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OBJECTIVE

» To have general idea about EMC testing, standards and limits

» To understand EMC challenges specific to power electronics designs —
in particular in the view of new semiconductor technologies like SiC or GaN devices

» To understand the basic EMC debugging process and instruments used in different design
phases

» To learn about how to use oscilloscopes during the design phase to debug EMI problems
» Case Study
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BASIC INTRODUCTION TO EMC AND EMC STANDARDS




WHAT IS EMC?

Conducted EMI
Radiated EMI
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MODES OF EMISSION

Conducted EMI

Radiated EMI

» Magnetic radiation » \oltage disturbance

» Electric radiation » Power disturbance

=
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MODES OF SUSCEPTIBILITY

» Magnetic radiation » Voltage/ current disturbance

=
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STANDARDS

International Organization for International Electrotechnical Commission Comité International Spécial des
Standardization (ISO) Perturbations Radio (CISPR)

Federal Communications Commission

- - European Committee for Electrotechnical
(FCC) ' Standardization (CENELEC)

China Compulsary Certification Bureau of India Standards
(GB - GuoBiao) (BIS)
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EMC STANDARDS STRUCTURE

Measurement methods and limits, adjusted to
Product respective product group

(e.g. CISPR 11/15/32)
Standards

Generic Applied when no product standards present and
Standards are divided by operation environment of EUT (e.qg.
IEC 61000-6-x)

Basic

Basic requirement on
Standards measurement methods and limit levels
(e.g. CISPR 16-1-1, CISPR 16-2-3)
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CISPR SUB-COMMITTEES

CISPRA CISPRB CISPRD CISPRF CISPRH CISPRI

Measurements & Protection of on-board & off- Household appliances, tools Measurements & statistical

statistical methods ISM RF apparatus board receivers of vehicles lighting and similar equipment Sets limits for protection of methods
E.g. CISPR 16 E.g. CISPR 11 E.g. CISPR 12, CISPR 25 E.g. CISPR 14, CISPR 15 radio services E.g. CISPR 22, CISPR 32
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CISPR EMI STANDARDS (COMMERCIAL PRODUCTS)

CISPR 11 CISPR 14-1 CISPR 15 CISPR 32

Industrial, Science and Household Appliances Lighting Multimedia Equipment
Medical
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DIFFERENT EMC STANDARDS

» FCC Partl5

Conducted Emissions

Frequency Quasi-Peak Limit Average Limit
(MHz) (dBuV) (dBuV)
0.15-0.5 79 66
R 0.5 - 30.0 73 60
0.15-0.5 66 to 56 * 56 to 46 *
Class B 0.5-5 56 46
5-30 60 50
General Radiated Emission
Frequency Field Strength Limit
(MHz) (uv/m)
30 - 88 90
Class A 88 - 216 150
(10 meters) 216 - 960 210
above 960 300
30 - 88 100
Class B 88 - 216 150
(3 meters) 216 - 960 200
above 960 500

Rohde & Schwarz

» MIL-

STD-461E

Description

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 50 kHz

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

CS104 Conducted Susceptibility, Antenna Port, Rejection of 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

Ccs114 Conducted Susceptibility, Bulk Cable Injection, 10 kHz to 200 MHz

CS115 Conducted Susceptibility, Bulk Cable Injection, Impulse Excitation

CS116 Conducted Susceptibility, Dampened Sinusoidal Transients, Cables & 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, 10 kHz to 40 GHz

RS105 Radiated Susceptibility, Transient Electromagnetic Field




DIFFERENT EMC STANDARDS

» EU Standard (Emission)

Description

Standard

EN50081-1 Generic emissions standard for residential, commercial and light
industrial environments.

EN50081-2 Generic emissions standard for industrial environment

EN55022 Limits and methods of measurement of radio disturbance
characteristics of information technology equipment
(Also known as CISPR-22)

EN55011 Industrial, scientific and medical (ISM) radio frequency equipment -
Radio disturbance characteristics - Limits and methods of
measurement
(Also known as CISPR-11)

EN55013 Limits and methods of measurement of radio disturbance
characteristics of broadcast receivers and associated equipment

EN55014-1 Emission requirements for household appliances, electric tools and
similar apparatus

EN55015 Limits and methods of measurement of radio disturbance
characteristics of electrical lighting and similar equipment

EN61000-3-2 Limits for harmonic current emissions (equipment input current up to
and including 16 A per phase)

EN61000-3-3 Limitation of voltage changes, voltage fluctuations and flicker in
public low-voltage supply systems

» EU Standard (Immunity)

Description

EN61000-4-2 Electrostatic Discharge

EN61000-4-3 Radiated Susceptibility Test

EN61000-4-4 Electrical Fast Transient/Burst Test

EN61000-4-5 Surge Test

EN61000-4-6 Conducted Immunity Test

EN61000-4-8 Power Frequency Magnetic Test

EN61000-4-11 Voltage Dips and Interruptions Test

EN61000-6-1 Immunity for residential, commercial and light-industrial
environments

EN61000-6-2 Immunity for industrial environments

EN61547 Equipment for general lighting purposes — EMC immunity
requirements

EN12016 Electromagnetic compatibility — Product family standard for lifts,
escalators and passenger conveyors — Immunity
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CISPR11 LIMITS

CISPR 11.
Group 1 and Group 2. Class A and Class B.
Conducted Emission Limits [Mains Ports]

e l 7lk . Group. ]715I:;\ | I Plk
A VAL Coss . Guasipek | | |
30dBuV Group 1 (>75kVA). Group 2 (> ). Class A. Quasi-Pea
| 125dBuV
125 t } -
120dBuV Group 1 (>75kVA). Group 2 (>75kVA). Class A. Average.
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3
% - G 20kVA, <75kVA). G 2 (<75kVA). Class A i-Peak i ]
? 100d8uy Sroup (_ T VA, €75 ). rour (s ). Class A. Quasi-Peak.
2 95 . .
"
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Frequency / MHz
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EMI TESTS IN SUMMARY

CISPR 11 HOUSEHOLD CISPR 15 CISPR 32

ISM EQUIPMENT LIGHTINGS MUTLIMEDIA EMC

CONDUCTED EMI
(MAINS PORTS) v v v v

CONDUCTED EMI
(TELECOM PORTS) v

RADIATED EMI (MAGNETIC FIELD) V V V
RADIATED EMI (ELECTRIC FIELD) V V V V
POWER DISTURBANCE V
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SETUP AND TOOLS FOR EMC MEASUREMENTS




SYSTEM CONFIGURATION

Receiver Transducer Device under Test

LISN/ ISN/ .
Absorbing Clamp
.

<<
EMI Test Receiver
<
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COMPLIANCE RADIATED EMISSION TEST

EUT
- -
3600 ‘
1-4m
Horizontal & Vertical
Polarization -
R —————m .
<
N

3or 10m

N
7
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iiti& | Turntable Control Unit

=

Switching Unit

A" _| EMIReceiver

I EMI
Software

---------



COMPLIANCE CONDUCTED EMISSION TEST

Ground Plane EUT

Controller

Test Receiver
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COMPLIANCE EMC TESTING: MEASURING EQUIPMENT

_ﬂh T y ‘ -
| L
71
\\\
‘;
Antenna - electric radiated emission Antenna — magnetic radiated emission
—
! ® rompE&sCHW 2

o
AEPORT ke
- 'Iiff:" >
| A 155 R
B8-WIRE ISN for CAT y 85 |
"3 uuuuuuuuuuuuu = y

b -

ISN - Conducted voltage Current probe — conducted current Absorbing clamp - disturbance power
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LINE AND IMPEDANCE STABILIZING NETWORK (LISN)

» Stable Line Impedance as a function of frequency on the power line
» Prevent External Noise (from the power line) Coupling in
» Provide an RF noise measurement port (50 ohm)

» Characteristics are defined in CISPR 16-1-2

LISN 50 uH
L1
OF l rm\—l—:o to DUT
C1 2
!;d;;rzs =0 to EMI Receiver
R1 R2
o 0
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PERFORMANCE LEVELS OF INSTRUMENTATION
SELECTING THE RIGHT TOOL

EMI receivers compliant to ==
CISPR 16-1-1, FCC (40 GHz) .
MIL-Std S

-

. Full

Compliance EMI testing 3O compliance

CISPR 16-1-1, 26 GHz s measurement
TR ———

EMI testing referring to limits Top class spectrum analyzers

[I-l-g--_-.m o i Pre-compliance measurement General purpose spectrum analyzers
Lo or compliance measurements = . ; e
« to CISPR 16-1-1 Ed. 3 [ & *, | FSV3000

L — [ ———

without relation
to limits

Diagnostic ﬁm:l
measurements = -

s =0n 000888

Receivers Scopes & Spectrum Analyzer
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COMPARISON BY FEATURES

Auto-ranging

EMI detectors / bandwidths (K54 Option)

Limit lines (K54 Option) Only masks / indicative
: e Very high / Very good : :

Dynamic / Sensitivity High / Very Good Medium / Good

Log-scale View (K54 Option) (some models)

All Some No scan
Scan R (Sweep, step, time-domain, zero-span) (full bandwidth measurement)
Time/frequency correlation possible (real-time option) (real-time option,

selected models)

EMC test lab

(in-house or external)

Typically available at Pre-compliance test setup R&D department
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Pre-compliance

Simulation Compliance
Debugging

Simulation Tools Oscilloscopes Spectrum Analyzer EMI Receiver

- RN .|"“ -

Often iterative

\
~

Cost
incurred

~

~
Cost-effectiveness & ~ ~
available measures S~a

Preventive measures

Manufacturing
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PREVENTION IS BETTER THAN CURE
L r

Similar to medical check-up for preventive health care, we diagnose early on circuit to avoid future issues
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EMC STANDARDS VS EMI MEASUREMENTS

Test Receivers Oscilloscope

\AAAAAAAAAAAAA/ I s

: Antenna

Near Field
Probe

EUT

JYVVVVVV e

RAAAAAAAAAAAAL

Anechoic chamber

|

Typical EMC Measurement EMI Measurement with Scope or Spectrum

» Near field measurements
» More noise and less accurate

» Cheap and flexible
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GENERAL EMI DEBUGGING PROCEDURE
ANALYSIS STEPS

A) Far-field measurement C) Reference measurement without DUT

D) Interferer current

B) “Know your DUT*: measurement to find
List of potential interferer sources out the coupling type
Clock frequency e.g. 25 MHz + Multiples
Ethernet PHY e.g. 125 MHz + Multiples E) Nearfield probe
Voltage converter / power broadband to localize the interferer
adapter source

F) Analysis of counter-measures
Rohde & Schwarz



DEBUGGING EMC PROBLEMS WITH OSCILLOSCOPES




EMI DEBUGGING WITH SCOPE IS NOT NEW?!

[DYJAsia

Design Centre ¥  News Centre ProductCentre Resource Centre Webcasts

Path: EDN Asia >> Design Centre >> Test & >0 for EMI debugging? Really? (Part 1)

Test & Measurement Share | Print
Oscilloscope for EMI debugging? Really? (Part 1)

31 May 2013 | Alvin Ding, Markus Herdin

Share this page with your friends

with the availability of high-performance oscilloscopes providing powerful FFT analysis and excellent noise

performance, a new tool exists for debugging EMI problems. Based on the results from compliance testing, the

oscilloscope proves to be a valuable tool to quickly understand unwanted emissions and identify their root
cause. Having access to both time-domain and frequency-domain, in the same instrument, allows for faster
analysis of unwanted emissions. Since the oscilloscope is usually available at the desk of the design engineer,

itenables debugging of EMI problems in R&D and allows tests before going to the ENC lab, thereby

significantly increasing the likelinod of a successful compliance fest

This is the first in a series that discusses various use cases and highlights limitations of high-performance
with powerful FFT for EMI

New digital oscilloscopes, such as the Rohde & Schwarz RTO, which we will use in this use-case analysis,

bring EMI debugging capabiliies directy onto the desk of the design engineer. This model offers front-end

sensitivity that compares with spectrum analysers and allows simultaneous access to both the time domain

and the frequency domain.

You (D emi debugging + B3 embedded

cracxing the code to systems development

) n DEVELOP! ESSENTIALS & EDUCATION MUNITY

ARCHIVES

Practical EMI troubleshooting
with a mixed domain oscilloscope

Al Debug

Real Tim suppies, high speed system
transmission line an
integration of wireless interfa
these technologies can lead to issues that are transient, ko

oot variable over

ity. Adding to the challenge
dependent, and highly

With budgets and time pressures greater than ever, it's critical that designers worki
embedded systems test for potential EMI issues and head them off as early in the design
nal tools oflen are not adequa
Fortunately, the combination of a pract
he mixed domain oscilloscope (MDO) help eliminate
orporates a wideband spectrum analyzer along with a traditional
gnal oscilloscope, heiping to make troubleshooting transient RF and EMI signals
faster and more efficient

Better instruments progressively changes debug methodologies
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EMI DEBUGGING WITH OSCILLOSCOPES?
YES, WE CAN! (AND ITS VERY HELPFUL)

» Available on every R&D engineers desk

» Oscilloscopes show both time and .
frequency domain L

Preventive measures

» Today’s oscilloscopes provide excellent
sensitivity and usability

Rohde & Schwarz



SPECTRUM MEASUREMENTS
OSCILLOSCOPE USES FFT

Conventional
Oscilloscopes

f, = start freq

gl SW f,= stop freq I Display
processing H
Record length > f
Data Acquisition Windowing FFT SW Zoom FFT Calculation

» Calculate FFT over entire acquisition

» Conventional Scope usually acquire one RL and reconstruct FFT then go on to acquire the next RL to
compute the next FFT = Missing sporadic event

Disadvantages of conventional FFT :
» Very slow speed / update rate

» Limited RBW due to insufficient RL
» Complex configuration (TD settings)

1stacq | \—\——’ | 2"acq

FFT 1 Blind Time FFT 2
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SPECTRUM MEASUREMENTS
R&S MODERN OSCILLOSCOPE SPEEDING UP FFT

f, = start freq

HW or SW
processing

f,= stop freq

Record length
Data Acquisition Windowing FFT SW Zoom

Advantages of R&S approach:

» Higher speed / update rate

» Good RBW without magnification

» Flexible configuration

» Multiple overlapping FFT able to find
spurious faults

» Calculate only FFT over span of interest
» . = center frequency of FFT

Rohde & Schwarz



MODERN SCOPE FFT CAPABILITIES

USING OVERLAPPING FFTS

Rohde & Schwarz



BASICS: SPECTRUM ANALYSIS ON LAB-CLASS
OSCILLOSCOPES

TIME-GATED FFT APPLICATION: SWITCHED MODE POWER
SUPPLIES

v Time Domain|

18v R —

400ns Pulse

18V

14y

v

— 800 m

Oy M S0/
. o i | Rec len ksa RT
I g setiings
ime bomain

Mode:  Auto
- Type-At Edge ¥ Chi
mag(Chiwimi) [ TR N | AT ¢ Offset: 05
\Raw 593.8428 kHz 7 H Level; 140964 V
i - ) U H |

{800 my

— 400 mv.

Zomy__ S0ps 004 204 204 e B e o o

Gated FFT

1
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BASICS: SPECTRUM ANALYSIS ON LAB-CLASS

OSCILLOSCOPES
SPECTRUM MASK FOR CAPTURING INTERMITTENT

EMISSIONS

User-defined
spectrum mask

\ 4

“Stop-on-violation”
function

\fl\!\l n{\\’\ A ol Sl e e i ‘

1
Analyze underlying source
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CREATE MASK TEMPLATE ON FFT TO SIMULATE LIMIT LINE

Pre-Compliance Analysis with Scope

» Conducted Emission using LISN

* 9 kHz — 30 MHz

:::::

aaaaaa

* FSV trace 1 = Max hold / Pos Peak RTO FFT1 = Normal mode
* FSV trace 2 = Clear Write / Auto Peak RTO FFT2 = Envelope mode

Rohde & Schwarz COMPANY RESTRICTED



MODERN SCOPE FFT CAPABILITIES
CORRELATION OF TIME AND FREQUENCY INFORMATION

RTM3004; 1335.8794K04; 100899 (Beta 01.420 2019-01-22)

ha m < s y =2 " s Auto 4.369 ps/ Complete

Undo Delete oo Anng. T| me covera g e

Waterfall diagram | ! ; Time-frequency
helps to show short i L T ' LN correlation of emissions

emissions AL !
t1: 500.053 ms

dBUV Sca”ng ||ke in :- | Stt-Jp: I-GHz Center: 500 MHz ~ Span: 1 GHz RBW/: 151 kHz \W: 25.48 ps

EMI measurements

ﬂMW& i 1

Color coding display Directly set'start, stopl
for better visibility and resolution bandwidth

37 Rohde & Schwarz



LAB VS MID-CLASS SCOPES FOR EMI DEBUGGING
COMPARISON

Feature

Lab-Class Oscilloscopes Mid-Class Oscilloscopes

RTE1000, RT02000 RTB2000, RTM3000, RTA4000

Direct frequency setting

Time-frequency correlation

(Widely) independent choice of time scale and frequency settings v
Overlap FFT functionality v
Frequency masks v
Time gated FFT v
Log frequency scale v
dBuV scale v
v
v
v

‘AN A

Waterfall Diagram

Rohde & Schwarz



EMC APPLICATION FIELDS OF OSCILLOSCOPES

ESD, EFT and

S oD Burst Calibration / ESD Tests

IEC5100043
Radiated RF immunity test configuration in chamber.
Note that equivalent configuration in LaplaCell

ndgr‘:qurez sigificantly
‘Screened chamber
Err
.,_H_H.H.
abaing
= L
Field Feedback
obe
Our focus area here » EUT Monitoring » Burst calibration

» ESD testing

In R&D In the test lab
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EMI DEBUGGING WITH OSCILLOSCOPES
EXAMPLES

Radiated Emission Conducted Emission
Debugging after failed Pre-Compliance or Compliance Pre-test and debugging in the R&D lab

Rohde & Schwarz



SWITCHED MODE POWER SUPPLIES AND EMC




ELECTRO-MAGNETIC EMISSION (EME) SOURCES

Capacitive Coupling
e.g. via heat sink I
or parallel plates

Emission from inductors

_____ Common Mode
Radiation

Ground plane

Large voltage drop when GND =GND

Rohde & Schwarz



IMPACT OF FASTER SWITCHING AND STEEP EDGES ON EMI

Tlme Domain

TR |

16kHz Square wave 16kHz Square wave
with 17 rise/fall time  with 10ns rise/fall time

Frequency Domain

dB 4
-10
-20

-30

High frequency Harmonics come
with higher levels

-40

Fundamental (16kHz)

3rd Harmonic of 16kHz
5th Harmonic of 16kHz
7th Harmonic of 16kHz

-50

20 50
Rohde & Schwarz

—_
o
o

200 500 1000 2000



EMI DEBUGGING
CASE STUDIES




CASE STUDY why @mife

OPTIMIZING WIDE BAND-GAP SWITCHING

0 Ohm gate
» Change gate resistance to modify switching behavior ——

resistor:

Transistor turn on
Vds  fall time: 3.3ns

) oo ‘

¥

by
——4

Gate resistor
(0 -50Q)

l VdS ki VAV SN ANAAA e cmmiimnd]

K

10 Ohm

gate resistor:
[] & 21003 10002/ Stop % 1.0V

Transistor turn on
» The gate resistor will increase the switching time of the transistor. ~ Vds  fall time: 16.2ns

» This helps to reduce the high dV/dt and therefore the EME. Fre

Increasing the gate resistor will also increase the switching losses!

RS

\w\_’\’
R SESS SSSSS S R
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CASE STUDY why aife

OPTIMIZING WIDE BAND-GAP SWITCHING

Shaped gate driver signal

Fast gate driver signal

538 Emission EeemeeeIRRASIRREas L S A R A SRR

},
Spectrum
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CASE STUDY: Verify L2 Pre-production
POWER SUPPLY comnce I
DESIGN COMPLIANCE H

® e *nre a . -
-~
= h‘?"!ﬁ ]
P Jin j
My ot
| R
| LT ] T
| M -
| by
*DUT courtesy
from Wiirth

Compliance
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CASE STUDY:
POWER SUPPLY
DESIGN COMPLIANCE

2018-06-06,
18:27:14

Pre-compliance

Rohde & Schwarz

L2 Pre-production

Compliance

® -
- T e = _
=
% h‘?l'i =
P N W
N | ]
ar I

Center 12.24744871 MHz Span ©0.99985 GHz

Compliance
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