosed E\\j each circmdt <briocltl.

WOOG eJ u-d'a..:,sqlea/ pors of wire Ly uliens

|compting via
ST # use shield for refum current ’pa#.‘@ﬁ;) =~-~vv;
é T _i/ best [eave C Note: Srnw\glmj of Loth ends con canse

wnearihed
-= ot ona and

Fra‘cler«s at audio frequzﬁcfes becouse

of “eorih iec‘o<_,“ - maise currenl can

flow in shield, and Hhis couples +a
the cenfre conductor,
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Far Field EMI Reduction i
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- Minimising radiative coupling

® FAR FiELD. . — -
electric and  moqnebic  {lelds
are  considered +e6e4uer C_ia e_\ec%rorq_aan_e#-'c _wwes).

In 4his cose  dhe

encounters _an electronic cuy<cuid , some
Conver r’ee/ 4o \/o/-/‘ajn_g

then 4 wave
oa[‘ -Hﬂe 2ve
and _currents __jn Ahe cirewid which g_guaifj

m the wave ray  be
are 7ot LJQLJPC(.
vc/vfuuqes

@'3' when o wove encounters o TV or vodio anfenna

and curreqfs are mclureg/’

The  most ef¥ective  method of  teducin rodiofed inferLerence

is ghielding, Shielding o ffecdiveness yaries with #P‘IUGMJJ
eomdra of shield, ~clirecdion of incidence and {aniar\‘t_:.crlxon
of 4he incidend wave . Well consider o plane shield aad
ils effec{ on =» ','J/a/re wave. -
o _plane wove sirikes o plane (ondu.C-lu"s Sheet
veflected. of 4he first boundar

e 1y F"”" is
) PQ_H s +ronseulled  inlo dhe
& ollennated oo it
wrthin  Jhe corv/uc!'ar)
WYy fmr'} of whod qemains js reflected of _the
(cma’ 'ES f;,nr“nev d.vss’pond’ bj :ono/u’JD/)
W) part s Aransei fed Fas/ the shield

conducior ond g

trovels (ie  absorption occurs

cecond bound

“Total 5L\\a\(§;r\3 effectiveness s
S= A+ R +B [48]
where Al = oldsorplion loss  [de]
R = teflechion loss [l 3
B = correchion  Jaclor  for mulliple rellections [d€)
in shields fess 4han about one skin deplh Hick,
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ex_c_eng in {hat case _J"S_&SL{QL’.’;hM/ Q);

_?eﬂec.{;o-r\ loss . i =—

neble:ll.\\S M“H\?\Q velleclions w{f{m.\ VJLe sﬁiuglé ‘(-ana’ '2.1;5crp#;0n>

ot Airst &nu"dar:j 1 fcs;(”f’) T My [1- )_f—_{'_u__ S
— 2”25 Eqy = 27s IL/L'I —
.170" 12;.. e . 4["{,1('5,_ S
at scconJ bouﬂdﬁr‘a = Eéz:- 290, FJ.} o T 22_;_ H‘“
S R A N—
= — x40, £, 2 417 /s _H,
ety o

Usumﬂb Mo > 7, _se

eleciric _{reld ma_m(ﬁ veflecled +fom first érmwc/a.rlj
pjajmj:'c . " second
OJ‘d’ 5 = f’/{ 1 2 ‘f" -/A ==Z0 /O 20( Zaly
N =7 o ‘r‘{z':‘ —— 5(‘ 7o 4} oséuz;u
(R= neflecton_les Cde]

Aeides
Noker n.{ler.l o loss
olvo spplies in

near greld lout
Z#7

7/9, covcluctors 7). Wﬂ [, ond 7, = 377 (n)

;. R= 395 +Jom3(£) [d&]

(ou = 50208 [yi)) Gor E, 1203 1/2uber
Rlosorphion lose r 1202 2ubpr
A wave prope. “4"8 in o conduchive weclium f"e““‘ €5 Lece

ex‘:or\au\{\m”\s [ ame\ itude as Ef(z)_= E e,

Share. ez L = \Jhicr [NP{'\ 1 ( Q\M..cf\m -ﬂhts)
° R W sears
~F=u— fiads

So A= 20 Co(j (Q,z/s> = &9 (z:f./g) [4e] (ic 9dB_per skin JzﬂE
(where d = thickoess of shield )
Prin shields
8= 20 log (1= €79 (de]

Correcdion  for

(ﬁfjt’fr #s__phase shi s
inYshield since dé{)\)

This correction is usually wof 'r«:'?u,rea/ excep? _af  Jow

{f—eciuenues or in perfect concluctors or very dhin Lilmg



Far Field EMI Reduction
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- Minimising radiative coupling

PLANE WAVE

250

150

s
REFLECTION  — =——0 _

TOTAL SHIELDING EFFECTIVENESS (dB)

50~ /
-~ ABSORPTION
e
”
0 | e — =1 1 |
0.01 01 1.0 10 100 1000 10.000
FREQUENCY (KILOHERTZ)
Shielding effectiveness of a 0.02-in. thick copper shield in the far field
o o 15!
Note well Aftenuation of waves due +o  shiels Aerived
o.bove f’efre:,enﬁ +he  best possible,
# In proctice |, /qo.xf»jﬁ of waves Ahrough sears [ornTs
/ q . , W
_ holes in fhe shiefd is far ~iore significant Than feakage
[V v
Jhrouch he shield mater al ise
. e hole s
- Discontinuitres Such as holes and sSeamS Can for™
! ¢ I
wovequides  for +he  ncident vadiation
i
- Leakage occurs eouven +{wroL:jL\ a wayequ —r,,ff below cutoff :
J U
S+ 30 d/ [dE]
where S = chie ding prc\;.dz'l by »nuts-u‘i? belows  cudol =
d: levqfh of qu r‘f( ;’_a
- d b |
M o

4= /ur-—jed linear odimension
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Solutions: - use conductive doaskets ot oll jointg
= keep 4he  [finear cfimension of afcvj
disContinurhes as s~afl as
Hl T (]
I ‘ I - oucts ‘ |
| cumnesr LI \
| i s O | lololdplofold
‘ \ T
” 11 \ |
LX) | scnomor | HAEY 40 db4 RS RRET)
“o — — J —_ -

o
Elfect of shiedd drcmmimctry om maagmerscally ndueed shveid current

®

5
@&
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Reduce EMI coupling B acouane

 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 9 Jacoume

 Additional material to be included

EMI/EMC Measurements
— conducted EMI — LISN
- time-frequency relationships
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Conclusions B acouarie

« Switch-mode power electronics becoming increasingly common in
modern power systems - Internet of Energy.

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

» 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).

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