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Agenda (Day 1)

1. Introduction '
o Overview of Electromagnetic Compatibility
o Coupling Mechanisms @
o Analog, Digital and Power Circuits
2. Circuit Components and Parasitics 5. Noise Sources and Coupling Mechanisms
o Resistance, Capacitance and Inductance o Integrated Circuits as Sources of EMI
o Absolute, Self, and Mutual Capacitance o Parasitic Oscillations and Unexpected Noise Sources
o Self, Mutual and Partial Inductance o Coupling Between Noise Sources and Antennas
o Component Parasitics o Differential Mode to Common Mode Conversion
o Estimating Parasitic Values | 6. Grounding
3. Signal Routing and Termination o Definition of Ground
o Tracing Current Paths / Concept of Least Impedance o EMC Ground vs. Current Return
o Transition Time Control o EMC Ground vs. Safety Ground
o RLC Circuits o Ground Structures and Grounding Conductors
o Transmission Lines 7. “Ground” in Mixed-Signal Environments
4. Identifying the Unintentional Antennas o Analog and Digital Components on a PCB
o Essential Elements of an Antenna o Power Ground
o What Makes a Good Antenna o Ground in Circuit Simulations
o What Makes a Poor Antenna
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Agenda (Day 2)
8. Filtering 11. DC Power Distribution and Decoupling
o Insertion Loss o Effective Power Distribution Strategies
o First-Order Low-Pass Filters o Choosing and Locating Decoupling Capacitors
o Second-Order Low-Pass Filters o Low-Inductance Capacitor Connections
o Component Parasitics o Isolating PLLs and Other Sensitive Devices
9. Transient Protection 12. Power Electronics Design for EMC
o TV5 P'Odes and MOVs o Board Layout of Power Electronics Circuits
o Thyristors and GDTs o Filtering to Control Conducted Emissions
o Whento Uselt o Component Selection and Placement
o How to Connect It
10. Shielding
o Electric Field Shielding
o Magnetic Field Shielding
o Shielding Enclosures
o Cable Shielding /ltm\\\“ |
e
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Agenda (Day 3)
13. Key System-Level Design Considerations
o For Conducted Emissions Tests
o For Radiated Emissions Tests
o For Radiated Immunity Tests
o For Electrical Fast Transient Tests
o For Lightning Surge Tests
o For Electrostatic Discharge Tests
14. An EMC Compliance Strategy
o Reviewing a Circuit Board Design
o Reviewing a System Design
o ldentifying Grounds, Current Paths and Antennas
o Recognizing Safety Critical EMC Issues 15. Specific Design Examples
o Performing a Worst-Case Analysis o Circuit Breaker
o Ethernet Interface
o Examples Provided by the Class
16. Course Summary
o Review of Key Concepts
o Resources for EMC Problem Solving
LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Designing a product that is guaranteed to meet all these requirements is relatively straight-forward.

Fixing a non-compliant product can be difficult and costly.
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Question for ChatGPT

How should | layout my printed circuit board to meet electromagnetic compatibility requirements?

Designing a printed circuit board (PCB) to meet electromagnetic compatibility (EMC) requirements involves careful consideration of several key factors. Here are some
essential guidelines to help you layout your PCB for optimal EMC performance:

1. Signal Integrity

[ Trace Routing: Keep signal traces as short and direct as possible to reduce inductance and resi
minimize voltage drops and electromagnetic interference (EMI).

ance, Use wider traces or planes for high-current paths to

1 Ground Planes: Implement solid ground planes to pro-
A solid ground plane also aids in minimizing cro

| and maintaining signal integrity.

[ Signal Traces: Route high-speed aps
guidelines. Use differential pgi

ing to trace width and spacing

2. Power Integrity

1 Decoupling Capacj
(e.g., 0.1 uF, 1 pF

Of capacitor values

O Power and Gy
that they havy

hat power planes are adequately bypassed and

3. EMI Reduction

0 Shielding: Incorp
to minimize the gap

g layers to block EMI from sensitive components. Design your PCB layout
[ Component Placement: Place sensitive components away from high-noise sources like switching regulators and high-speed digital circuits. Isolate high-
frequency components to reduce their impact on analog or low-speed circuits.

0 Layer Stack-Up: Utilize a proper layer stack-up to improve EMC performance. Typically, a stack-up with alternating signal and ground planes helps in
controlling impedance and reducing EMI.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 7

Question for ChatGPT

4. Trace Routing and Layout
1 Avoid Loops: Minimize loop areas in signal and power traces. Large loop areas can act as antennas and radiate EMI.

[ Use Short Return Paths: Ensure that the return path for a signal is as short as possible, ideally beneath the signal trace on the same layer or on an
adjacent ground plane.

0 Grounding: Use multiple ground vias to connect grous<
approach if applicable.

Qqplement a star grounding

5. Board Edge Considerations

0 Edge Traces: Avoid routing
grounding to minimizg

pdd an edge connector or

0 Edge Connector,

6. Testing and V3
y, power integrity, and EMC to predict and address

«r10 conducted emissions tests) to identify and resolve issues. Make

iterative de:

7. Compliance with Standa

0 Standards: Familiarize yourself with relevant EMC standards and guidelines (e.g., IEC 61000, FCC Part 15). Ensure that your design meets these standards to
pass regulatory testing and certification.

By following these guidelines and continuously refining your design based on testing and simulations, you can effectively manage electromagnetic
compatibility and ensure reliable PCB performance.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 8
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Learn to Recognize Design Errors that Result in EM Interference

Bad Layout Advice

0.1 uF Capacitor

0.1 pF Capacitor

Bad Stackup Advice

High alet foop:
Va, HS-FET, LS.FET, PGND, C

Bad Layout Advice
Quiet I/0 ground

Noisy digital/analog ground

Via to GND plane

2025 1) e 1

C 2024

mocco=oc=oooo g
5 | Medium-speed '
% GND and few routings. 1 components 1
— 4L 1 1
—— - i o
1M Resistor oM e FESSES ! : High-speed 1 1
i | components! ! | |
2023 2023
Bad Decoupling Advice Bad Layout Advice Bad Converter Stackup
o] T Lok
Via to VCC plane cool 4 = /a2
e o o CcmN D Co ic
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- ﬂ — = [ _PeND || |
) ) ] e,
, I 3 e o m o ) ] [] [renD = /] 2nd Layer
Cl gn == 1] [ esmmamonn] [ [ Sotarer
o~ ¢
o oi I o o o o athLayer
o o o R

Not connect VIA
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@ EMC Design Guideline Collection
O Rules that work well in some designs
Over the 25 years, we've had. itie work with a wide variety H 4
e e e o Dy | some pepte ot coms or can be completely inappropriate for
this time, we've g..mmel:e;i afull‘l:m?is of EMC dt::g.‘l;;\lt\e:x f;‘é":;.i elh:mr ;!ar_nps. v}; ,gm to collect EMC .
: ol o e : .
o s Lt L oo gt other des|gns.
‘We've published our favorite EMC design rules (the good, the bad and the ugly) on this web site, Rules on this site were
collected primarily from lists maintained|
books, technical papers and application | o
e Some of the Worst EMC Design
: Guldelines O Many rules widely published in
P = —) books, app notes, and data sheets
Cireuit Board Layout are NEVER appropriate.
Circuits on a printed circuit board should be grouped by type with power circuits closest to the connector and
If you have a guideline that you'd be| high-speed digital circuit furthest from the connector.
info@LearnEMC.com. Be sure to indic:
W This design guideline (or variants
B ot e 0 Complying with a long list of EMC
o | R deson e T oot . . .
ignores e fndameal e Gt y A design rules is a terrible way to do a
i vy bigh speed il Sgnas s s b dl
e et o AW oard layout.
in an attempt to keep the digital -
components avay  from the
e
It is certainly important to consider
the function and speed of components when deciding where to place them. However, any general statements about
Placement is important, but design guidelines that dictate placement without considering the function and signals
associated with the circuits are very dangerous.
should be gapped betwe I d digital circuits.
few) situations where gapping a ground plane between analog and digital circuits is a good idea. These situations are
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 10
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| Essential Elements of an EMC Problem

All EMC problems have a source, coupling path and victim.

Coupling Path

Victim
(Receptor)

Lightning Cables Integrated Circuit
RF Transmitter Antennas RF Receiver
High Speed Data Trace Common Ground High Speed Data Trace
Electric Motor Power Lines Cell Phone
Arc Welder Parasitic Capacitance Electronic Controls
Video Display Parasitic Inductance Video Display
LearnEMC 2025 Electromagnetic Compatibility Principles and Design il

Coupling Paths

There are only 4 possible coupling mechanisms!

O Conducted Coupling
O Electric Field Coupling
O Magnetic Field Coupling
O Radiation Coupling
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 12
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| Conducted Coupling aka: Common Impedance Coupling

stg Rs2 I b
ValQY Ve Ri + Riy +

RRET _ -
A/ <

IRET

Requires 2 conductor connections between the source and victim.
The only mechanism that couples DC level shifts.

Most likely to be dominant at low frequencies, when source and victim share a current return path.

O 0O O O

Most likely to be dominant when sources are low impedance (high current) circuits.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 13

Conducted Coupling

Examples

Lights dim and radio dies when automobile engine is started
Power bus voltage spikes are heard as audible “clicks” on an AM radio using the same power source

An electrostatic discharge transient damages a system component

O 0 0O D

A lightning induced transient destroys the electronic components in an ECU

Solutions

Eliminate common impedance by routing return currents independently
Reduce common impedance by using a lower impedance source or return path

Isolate signals in frequency by filtering

0O 0 0 O

Isolate signals in time

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 14
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Basic Calculations

Common Impedance Coupling in a Ribbon Cable

A 10-ohm function generator sends a 1-volt, 3.0-MHz sine wave to a 300-ohm load through a 0.75-meter ribbon cable. The return wire (ground) is
3.0 cm away from the signal wire in the same ribbon cable. The radius of each wire in the ribbon cable is 0.32 mm. Another wire in the same cable
is located 0.17 cm away from the first signal wire. This wire is also attached to a 10-ohm source and a 300-ohm load and uses the same return
(ground) wire as the first circuit. Calculate the coupled voltage and amount of crosstalk (in dB) due to common impedance coupling between the

two circuits.
' |
:’— 317 cm_‘:
! e—— 3om —— 10 ohms
o000 00000000 < 300 ohms

| signal 1 return wire
signal 2

. 1 1 6

Ocy@3mHz = =38.2x10"m

" Jafuo,, J7(310° Hz) (47x 107 H/m) (5.8 <107 5/m)

| 0.75m

Roie = - = =0.169 Q
6,2ma8  (5.8x107 S/m)2x(3.2x10* m})(38.2x10° m)
300 V. 300
Vo, =R | =——— | ==81(0.169 Q)| ——— [=5.44x10*V. — -4
RL2 ~ 'RET RET(3OO+1 Oj 300( )(300+1 Oj RL1 VRLZ = 544 X 1 O VRL1
v = -4
Xtalk, =20 log 2| = 20l0g|5.44 10| = -65d8 544x107V
RL1
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Basic Calculations
Common Impedance Coupling in on a Circuit Board
Two circuits use the same circuit board ground plane as the return path for their respective currents. One circuit drives a solenoid actuator and
exhibits peak currents as high as 10 amps. The other circuit is a 3.3-V digital signal. The half-ounce copper ground plane is 10 cm x 15 cm.
Calculate the maximum voltage in the digital circuit resulting from common impedance coupling from the actuator circuit.
O |
oy
[ Actuator: 12 Volts, 10 Amps peak
— —.
Digital Signal: 3.3 Volts 10 cm
Resistance of half-ounce copper is < 1 mQ/square e B R e 5 i R T
End-to-End resistance of board: < 1.5 mQ 1Scm
Voltage induced by common-impedance coupling: < 15 mV
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 16
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Electric Field Coupling aka: Capacitive Coupling

>
Vee § Veu

Requires 0 conductor connections between the source and victim.
Coupling proportional to dV/dt.
Most likely to be dominant at higher frequencies.

Most likely to be dominant when sources are high impedance (high voltage) circuits.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 17
Electric Field Coupling

+ o no
Examples

0 Coupling from circuit board heatsinks to cables or enclosures
0 AM radio interference from overhead power lines
0 Automotive component noise picked up by the rod antenna in CISPR 25 “radiated” emissions tests

0 Microprocessor resets due to indirect electrostatic discharges

Solutions

0 Eliminate electric field coupling by reducing the voltage of the source

0 Reduce the impedance of the victim circuit
0 Increase the distance between source and victim
0 Redirect or interrupt the field using electric field shielding
0 Isolate signals in frequency by filtering
0 Isolate signals in time
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 18
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Basic Calculations

Capacitive Coupling in a Ribbon Cable

A 10-ohm function generator sends a 1-volt, 3.0-MHz sine wave to a 300-ohm load through a 0.75-meter ribbon cable. The return wire (ground) is
3.0 cm away from the signal wire in the same ribbon cable. The radius of each wire in the ribbon cable is 0.32 mm. Another wire in the same cable is
located 0.17 cm away from the first signal wire. This wire is also attached to a 10-ohm source and a 300-ohm load and uses the same return
(ground) wire as the first circuit. The relative permittivity of the insulation is 2.0. Calculate the coupled voltage and amount of crosstalk (in dB) due
to capacitive coupling between the two circuits at 3.0 MHz.

) 1
e 37—
e 3om —— 10 ohms

000000600000 300 ohms

l H .
signal 1 return wire

signal 2

c el 7(20)(8854x10 Fm)(075m) V=V, RIIR ‘: Vi, 9.7Q ‘
= = =256p (1 )
” o d 1.7mm RLHRHJ[/ ]‘ 97q+j V
h'| — ) oC - J 6 2
“ (Za] cosh (0.64 mmj *2 21(3x10° Hz)(25.6x 10" F)
9.70
Vg7 0072
7Q+j2072
=47x1073V,, =4.7mV
Xtalk, =20 log| Va2 | - 20log[4.7x107°| =-47d8B
RL1
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 19
Magnetic Field Coupling : . .
aka: Inductive Coupling
Liq
A%r M, :ij
Lo
R, Rs, + +
R.,
Vg3 V. Ve Ru Ve

Requires 0 conductor connections between the source and victim.
Coupling proportional to dl/dt.

Most likely to be dominant at higher frequencies.

O O O O

Most likely to be dominant when sources are low impedance (high current) circuits.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 20
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H-Field Sources

¢ ]

Magnetic Field Coupling

Examples

0 LF coupling from power transformers or motors
0 Coupling from solenoids or low-gauge wires

O LF noise in a handheld AM radio

Solutions

Eliminate magnetic field coupling by reducing the currents in the source
Increase the distance between source and victim
Redirect the field using magnetic field shielding

Isolate signals in frequency by filtering

| I I W W

Isolate signals in time

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 21

Basic Calculations

Inductive Coupling in a Ribbon Cable

A 10-ohm function generator sends a 1-volt, 3.0-MHz sine wave to a 300-ohm load through a 0.75-meter ribbon cable. The return wire (ground) is
3.0 cm away from the signal wire in the same ribbon cable. The radius of each wire in the ribbon cable is 0.32 mm. Another wire in the same cable is
located 0.17 cm away from the first signal wire. This wire is also attached to a 10-ohm source and a 300-ohm load and uses the same return
(ground) wire as the first circuit. The relative permittivity of the insulation is 2.0. Calculate the coupled voltage and amount of crosstalk (in dB) due
to inductive coupling between the two circuits at 3.0 MHz.

' |
l—— 37om—=
D le—— 3om ——» 10 ohms
eececcccccoe 300 ohms

' ! .
signal 1 return wire

signal 2

Kol coept( 9 )¢ 7 o[ 30mm ' 300 v, 300
L, =—2cosh™| — |=(4x10" H/m}(0.75 h'| ——|=1.36pH = 27 |- ° 6 RN 272
n=—-cos [23] (4x m)(0.75 m)cos [O.64mm H Neso| =[ioL,1 30215 1= 27(3x10° Hz)(1.3x10 H)3oo 300170
/ . N — -2
L,, =2 cosh™! 4 =(4x107 H/m)(0.75m)cosh” 317mm)_ g 3 pH 7:9x107 Ve,
n 2a 0.64 mm i
30 xtalk, =20 log| 12| = 20log|7.9x102| =22 dB
. RL1
L, =kL,, ~——1.38pH=1.3pH
3.17
(This is slightly high. Anywhere from 1 pH to 1.3 pH is a good estimate.)
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 22
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Basic Calculations
H-field Coupling from Lightning to Electrically Small Circuit
Holly Homeowner decides to put a wireless access point in her garage. She buys a bundle of the best shielded Ethernet cable she can find and
strings it from the roof of her house to the roof of the garage 10 meters away. After hooking up the cable on the house side and making sure the
shield of the cable is well grounded, she runs over to the garage to hook up the phone. As she holds on to the cable, there is a stroke of lightning
0.15 kilometers west of the house. Modeling the lightning stroke as an infinite current element, what is the voltage induced across Holly due to the
magnetic field coupling?
by = =0/
28 kA risetime = 1.0 psec 27/'( poH Area of \oop)}
I falltime = 1500 psec
~— { 10 metersxSmeters)}
A 47x107 H/m )
T =9 f‘{ 2nx155 meters (SOm )
I (neglect displ
(neglect displacement current) o %[6 4510 Henries]| ]
<«—— 10 meters ——p o
meters 76.45xm*tw] 0<t<1Tpsec
1x107° sec
of —28x10°A )
~{-6.45x10 [MJ Tpsec <t <1501psec
4—— 150 meters ———p 7y 0 otherwise
5 meters
/F -1 Y - [-1.8x10° volts 0<t<Tpsec
= = ~! 1.2volts Tpsec < t<1501psec
0 otherwise
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 23
Radiation Coupling
0 Requires 0 conductor connections between the source
and victim.
O Source and victim MUST be far apart (e.g.; greater than a
wavelength).
O Most likely to be dominant at higher frequencies.
0 Requires something that behaves like an antenna on both
the source and the victim.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 24
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a

Radiated Coupling

Examples

Operation of ECU interferes with wireless communications

Coupling from distant cell phone or FM radio towers

Failure to meet FCC or CISPR 22 radiated emissions requirements above 100 MHz

Device failures caused by a wireless cell phone or DSRC transmissions

Solutions

Reduce efficiency of the unintentional antenna
Reduce coupling between antenna and the source/victim
Isolate signals in frequency by filtering

Isolate signals in time

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

25

Analog, Digital and Power Circuits

Analog audio and video signals

Temperature, humidity, pressure, and position sensors

Solenoids, motors, heaters and other actuators

Receiving antenna signals (e.g., radio receivers, GPS, WiFi)

Transmitting antenna signals (e.g., handheld transceivers, WiFi, phones)

ON/OFF signals (e.g., enable, reset, status)

Low-speed communications (e.g., RS232, 12C, CAN)
Medium-speed communications (e.g., USB, HDMI, CAN FD, A2B)
High-speed communications (e.g., 10GBASE-T, GDDR6X DRAM)

Low-voltage AC or DC power distribution
High-voltage AC or DC power distribution
Motor drivers

Solenoid drivers

Heating or cooling circuits

Digtal
Circuits

Connector

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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| EMC Design Guidelines

EMC Design Guideline Collection

Over the past 25 years, we've had opportunities to work with a wide variety

of companies to solve circuit-board or system-level EMC problems. During Some people collect coins or
is time, we've encountered all kinds of EMC design rules. Some of them stamps. We like to collect EMC
are helpful, some not-so-helpful, and some practically guarantee that your design guidelines.

product will have EMC problems.

We've published our favorite EMC design rules (the good, the bad and the ugly) on this web site. Rules on this site were
collected primarily from lists maintained by companies for internal use. Additional rules were gleaned from published
books, technical papers and application notes. Please note that LearnEMC does not endorse any of the EMC design
Tules (we prefer to call them "guidelines") on this site. Like stamps or coins, our collection is being put on display for
your information and entertainment. We hope you enjoy it!

If you have a guideline that you'd be willing to share, please email it to
info@LearnENC.com. Be sure to indicate the source. We'd like to hear from

Some of the Worst EMC Design
Guidelines

These guidelines tend to cause more EMC problems than they prevent.

Circuit Board Layout

Circuits on a printed circuit board should be grouped by type with power circuits closest to the connector and
high-speed digital circuit furthest from the connector.

This design guideline (or variants
that indicate other groupings) is
probably responsible for more crazy
board layouts than any other
individual EMC design guideline. It
ignores the fundamental idea that
different boards have different
functions. We have seen boards
with very high speed digital signals

you. routed all the way across the board
in an attempt to keep the digital
components away from the
connector.

Rem o L o B It s certainly important to consider
the function and speed of components when deciding where to place them. However, any general statements about
placement relative to the connector are more likely to produce a bad design than a good one. Usually, but not always,
it's a good idea to put the components that send or receive signals through the connector nearest the connector.
Placement is important, but design guidelines that dictate placement without considering the function and signals
associated with the circuits are very dangerous.
Solid ground planes should be gapped between analog and digital circuits.
Probably a close second in the competition for the worst EMC design guideline every conceived. There a some (very
few) situations where gapping a ground plane between analog and digital circuits is a good idea. These situations are

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 27

| Key Points

U Don’t rely on EMC Design Guidelines

O Be familiar with currents and current paths
0 Learn to recognize good EMI sources

0 Learn to recognize good antennas

O Be aware of fundamental EMI radiation mechanisms

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 28
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Important to Keep in Mind

‘A rough estimate of the
dominant EMI problem
is more useful than
a precise calculation of a BpOC

Prof. Tom Van Doren

negligible problem.’ r_k::_,_‘__ s

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Circuit
Components

u8isag pue sajdipuld Aljiqnedwo) dnausewo041da|3

and
Parasitics

Electromagnetic Compatibility Principles and Design
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Voltage, Current and Resistance

Y

ohm's Law: V =IXR

O <"

O Circuit designers normally neglect the resistance of the connecting wires.

0 EMC and signal integrity engineers must be able to quickly assess the resistance of various conductors
and determine when these resistances are negligible and when they are critically important.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

Resistance

For a conductor with a uniform current distribution:

J=oE

I des‘:j GEXdS‘
S S Uniform current flowing in a
cylindrical wire with
cross-section S
|=o|E[|A
| = cA—
¢ 0
Vo R=— ohms
—=— oA
| oA
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 32
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Quiz Question

The D.C. resistance of a 5-cm trace on a printed circuit board is,
a. more than an ohm
b. less than an ohm

c. about 1 ohm

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 33

DC Resistance of a Printed Circuit Board Trace

R= L ohms

cA
Trace length =5 cm
Trace width = 0.25 mm
Trace thickness = 17.8 um
6, =5.8x107S/m

- 0.05m
(5.8x107S/m)(0.25x10° m)(17.8x10° m)

=0.19ohms

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 34
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Resistance per meter of #24 Telephone Wire

At low frequencies:

Rt __ ¢t 1m =84mQ/m

oA o  (58x107S/m) x(0.000256m)’ |

T

Radius of #24 round wire

Conductivity (o)
Metal in siemens);nf
Copper 5.8x 107 o \ /
. 3107 Conductivity of copper (and
e e approximate conductivity of \ (
Gold 4.1 x107 most excellent conductors)
Aluminum 3.5x107 \
Steel ~2x 108 |
Sea Water 4.8
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 35
Skin Depth

At high frequencies, electric fields can't penetrate good conductors very well.

J=0oE amps/ m? Wi Current density falls off
4 exponentially with
T distance from conductor
/ surface.
Relationship between ‘
conduction current ]TH“ ...........
density and electric X0 -
field
— —(/mfuc |x -X
J|=J.e (i) _ J.e % amps/m

where skin depth is defined as: o = meters

1
\rfuc

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 36
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Skin Depth

The total current in the conductor can be determined by integrating the current density from the
surface to planes deep within the conductor.

: : 1$ c=0 >0 5
» _J.O 1.|dx ezt :,[: ). |dx
o 7“/5)( -
] - [ eV o lJl i
Jy A= :
JO _ o e 0
“ m x=0 JDA ,Jio
_ :
5 5 m
TT T f*‘ ............
x$0 —X— xza )

The total current is equal to the current that would flow if the current density on the surface
remained constant for one skin depth, then suddenly dropped to zero.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

Skin Depth

For the purposes of calculating resistance, conductors that are several skin depths thick can be
modeled as though they carry a uniform current that penetrates one skin depth in from the
conductor surface.

Actual cross-sectional area:

A = na?

AN

Effective cross-sectional area:
Current density within wire

A= [naz] - [n(a - 8)2]
approximated asa uniform
current penetrating one skin ~ Zna 6 fo r 8 < a

depth into the surface.

At high frequencies, where current carrying conductors are several skin depths thick, the effective
cross-sectional area is less than the actual cross-sectional area of the conductor. This increases the
resistance of the conductor.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Skin Depth in Copper

Frequency Skin Depth

DC o

60 Hz 8.6 mm

100 Hz 6.7 mm

1 kHz 2.1 mm

10 kHz 670 um

100 kHz 210 um

1 MHz 67 um

10 MHz 21 um

100 MHz 6.7 um

1 GHz 2.1 um
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 39
Resistance

At low frequencies:

GA Uniform current flowing in a
cylindrical wire with
cross-section S

At high frequencies:

0 =——= meters
nfuc
f Current density within wire
R ~ O h m S approximated as a uniform
current penetrating one skin
02 T[a 8 depth into the surface.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 40
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Examples
. Coaxial
RG58 Coaxial Cable Cable
%4
Outer conductor diameter: 4.2 mm \
Inner conductor diameter: 1.2mm
Dielectric permittivity: 23
Propagation Delay: 5.0 nsec/m
Characteristic Impedance: 50 Q
Capacitance per unit length: 100 pF/m
Inductance per unit length: 250 nH/m
Resistance per unit length: 90 mQ/m @1 MHz
Cable Attenuation at 1 MHz: 7.8 dB/km @1 MHz
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 41
Resistance per meter of RG58 Coaxial Cable
At low frequencies:
inner — ! 7= 1m B =15 mQ/m
°wm  (5.7x107 S/m)| 7(0.00061m)’ |
Router ~ / . = m =18mQ/m
o, (2na)shieldthickness  (5.7x107 S/m)2x(0.0021m)(0.74x10 m)
Rtota\ = Rinner + Router = 33mQ/m
At 1 MHz: 5=66x10"° meters
inner ~ ! = 1m =69 mQ/m
o, 2mad  (5.8x107S/m)2x(0.0006m)(66x10°m)
Router ~ ! = m =20 mQ/m
c,,2nad (5.8)(107S/m)Zn(O.OOZ1m)(66x1O’6m)
Rtota\ = Rinner + Router = 89mQ/m
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 42
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Examples
Parallel
CAT5e TWP | wres O 7O
wire radius: a

Conductor diameter: 0.511 mm

Conductor separation: 1.0 mm

Dielectric permittivity: 24

Propagation Delay: 5.2 nsec/m

Characteristic Impedance: 100 Q
Capacitance per unit length: 52 pF/m
Inductance per unit length: 520 nH/m
Resistance at 1 MHz: 329 mQ/m
Cable Attenuation at 1 MHz: 14 dB/km

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 43

Resistance per meter of #24 Twisted Wire Pair
Resistance of one wire at 1 MHz:
—d—
‘ ‘ Re— ! - m —162mQ/m
“ o2mad  (5.8x107 S/m)2x(0.000256m)(66x10°m)
Resistance of two wires at 1 MHz:
wire radius:
a R=2x162 mQ/m=324mQ/m
d=1.0mm \
a=0.256 mm Wire Pair Resistance
R =R epar * TWist Factor
=324 mQ/mx1.017
Twisted Wire Pair Resistance | ——>| =330mQ/m
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 44
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| Twist Factor

If you take two parallel wires and twist them together, the length of the twisted wire pair will be shorter than the
lengths of the untwisted wire.

§<_d —)j gwire

B T B S D B B T R e B S - -

twp
wire radius: a

~

Twist Factor = %

twp

The twist factor is generally less than a few percent and is often neglected, but to get a high degree of accuracy,
per-unit-length parameters calculated for parallel wires should be multiplied by the twist factor to get the per-
unit-length parameters for a twisted wire pair.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 45

CAT 5e Twist Factor Calculation

TWP Color Turns/meter | Twist Factor |

Green 65.2 1.018 \
Blue 64.8 1.018 \
Orange 56.2 1.016 |

Brown 51.7 1.016 / \

«—d—>

2
. l..
Twist Factor = —*r¢ = (turns per meter) (rcd)2 T
oo turns per meter

wire radius: a

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 46
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Circuit Representation of Capacitance
[ >
ve =—C |=C— amperes
T ¢ I=joCV amperes
Power Dissipated in Capacitor: 0 watts
Energy Stored in Capacitor: % CV? joules (watt-sec)
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 47

Parasitic Capacitance

/\/
e

O Circuit designers normally neglect the self and mutual capacitances of the connecting wires.

0 EMC and signal integrity engineers must be able to quickly assess the capacitance of various
conductors and determine when these capacitances are negligible and when they are

critically important.

48

Electromagnetic Compatibility Principles and Design
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Voltage, Capacitance and Electric Fields

Any two conductors at different voltages have an electric field between them!

b— When does this apply? ALWAYS!
Vab o J.a E-d/ Why is this important?
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 49

Capacitance / Electric Fields

Changing the voltage means changing the energy stored in the electric field.

) - sl \ //,r' . %
7 rd N

ol (o

2
W, = Jff, 32 av

Therefore, we cannot change the voltage between two conductors without adding or subtracting energy
from the system.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 50
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Capacitance / Electric Fields
Capacitance is the ratio of the charge on the conductors to the voltage between them.
S } 7777\\\ //’/ o 5
(o
( o \) C= % 1 coulomb per voltis 1 farad
W. = 1 CVZ Therefore, capacitance is effectively a measure of how difficultitis to
E E change the voltage between two conductors.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 51
Voltage, Capacitance and Electric Fields
Capacitance is the ratio of the charge on the conductors to the voltage between them.
\" |
\ T | ’ s . / o
‘ o C= % 1 coulomb per volt is 1 farad
\ |
W. = lCVZ Therefore, capacitance is effectively a measure of how difficult
- 2 it is to change the voltage between two conductors.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 52
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Capacitance of Concentric Spheres
E-—2 ~f, r,<r<r,  volts/m
4ng r?
,QO
" Q
V,=|"—%=d
\ - jra y r
— = T s
/ Ame, |, T
4
C, = & = ™ farads
\ 1
|:ra r'b :|
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 53
Absolute Capacitance
—Q—: 4n8° farads
Vao 1
\ rb}
Q,
// C,.= rlb'gl C,, =4ne,r, farads]
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 54
Electromagnetic Compatibility Principles and Design 27



Short Course Slides

April 2025

Absolute Capacitance Calculations

[ Permittivity of free space:g = 8.854 x 1 0" F/m ]

C,ps =4meyr, =1.1pF

Marble:r,=1cm

C, > 1.1pF
Extruded Marble
C,. <1.1pF
Flat Disk: r,=1cm
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 55

Capacitance / Electric Fields

/Concentric Cylinders

Capacitance of
Common C- 2mel

Geometries - m(T/a)

N -

AN

Parallel Plates f )
/ Concentric Spheres
C— eA
= d »
1 1 \\/
C= 47:{— ——
—>d<7 ra rb My
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 56
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Capacitance / Electric

Capacitance per Unit
Length of Common
Geometries

~

Wide Trace Over Plane

_EW

C=-— w>h

Fields

Coaxial Cable

Co 27e

Parallel Wires

C= e é_

(3]
-

d

0

wire radius: a

/
S

J

LearnEMC 2025
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Capacitance per meter of RG58 Coaxial Cable

<

/C: 2ne

21(2.3)(8.854x 107 F/m)

\

In (2.1 )
0.6 0.6
r,=0.0mm
a k =102 pF/m /
r,=2.1Tmm
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 58
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Examples

RG58 Coaxial Cable

Coaxial
Cable

Outer conductor diameter:
Inner conductor diameter:
Dielectric permittivity:

Propagation Delay:
Characteristic Impedance:

Inductance per unit length:
Resistance per unit length:

Capacitance per unit length:

Cable Attenuation at 1 MHz:

4.2 mm
1.2 mm

2.3

5.0 nsec/m

50Q

100 pF/m

250 nH/m

90 mMQ/m @1 MHz
7.8 dB/km @1 MHz

LearnEMC 2025
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—d—

wire radius: a

d=1.0mm
a=0.255mm

Twisted Wire Pair Capacitance ——>

Capacitance per meter of #24 Twisted Wire Pair

(e m
cosh™ (%a)

\

n(grfeffective = 236)8854 <107 F/m
-111.0
cosh ( %ZXO.ZSS)]
=51pF/m
\/ p,
Wire Pair Capacitance C = C,pepay X TWist Factor
=51pF/mx1.017
=52pF/m

LearnEMC 2025
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| Examples
Parallel Wires

'CAT5e TWP g

| = 070

cosh™'(d i ius

Conductor diameter: 0.511 mm (Aa) wire radius: a
Conductor separation: 1.0 mm
Dielectric permittivity: ~ 2.36
Propagation Delay: 5.2 nsec/m

Characteristic Impedance: 100 Q
Capacitance per unit length: 52 pF/m
Inductance per unit length: 520 nH/m
Resistance at 1 MHz: 329 mQ/m
Cable Attenuation at 1 MHz: 14 dB/km

LearnEMC 2025

Electromagnetic Compatibility Principles and Design

61

Self and Mutual Capacitances

To calculate these self and mutual capacitances, the principle of superposition
is applied. The absolute potential of each conductor can be expressed as the
sum of the potentials due to charge on each of the other conductors and its
own charge.

Vi:Zn:p.U.QJ (i=12,...n) volts,
=]

where the coefficients of potential, p;, are functions of the geometry. This
equation can be written in matrix form as,

V1 p11 p12 p1n QW

VZ - p21 pZZ pZn QZ A

Vn, 7pn1 an pnn, Qn
Solving this system of equations for Q results in,

Q1 Cop Gy o Gy V1

Qz _ Coy Gy o Gy Vz

Qn_ _cn1 cn2 Cnn__Vn

where [c] = [p] is referred to as the generalized capacitance matrix.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Self and Mutual Capacitances

Self and mutual capacitance values, which are always non-negative, can
be calculated from the elements of the generalized capacitance matrix
using the relations,

C=C+Cy+-+C,

Once these values have been calculated for a system of conductors, the
behavior of the system can be analyzed using simple circuit modeling
techniques.

!

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 63

Mutual vs. Effective Capacitance

Two traces carrying a differential signal on a printed circuit board.

Effective Capacitance (or the transmission line capacitance)

l C12
C — C C11 + C22
eff 12
C1 1C22
Mutual Capacitance
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 64
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Circuit Representation of Inductance
Ko
A d
+ L
L3V, 4 :LE amperes
A—s
+ .
L3V, V, = jolLL amperes
Power Dissipated in Inductor: 0 watts
Energy Stored in Inductor: % LI? joules (watt-sec)
LearnEMC 2025 Electromagnetic Compatibility Principles and Design
Parasitic Inductance
0 Circuit designers normally neglect the self and mutual Inductances of the connecting wires.
0 EMC and signal integrity engineers must be able to quickly assess the inductance of various
circuits and determine when these inductances are negligible and when they are critically
important.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Current and Magnetic Fields

L g
T I/_, 1 ; ' Magnetic field lines circulate around
{ d “\,*\. » ________ flowing electric charge (current).
bt ___“‘-53315533"" 0 Lines of magnetic field do not start or
PN stop. They always close on themselves.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 67
Inductance / Magnetic Fields
Every current is surrounded by a magnetic field!
— d—» When does this apply? ALWAYS!
enc 4} Why is this important?
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 68
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Inductance / Magnetic Fields

Changing the current means changing the energy stored in the magnetic field.

2
W= [T 30k o

Therefore, we cannot change the current flowing in a conductor without adding or subtracting energy from
the system.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 69

Inductance / Magnetic Fields

Inductance is the ratio of the total magnetic flux to the current that produced it.

Y= jé-ag webers
S

L = henries

W 1 L 2 Therefore, inductance is effectively a measure of how difficult it is to change
=y the current flowing in a circuit.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 70
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Inductance
Inductance is a property of current loops!
Y= IB -ds webers
S
¥ .
L= T henries
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 71
Inductance / Magnetic Fields
. 2 )
Inductance of Circular Loop
Common
Geometries SR
L~Ru|ln| —|-2.0
a
Note: These formulas assume that the
loop is made of wire with a circular K wire radius: a/
cross-section (with wire radius, a).
/Square Loop «—W— \
If the wire is flat with width, w, these
equations can still be used with an
effective wire radius: a, = 0.25w L~ 2pW In ﬂ -0.774
s a
\ wire radius: a}
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 72
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Inductance per Unit Length
of Common Geometries

4 )

Wide Trace Over Plane

L=M—h W > h
W
«—W—>

h

\ ),

Inductance / Magnetic Fields

s

Coaxial Cable

-4l

N\
/
L

N

Parallel Wires

(3

J
)
«~— d—>

o O

wire radius: a

J

LearnEMC 2025
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%

r,=0.6mm
r,=2.1mm

Inductance per meter of RG58 Coaxial Cable

-

-

inln(V
2n r

<4Tr><'|0 H/m) (2/ )

:251nH/m

/

LearnEMC 2025

Electromagnetic Compatibility Principles and Design
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Examples
. b
Coaxial Cable
RG58 Coaxial Cable L= in(ty)
2n a
Outer conductor diameter: 4.2 mm
Inner conductor diameter: 1.2mm
Dielectric permittivity: 23
Propagation Delay: 5.0 nsec/m
Characteristic Impedance: 500Q
Capacitance per unit length: 100 pF/m
Inductance per unit length: 250 nH/m
Resistance per unit length: 90 mQ/m
Cable Attenuation at 1 MHz: 7.8 dB/km
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 75

Inductance per meter of #24 Twisted Wire Pair

—d—

L :%cosh’1(%a)s
wire radius: a _ (4n><10 / H/m)cosh_1 [1 0 j
n (2x0.255)
d=1.0mm =518 nH/m
a=0.255mm K 7 /
/
Wire Pair Inductance L= Luirepair X TWist Factor

=517.6 nH/mx1.017
Twisted Wire Pair Inductance ——| =526nH/m

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 76
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Examples
CAT5e TWP Parallel Wires «d—>
L=Ecosh™ (y ) O O
T 2a) wireradius: a
Conductor diameter: 0.511 mm

Conductor separation: 1.0 mm
Dielectric permittivity: 2.4

Propagation Delay: 5.2 nsec/m
Characteristic Impedance: 100 Q
Capacitance per unit length: 52 pF/m
Inductance per unit length: 525 nH/m
Resistance at 1 MHz: 329 mQ/m
Cable Attenuation at 1 MHz: 14 dB/km
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 77

Faraday's Law

A time-varying magnetic flux passing through a circuit induces a voltage in that circuit.

- — a o
@E-df:-ajss-ds

+Vap
a ) b b= — ec= — ped= — ca= — 0 = —
4% [[E-di+[[E-di+['E-di+[[E-di =2 B-ds
V. >
+ a oo
) A, . V,, +V, +V,+V,, :—asﬁSB-ds
"Vt
. oY
> voltages dropped across components in the loop = o
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 78
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Mutual Inductance
I
_—
Lo ) 3 { «:r o B
\\N “._),—""a . ~_‘_. ‘ ’
-___)'_— ~_<___—
L,,=—2t henries
1
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 79
| Partial Inductance
Mutual Partial |_12
Inductance
L, =—2 henries
21
1 \
j 1-ds ’\
L. =52 henries Self Partial L11
21 |1 Inductance
L SJ;(VXA1) CJSA1 -di; henri Ar = 36 webers/m
0 = ] ] enries 4nR
H (ﬂ 'aiz h . 13 L
=—¢P———— henries L =— L.
4n<ﬁq‘> R ! 415;; !
Useful for computer modeling. where | = - j
Not useful for estimating inductance. segment isegmentj i}
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 80
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Partial Inductance (Branch Inductance)
I-Ioop = Ltrace + I-via + I-via + I-plane
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 81
Question
The inductance of a 2-cm wide, 10-cm long ground strap is,
a.) about 100 nanohenries
b.) 54.98 nanohenries
c.) undefined
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 82
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Loop Inductances
Length of side =25 cm
Wire radius =1 mm
Circumference = 6 cm Circumference = 24 cm .
Wire radius=0.5mm  Wire radius =1 mm Length of side =6 cm
Wire radius = 1 mm
L=36nH L=179nH L=160nH
6 nH/cm 7.5 nH/cm 6.7 nH/cm
L=950nH
9.5 nH/cm
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 83
Inductance of a Ground Strap??
Inductance of Square Loop
L= ZHOW{In[W] - 0.774} henries
T a,
Inductance per unit Length of Square Loop
L:”—0 In M —-0.774 | henries/m
4W  2m| | 0.25xstrapwidth wire radius: a,=0.25w
=Holin 4 w —-0.774 | henries/m
2n strapwidth
=8 In(2)+|n M —0.774 |henries/m
2r| strapwidth
~2x107|In 2><stra7p|fength henries/m
strapwidth
~20!In 2xstrap|§ngth nH/cm
strapwidth
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 84
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Another Equation for the Inductance of a Ground Strap

What about this equation for the inductance of a ground strap?

L:ZE[In[ 2! ]+0.5+0.2235[W+tﬂ nH
W+t 14

where: ¢ =strap length in cm.

Two things to note:

O It is based on a calculation of partial inductance. It is a relatively precise calculation of a
quantity that is non-physical. (i.e., In any real application, this will not be the actual branch
inductance attributable to the ground strap.)

O Ityields values that are too high to be accurate in practical situations, but the same order
of magnitude as results from simpler equations, such as the one on the previous slide.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 85

Question

The inductance of a 2-cm wide, 10-cm long ground strap that is 2 mm thick is,
a.) about 100 nH

b.) about 50 nH

c.) undefined
Terman Equation for Self Partial Inductance:
20 W+t
Branch Inductance Equation: L=2[|:|H(W+t]+0.5+0.2235[ ¢ )}nH
2x/(
L~0.20x/¢xIn H
o ( w j” =20|In| 22 |4 0.5+0.2235 22
2.2 10
~0.10x| 0.20In| 229
=0.10x| 0.20In| =0 =20[2.2+0.5+0.049]
~ 46 nH =55.129nH
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 86
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| Good EMC Design is Mostly About the Things That are NOT on the
Schematic
e R
V=1xR
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 87
| Resistors Have Capacitance and Inductance
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 88
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Measured Impedance of a 50-Ohm Resistor
1000
0.8 pF a
] £
20 nH 2 I
/\/ NY\_ 8 100 /
c
<
48 ohms ©
o
o
E
10
1 10 100 1000
Frequency in MHz
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 89

Types of Resistors

o Metal Film

High precision, low cost

d Composite

Medium precision, good transient immunity

2 Wire Wound

High power, high inductance

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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| Capacitors Have Resistance and Inductance

I Y Y LA
0.011pF 2nH 15 mohms
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 91
Impedance of a 0.01-uF Capacitor
100
Y YA, — £ " ’
11 5 - =
c N
0.011 uF 2nH 15 mohms R N v
g N e
3 N\ |/
2 /
£ o
1
|
0.01
10 100 1000
Frequency in MHz
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Impedance of Three Capacitors
——C=0.047 uF  —=—C=0.10 uF ——C=0.47 uF
100
10 I\\l\\\\
g T ]
= I\-\ NN L]
° \ NN \\ //
- ‘@ RS
L=10nH g \\ \_\\
-]
i N NN U
E N AN
N D i
(1Y
0.01
0.1 1 10 100
Frequency in MHz
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What are ESR and ESL?
Low Inductance LGA Capacitors /H\V/)(
HOW TO ORDER 7 ' '
e F ® o0
0 T LI L T —
P
Device Nominal 1kHz ESR ESL
Capacitance (UF) | (milliohms) | (pH)
LG12 0204 2T LGA 0.1 9.0 57
LG22 0306 2T LGA 1.0 5.0 35
LG32 0508 2T LGA 3.3 1.8 27
LGC2 0805 2T LGA 2.2 3.1 46
|
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 94
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Types of Capacitors

U Ceramic

Low cost, stable, good precision, low ESR

O Tantalum

Polarized, good energy density
U Other Electrolytic

Polarized, good energy density

O Film
Non-polarized, stable
J Mica

High-voltage applications

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 95

| Inductors Have Resistance and Capacitance

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 96
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Impedance of a 5-uH Inductor
1000 \
160 pF / \
| |
15 mohms || E 100 /
o
A, 228 : 1=
5uH § /’/
é 10 i
;
0.1 1 10
Frequency in MHz
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Types of Inductors
) Ferrite Core
High inductance in small package
. Air Core
Linear behavior under high-current conditions
0 Common-mode
Impedes common-mode currents while passing
differential-mode currents.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 98
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| Ferrites
Fair-Rite 2643000701
150 -
//4;_
P 120 »R/
» ¥ V!!'- £ )
L. y S 90
= Z
x
S 60
N %*“\
30 1 N
/fj/ { X
o —
10° 107 10° 10°
Frequency(Hz)
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Estimating Parasitic Values
Resistance of a circuit board trace:
Resistance per meter of a wire:
Capacitance of a ping pong ball:
Capacitance of a person:
Self capacitance of a heatsink:
Capacitance between planes of a circuit board:
Inductance of a 10-cm diameter wire loop:
Inductance per cm of a ground strap or pigtail:
Inductance per cm of a microstrip circuit board trace:
Connection inductance of an SMT component on a circuit board:
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 100
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Signal
Routing
and
Termination
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| Ground vs. Current Return

An Important Point

Grounding and Current Return are two VERY different functions!

0O A grounding conductor connects two points in a system in a manner that
ensures they have the same voltage.

0O A current return conductor provides a path for power or signal currents to
return to their source.

O In most cases, these are incompatible functions. Grounding conductors
should never carry intentional power or signal currents.
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Identify Current Paths

Where does the return current flow?
OSCILLOSCOPE

FUNCTION
GENERATOR
CABLE CH1 CH2
0 Q @
t
<
GROUND CURRENT
STRAP PROBE

Ry
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Identify Current Paths

OSCILLOSCOPE

FUNCTION
GENERATOR

CH1 CH2

Q0

Percent of Total Current Flowing in the Strap

GROUND

120 STRAP

CURRENT
PROBE

*a

100

80

60

20

01 1 10 100 1000 10000
Frequency in KHz
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Identify Current Paths
Current takes the path of least impedance!
> 100 kHz this is generally the path of least inductance
<10 kHz this is generally the path(s) of least resistance
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 105
Identify Current Paths
Tovoc Where does the 56 MHz return current flow?
O] vce ]J 1 1 1]
1 I 1 [ 1]
1 I 1 [ 1]
1 I 1 [ 1]
1 I 1 [ 1]
1 1 1 1]
0 onoflo [ 1 1
O o
vcC
E 56 MHz CLK
ngﬂﬁior vee po GND
o GND =Y
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Identify Current Paths
e Where does the DC return current flow?
Of]vce ]J O 1 [ I
[ 0 [ 0 [ 0
[ 0 O 0 [ 0
[ 0 O 0 [ 0
[ 0 [ 0 [ 0
[ 0 [ 1 [ I
0 onoflo [ 1 1
b rro
VvCcC
E 56 MHz CLK
‘I(:Igt:Ig:tor vee fo GND
o GND =Y
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Identify Current Paths
Where does the return current flow?
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Identify Current Paths

Where does the 10 MHz return current flow?

24 AWG < 1meter————>
«—— 32cm —>
+— 3.0 CMe—s 8 ohms 50 afms
000000000 OCOCS
.Slgnal 1 return wire
signal 2
Parallel Wires At10MHz:  L=1.93 pH
<«—d— ol=121Q

L= %cosh*1 (%a) wire radius: a

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Key Points

0 Above 1 MHz, all we have to do is provide a good low-inductance return paths for all
signals and the currents will take those paths.

0 Below 100 kHz, might have to maintain control of current return path with an isolated
return. Do a calculation to ensure that it is necessary before isolating return paths.

LearnEMC 2025
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| Calculation of Common-Impedance Coupling

4 RSZ

A
O ®

V. +

+

Rer Vri2 Vi1

\

|RET

[inhibits an intuitive understanding for what is really happening.

We can solve this circuit using SPICE or loop and node equations, but that takes time and ]

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Calculation of Common-Impedance Coupling

500 < 50Q |

50Q +
? V/ELZ

0.10Q

50 Q +

e Ve

IRET
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Quantifying Common-Impedance Coupling

Maximum common impedance coupling is easy to quantify!

Vcoupled - |source X Rshared

(worst-case) (worst-case) (worst-case)

0 Perform this calculation when you suspect conducted coupling will be an issue.

0 ALWAYS perform this calculation before isolating signal returns labeled “ground”!

Electromagnetic Compatibility Principles and Design 113
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Current paths in traces that pass between plane pairs

Signal _

GRséLdl;lmd [ 1| |
power MMM MAAANE Closely Spaced Planes
PU— (e.g.; <10 mils or 0.25 mm)

Signal |_"_

Return — -

Ground | | [ I Widely Spaced Planes
- (e.g.; > 20 mils or 0.5 mm)

Power [ 1| [ ]
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Signal Termination
CMOS Driver Model CMOS Input Model
VDD
\_ISIG1 : |
VSS
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Signal Transition Times

Device Switr’ @ —
Actual transition
DEVICE TYF TYP" .
Stanr* s times are usually

Lgms slower and are
1.9 ns .
% 12 ne determined by

0.7 ns the external
8; 22 connections and
' loads.

0.3 ns

For capacitive loads: t, = 2.2RC
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Step Response of an RC Circuit
35
---------------------------- 3.0
R =200 ohms : 25
; ;: 20
: | s
s3v L == C=10pF i
= | > 10
: 0.5
0.0
0 2 4 6 8 10 12 14
Time in nanoseconds
CMOS OUTPUT CMOS INPUT
18
16
. P . 14
Capacitors initially look like a "
short circuit, and eventually T
look like an open circuit. 5 e
3 s
4
2
tr = Z'ZRC ° 0 2 4 6 8 10 12 14
Time in nanoseconds
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Signal Voltage
for-
t f
1/for-
or ZOdB/dQCade
7,
0
¢/
| | | S/C/ep
t 1/at, S f
Control transition times of digital signals!
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Signal Current

f

[ 1 | im
I f

Control transition times of digital signals!

Can use a series resistor when load is capacitive.

Use appropriate logic for fast signals with matched loads.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 119

Signal Termination

Reducing risetime with a Reducing risetime with a
series resistor parallel capacitor

il

Good idea! Bad idea!

High-Frequency currents are not reduced.
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50 ohms

Step Response of an RL Circuit

100 nH |

Voltage in Volts

50 ohms

LINE DRIVER

2 3 4 5

Time in nanoseconds

35

TERMINATION

30

Inductors initially look like an open
circuit and eventually look like a
short circuit.

25

20

Current in mA

tr=2.2% A

Time in nanoseconds

2 3 4 5
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Series RLC Circuit Response Under-damped
CIRCUIT
BOARD
CMOS TRACE CMOS
SOURCE st LOAD 2
e YL
1 “
Croan
0 10 20 30 40 50
Time
© Critically-damped Over-damped
8 8
g° g 6
:g: 4 B ;% 4 f’/
L * L
2 R=2,= 2| R>2,[=
C | C
00 10 20 30 40 50 0 10 20 30 40 50
Time Time
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Amplitude

40 50

Eliminate LC Ringing with a Series Resistor

IF you have ringing due to a series LC resonance:

O Reduce the inductance
O Increase the capacitance
O Add a resistance (ferrite?)

O Value should be ...

LearnEMC 2025

Electromagnetic Compatibility Principles and Design

RLCG Parameters

Section 1

Section 2

Section 3 Section 4

S
|
/\l

8\@

If the length of each section of the RLCG lumped model is small relative to a wavelength (e.g., ¢,<<A/8), the
electrical behavior of the model is the same as the electrical behavior of the transmission line.

LearnEMC 2025
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Propagation Velocity

Determined by the dielectric material

Propagation velocity (m/sec)

Vo

1
LC  Jue

Inductance per unit length (H/m)

This term is independent

C it it length (F/
apacitance per unit length (F/m) of the geometry
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Propagation Delay (Electrical Length)

G 2 RL

Propagation Delay (sec)

The propagation delay is the amount of time required for a signal to propagate from one point to
another point (total distance, ¢) on the transmission line.
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Characteristic Impedance

Rs

Vs Z() }RL
R+ jol \F
Z, = |—2= & =
G+joC \C
|

Low-Loss
Approximation

/

Characteristic Impedance (ohms)

The characteristic impedance is the ratio of the voltage to the current in a signal traveling in one
direction down the transmission line.
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Attenuation W
VW
Rs t=0 ' !
o\ o—1
(%) : Z, 3
x=0 x=1m
V=Ve™ R
- : ) ar— PBraoylLC
y:\/(R+J0)L)(G+J0)C) =o+jB 22,
V. eo=om) Low-Loss Approximation
Attenuation in dB/m = 20log| -2
ax=1m)
’ o 4.34R
= 20|og(e’°‘) Attenuation in dB/m =~ 7
0
=8.7a /
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Examples

RG58 Coaxial Cable

Outer conductor diameter: 4.2 mm
Inner conductor diameter: 1.2mm
Dielectric permittivity: 2.3

Propagation Delay:

Characteristic Impedance:
Capacitance per unit length:
Inductance per unit length:
Resistance per unit length (1 MHz):
Cable Attenuation at 1 MHz:

Coaxial Cable

-4

5.0 nsec/m
50 Q

100 pF/m
250 nH/m
90 mQ/m
7.8 dB/km

Coaxial cables typically have characteristic impedances between 20 and 90 ohms.

Conductor separation: 1.0 mm
Dielectric permittivity: 2.4

Propagation Delay:

Characteristic Impedance:
Capacitance per unit length:
Inductance per unit length:
Resistance per unit length (1 MHz):
Cable Attenuation at 1 MHz:

5.2 nsec/m
100 ©

52 pF/m
520 nH/m
327 mQ/m
14 dB/km

Wire pair cables typically have characteristic impedances between 100 and 300 ohms.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 129
Examples
Parallel Wires
CAT5e TWP 5D
L=cosh" (y )
T 2a) wire radius: a
Conductor diameter: 0.511 mm
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When is a cable or trace a transmission line?
R =
s t=0 0
o o—
® % RL
Voltage Current
Voltage (v) at midpoint in transmission line o 1 o oL
L=—~ —:z—» H Ty L7y
7.56v 667w 133md
S il 20 133v 2 ~26.6mA -
I \ ' \ v -0.44v v 8.9mAd ’
I l > ~0.09v 3 +18mA 3
- E s = & 4 v
2v 2v v 2v v 0.03v v 06mA
() RS s
0.006v v 01 v
Current(mA)
at midpoint in transmission line | |
133mA 99.9 ’ ’
106 7.5 993 v (®) } ©
M
Technically, always! But it will be most important to us when the propagation delay is greater than the transition time.
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When must a cable be modeled as a transmission line?
R =
3 t=0 ’
O o—
O 2 RL
The answer depends on the application, but generally the following guidelines apply.
. . . %
For digital signals: When t, <2 * t
For RF signals: When £ > 1/8
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Electromagnetic Compatibility Principles and Design

66



Short Course Slides

April 2025

An Important Point

In most applications, anything that must be modeled as a transmission line must have a matched termination.
This is usually undesirable from a cost and EMC perspective. Therefore, every effort should usually be taken to
ensure that the signal bandwidth is no higher (or transition times are no shorter) than necessary.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

When cables are electrically short ..

0O They can be modeled using their lumped RLCG parameters.

o (<A B—

=

T1

O Often, one or none of these parameters is significant relative to the source and load impedances.
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When connection discontinuities are electrically short ..
Be careful not to model short cables or connectors with the full L or C unless you have shown the
that other parameter can be neglected.
Discontinuities with a characteristic impedance greater than the source and load impedances can be
modeled with a lumped inductance.
A s A -
- \ N
I T = 1
g \When connection discontinuities are electrically short ..
o 2 Be careful not to model short cables or connectors with the full L or C unless you have shown the
The value of this inductance is less than the value R hat oth b | d
of the lumped parameter L in the RLCG model. LEq ~ L0 1—[ % ) that other parameter can be neglected.
02
Discontinuities with a characteristic impedance less than the source and load impedances can be modeled
with a lumped capacitance.
i i i
¥ ¥
@ Zyy Zg 2y +zm ad (’\P Zy +Cm Zy, +zm
Z5< 2oy
Bl<<1
The value of this capacitance is less than the value Z 2
of the lumped parameter C in the RLCG model. 1-1"% R
01
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When cables are not electrically short ..

To eliminate reflections, transmission lines that are not electrically short must have a controlled
impedance and must be matched!

Rs t=0

0 For signals with one source and one load, the match can occur at the source end: R = Z,.

0 For signals with one source and more than one load, the match must generally occur at the
load end: R, = Z,,.
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When Routing Controlled Impedance Traces
O When routing a trace between layers, route on either side of the same return plane.

Signal -—
Return [ ] TI
Ground —

A

0 When routing a trace between 2 different planes, use a transfer via near the signal via.

Signal ~—

Return D P
Ground I 1|01 ]
Ground ol ]
—
—_—
LearnEMC 2025 Electromagnetic Compatibility Principles and Design

Key Points

0 All signal paths with a propagation delay greater than the signal transition time
should be treated as transmission lines (i.e.; have a controlled impedance and a
matched source and/or load).

0 Control ALL transition times on the board so that only the longest and fastest signal
paths need to be matched.

0 On most well-designed boards, the percentage of traces with controlled impedances

is nearly zero, while the percentage of traces with controlled transitions times is very
high.
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Remember!

0 Don't use matched terminations and controlled impedance traces unless
you are forced to!

“ by asignal specification (e.g.; CAN, USB, HDMI)
“ by need to send very high-speed signals long distances (e.g.; 100 Mbps > 10 cm)

U Instead, control ALL transition times so that t, > 2 * t.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Common-Mode vs. Differential-Mode Radiation
. [I|fAz
E... =0.63x10
AZ r
2
| E =1.32x1o14“"‘f—SAz
max r
| .[fAZz
T :063><106M (&:EJ
r
|dentifying Antennas

What makes an efficient antenna?
Half-Wave Dipole

Great Antenna

@

M2

Electrically Small Loop

Poor Antenna

Quarter-Wave Monopole

Great Antenna
Ma .
Requirements for a great antenna
1. size
2. two halves
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ldentifying Antennas

Good Antenna Parts

Poor Antenna Parts

<100 MHz

Cables

Metal Chassis
or Enclosure

>100 MHz

Tall
Components
or Heatsinks

Seams in
shielding
enclosures

Sparsely
populated
power planes

<100 MHz

Microstrip
or stripline
traces

Anything
that is not
big

Free-space wavelength at 100 MHz is 3 meters

>100 MHz

Integrated
Circuits

Microstrip or
stripline
traces

LearnEMC 2025
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Identifying the Antennas/Ports

Where are the antennas on these boards?

LearnEMC 2025
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Key Points

0O Efficient EM radiation requires an antenna with 2 halves driven by a voltage.

0O Efficient antenna halves are big enough to easily identify. They are generally on the
order of a tenth to a quarter of a wavelength in size or larger.
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ldentifying Sources (Diagnostics)

Clocks  Narrow band, consistent

Digital Data  Not as narrow as clocks, but clock frequency is
usually identifiable.

Analog  Bandwidth determined by signal source,
signals  consistent

Power  Appears broadband, but harmonics of switching
supply switching  frequency can be identified, consistent

147
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Identifying Sources (Diagnostics)

What is the source clock frequency?

70

| [af=25MHz |
5 ‘ Radiation from

i X

50 i
) H a circuit board
with an

TTT TTT attached cable

|E] [dBuV/m]

e

i i i
200 300 400 500 600 700 800 900 1000
Frequency [MHz]

148
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ldentifying Sources (Diagnostics)

Power or signal source?

7°4| Even harmonics dominate -> power bus noise

1T U

50
E
s Radiation from
g . TTT TTT a circuit board
TR with an

attached cable

j
200 300 400 500 600 700 800 900 1000
Frequency [MHz]
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ldentifying Sources

Active Devices (Power Pins)

For some ICs, the high-frequency currents drawn from the power pins can
be much greater than the high-frequency currents in the signals!

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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ldentifying Sources

Noise on the low-speed 1/0

For some ICs, significant high-frequency currents appear on low-speed I/0 including outputs that never
change state during normal operation!

LearnEMC 2025
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Parasitic Oscillations

]_

LearnEMC 2025
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Key Points

trace doesn't have high-frequency currents flowing on it.

0 ALL pins of an active device can be significant sources of high-frequency current if the
device is switching internally at high frequencies. Don't assume a nominally low-speed

0 Relatively weak sources can be enhanced by parasitic resonances.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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EUT

Coupling between unintentional sources and antennas

{

Supporting
Equipment

FFrFr Iy I I I I I I I I T I T T T T T T T T T T T T T T T T T T T T T T T T TTTT

FTTFrFTTTT
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Problems that cause nearly all radiated emissions < 500 MHz
How does noise get on the cable? How does noise get on the cable?
Direct coupling to I/0 Voltage-Driven Mechanism
Signals coupled to 1/0 lines carry HF power off the board.
(=
E ) e 7 i;
How does noise get on the cable? How does noise get on the cable?
Current-Driven Mechanism Change in Electrical Balance
— g [ n @
=Ah x Vp,
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How does the component drive the cables?
Direct coupling to 170
Signals coupled to I/0 lines carry HF power off the board.
POWER ) VBATT+
[ CIRCUITS ]:[ CM CHOKE VBATT-
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 156
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| How does the component drive the harness?

Voltage-Driven Mechanism

I__Lmll I |$4| vli

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

157

How does the component drive the harness?

Current-Driven Mechanism

Harness

,,,,,,,

Rule of thumb: 10s of mA at 10s of MHz produces millivolts of potential across the plane.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Change in Electrical Balance

Microstrip Trace

How does the component drive the harness?

Nearly Balanced Harness

-—

Va Ve =Ah X Vpy 1!

Rule of thumb: 10s of mA at 10s of MHz produces millivolts of potential across the plane.

LearnEMC 2025
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Electrical Balance

Electrical Balance/Imbalance

Imbalance Factor or
“Current Division Factor”

Single-ended sources should use unbalanced
transmission lines and unbalanced terminations!

Differential sources should use balanced
transmission lines and balanced terminations!

h= Gy wire pair
Cig+Cy
C C
h= Q Mode Conversion Caused by Change in Balance
Q +Q Balanced Unbalanced
Sl h=05 h=0.01

V,,, = Ahx V., (x)

LearnEMC 2025
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Single-ended vs. Differential Signaling

. Q Unbalanced
Single-ended | 0 Currents return on “ground”
U Requires N+1 conductors
U Inexpensive parts

: : Q0 Balanced
Differential [ No signal current on ground
[ Requires 2N conductors

[ Requires balun

Pseudo-Differential Q Nominally Balanced
1 Nominally no HF current on ground

0 Always has a CM voltage component!!
[ Requires 2N conductors
1 No balun required
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Driving a Ribbon Cable

0 A perfect differential driver driving two adjacent
wires in a ribbon cable produces no common-

h=05 -noplane mode current on the ribbon cable.
h=small -w/plane =~

0 Asingle-ended driver driving two adjacent wires in
a ribbon cable produces exactly the same amount
of common-mode current as a common-mode
source with half the signal voltage

Don't drive ribbon cable wires with single-ended sources unless
you know the common-mode current will not be a problem.

Single-ended sources should use unbalanced transmission lines and unbalanced terminations!
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PCB Driving a Twisted Wire Pair

0 A perfect differential driver driving a perfect twisted-wire

pair produces no common-mode current on the wire pair.

0 Asingle-ended driver driving a twisted-wire pair produces
exactly the same amount of common-mode current as a
common-mode source with half the signal voltage

Don't drive twisted-wire pairs with single-ended sources
unless you know the common-mode current will not be a
problem.

Differential sources should use balanced transmission lines and balanced terminations!

LearnEMC 2025
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Problems that cause nearly all component-level emissions
How does the component drive the harness? How does the component drive the harness?
Direct coupling to I/0 Voltage-Driven Mechanism
Signals coupled to I/0 lines carry HF power off the board.
A // s
() == I ‘33 i
How does the component drive the harness? How does the component drive the harness?
Current:DHvan Mechanism Change in Electrical Balance
Nearly Balanced Harness
l_u--mn%.‘__l_lﬁ o — = )
Vey =Ah X Vo 11!
164
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What about frequencies above a few hundred MHz?

0 Cables are much less likely to be the antenna.

0 Most common GHz antenna on a PCB is lightly loaded planes.

“ Ground planes should be stitched together frequently.

“ Power planes should be close to ground planes (e.g., < 0.25 mm)

“ Power planes should have lots of connections (active devices and decoupling capacitors)

% Don't extend power planes to areas of the board where they are not used, and don't allow one section of

power plane to become choked off from another section.

0 Avoid having large-valued ceramic capacitors connected to the same power/ground plane
pairs as small-valued ceramic capacitors. They will support a parasitic oscillation typically at
GHz frequencies.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Things Labeled Ground

J Safety / Lightning Protection Conductors

O EMC Ground Structures

0 PoMRetums

Current return is generally incompatible with grounding!!!

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 167

Definition of Ground

ANSI C63.14 - 1992 Dictionary for Technologies of Electromagnetic Compatibility

4.151 - Ground, Fr=iisr-Crambnme 1
The electrically int nt paths
to earth. The facili ), signal

reference subsyst| ats,

onauit umeiont. @round is a conductor that serves as &

4.152 - Grounding

(1) The bonding o a reference potential and o
potential.
sl does not carry current! b extent

National Electricaicoue .

Ground

A conducting connection, whether intentional or accidental, between an electrical circuit or equipment and the earth
or to some conducting body that serves in place of the earth.
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What is “ground"?

AGND
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=
- 1 [ooe Avop | 22 —— Ppsevo
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2 2 |
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vew B - 1l Acwe | + AnaLoG_GND
vo_ava sox W 2 Jecux vouTsn [ 25
wex  EPS— 4 lircik vouTaL |25 .
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3 voutzs |25
eor .
DGND “}75 DGND vouTaL |22
£ ) L. FESS
o E— DN VOUTIR [ T e, S
T s oy FB94
oz I— £ foinz vouTi [ 2L SRR S S,
omvs EB— 2 o nel 2o
e 10 |one el1s >
cs E— L muizs vmip |12 R
clock I 12 wher (12
oara Y1 oron e e |
+ 4
14 15 e e
nuTe (g wure vesTRer
@ j L= IE
- - - - aene
DIGITAL GND GND AcND ANALOG_GND =

Why are there 4 different grounds in this circuit?
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- W n
| What is “ground"?
‘_-— v ... - .
. SR e e T ke - ‘
.o o - ~e - e P B
" LU S Lyey &..-_. L AR ,L‘.‘
i SEEL IR A T T T
. & ™ 0 0
"" ) !'._-f.-.-._ a w e w PR |
; * Why are there 2 different grounds on this board? ‘
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What is “ground"?

These are not grounds!

They are current return
conductors!

They are isolated to prevent
Common-Impedance Coupling!

Grounding is not the same as
current return!

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 171

Ground vs. Signal Return

“Whenever | see more than one of
these symbols on the schematic, |
know there is [EMC] work for us here.”

T.Van Doren
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Safety Ground

+110 Vs [

The purpose of a system ground is to provide a reference ’
voltage and/or a safe path for fault currents.

In order to serve this function, a ground conductor cannot [ '
carry any “objectionable” current. B

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 173

Ground Conductors vs. Signal Return

The purpose of a system ground is to provide a reference voltage and/or a safe
path for fault currents.

Signal or power currents flowing on a “ground” conductor can prevent a ground
conductor from serving its intended purpose.

Don’t confuse ground conductors with signal return conductors. Rules for the
routing of “ground” may conflict with the rules for routing signal or power returns.
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EMC Ground Structure

A ground structure doesn’t need to be electrically small to be effective.
However, it is important not to induce a voltage between any two parts of the ground structure.

EMC Ground Structures

0 Are good conductors
0O May be electrically large

0 Do not carry intentional signal currents

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 175

EMC Ground Structures

A ground structure doesn’t need to be electrically small to be effective.
However, it is important not to induce a voltage between any two parts of the ground structure.
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Grounding Conductors

metal plastic
connector connector
_lshlli shell
| r— | r—
1 _ =) 13
ES—— ) N
360-degree / pigtail T
connection connection
to shield to shield
(a) (b.)

Grounding Conductors
0 Are good conductors
0 Have low inductance as well as low resistance
0 May NOT be electrically large

0 Do not carry intentional signal currents

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 177

Is a “ground plane” a ground structure?

Current Driven Radiation Mechanism

Signal current loop induces a voltage between two good antenna parts.

- Vem +

A few millivolts of common-mode potential driving two cables is
sufficient to exceed the FCC and CISPR Class B radiated emissions limits.

10s of milliamps at 10s of MHz returning in a circuit board plane will
induce millivolts of potential.
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Where is the Circuit Board Ground?
PCB EMC Ground
PCB EMC Ground / (zero-volt reference)
(zero-volt reference)
RTN RTN
PCB in product with no ground structure PCB mounted near the ground structure
PCB ground cannot be at a different
potential than the ground structure.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 179
If DC Isolation is Required
—— Digital RTN
— Analog RTN
— Digital RTN
—— Chassis GND
H IS!! Vertical Isolation
Provides low-frequency isolation, while
H IS!! facilitating high-frequency bonding.
Lateral Isolation
HIS!! Can we guarantee
that each attached
HIS!! cable is within 1 mV
n of the ground
HIS!! structure at 0 All planes that reference signals that leave the board
His! radf'fégﬂsr?g;:'fns should be tied to ground with capacitors.
DO NOT DO THISI O Only one plane usually needs to be full size.
DQgNmmEDO THI ' 0 One or zero vias should connect planes with different
DO NOT DO THIs! labels.
DO NOT DO THIS!
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 180
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Two Bad Ground Plane Layouts (and one good one)
CONNECTOR — CONNECTOR CONNECTOR CONNECTOR
FILNG =8 ¢ IH F\LTER?NUGIEtI I/O[GEE:Q;NG HI ¢ ¢ ’—LLI—‘“QUier” /0 Ground ’—LLI—‘.
1 1 | ——
“Noisy" “Noisy"” )
Ground 4 Ground “Noisy”
X\ Ground
1\“.‘./ \\‘\‘c’

\A\‘T\‘\\ | ,\A\‘TS‘/
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To meet EMC requirements ..

Boards on or near metal structure:
0 Connect to it! Those connections are your board grounds.

0 Either Bond (at RF) everything that leaves the board or is electrically large to those grounds,

0 Or control transition times and essentially filter everything.

Boards far from any metal structure:
0 Designate your board ground (0-V reference) near external connector edge.
0 Either bond (at RF) everything that leaves the board or is electrically large to that ground,

0 Or control transition times and essentially filter everything.

- Ch O
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Capacitors from |/0 to Chassis

Caps on every connector pin

Better implementation

Rt
v e Jeors
N £ -

LN
\ X\ P
WX ALY ALY iy Ay

o LR -,
N AN e e g W
Le

1080 9%z

T ST (1)
[Tl oI e
¥

] * -
e . .‘,
e d « ~
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Rules for Grounding

0 Designate one location or one non-current-carrying metal structure as your
zero-volt reference or ground.

0 Be sure that all other metal structures including attached cables and large
heatsinks do not deviate from the ground potential by more than an acceptable
limit.

O For radiated emissions (10s of MHz and higher), this acceptable limit is on the
order of 1 mV.

O For safety, the acceptable limit is generally on the order of 10s of volts.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Boards on or near metal structure:

0 Bond (at RF) everything that leaves the board or is electrically large
to that ground.

Boards far from any metal structure;

O Designate your board ground (0-V reference). actuators

0 Either bond (at RF) everything that leaves the board or is electrically
large to that ground

To meet EMC requirements ..

Most medium to

0 Connect to it! That connection is your board ground. large printed circuit

boards.

0 Or control transition times and essentially filter everything.

LearnEMC 2025
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Ground
is

NOT
Current

Rules for Grounding

Q

Q

Q

Q

Designate one location or one non-current-carrying metal structure as your
zero-volt reference or ground.

Be sure that all other metal structures including attached cables and large
heatsinks do not deviate from the ground potential by more than an acceptable
limit.

For radiated emissions (10s of MHz and higher), this acceptable limit is on the
order of 1 mV.

For safety, the acceptable limit is generally on the order of 10s of volts.

Rules for Current Return Routing

0 Atfrequencies below 1 MHz, provide a low-resistance current return path. Be
aware of alternate return paths and the possible consequences.

Ret u r n l 0 Atfrequencies below 1 MHz, if sharing a return conductor will cause unacceptable
' common-impedance coupling, then don't share the return conductor.

0 Atfrequencies above 1 MHz, provide a low-inductance current return path. Watch
for field-coupling to other circuits and structures that could result in significant
conductor or radiated emissions.
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Summary of Key Points

O Grounding is a critical aspect of EMC and product safety.
O Grounding is all about providing a reference potential.
0 Grounding is NOT about returning currents to their source.
% Unfortunately, many current return nets in circuits are labeled ground, and

% Paying attention to current return paths is also an important aspect of meeting
EMC and signal integrity requirements.

O Identifying and maintaining the integrity of a grounding structure is an
important part of designing for EMC and product safety.
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"‘Ground” In
Mixed-Signal
Environments

ul
™
2
Q
2
o
=)
Q
0Q
>
[0}
[=3
a
[a)
(=]
3
o
Q
(=4
e
5
<
o
-
3
a.
=
M
]
@
3
o
o
]
o,
FI_Q
S

LearnEMC 2025

Electromagnetic Compatibility Principles and Design

94



Short Course Slides April 2025

Ground vs. Signal Return

Exercise: Trace the path of the digital and analog return currents.

Ground vs. Signal Return

Exercise: Trace the path of the digital and analog return currents.
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Ground vs. Signal Return
Exercise: Trace the path of the digital and analog return currents.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 91
Mixed-Signal Designs
If you have analog and digital returns that must be isolated (to prevent common-
impedance coupling):
0O Route the returns on separate conductors
O Provide a DC connection at the one point (or in the one area) where the
reference potential must be the same.
Before isolating the returns, ALWAYS do this calculation to ensure that it is necessary!
— xR < Maximum shared resistance
max-coupled max-source SHARED between the two circuits
4 »
Maximum voltage coupled to the victim circuit | | Maximum current in the source circuit
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 92
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Mixed-Signal Designs

If you have analog and digital returns that must be isolated (to prevent common-
impedance coupling):

0 Route the returns on separate conductors

0 Provide a DC connection at the one point (or in the one area) where the
reference potential must be the same.

0 This must include every place where a trace crosses the boundary
between the analog and digital regions.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

Sensitive A/D Isolation

ONE VIA

Analog GND
/

1 __ Digital GND

__ Digital GND

If you think you need two vias, then you shouldn't be isolating the analog and digital grounds.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Ground vs. Signal Return

You don't need to gap a plane to control the flow of high frequency (>~1MHz) currents. If you provide
a low-inductance path for these currents to take, they will confine themselves to this path very well.

oS W N

Rules for gapping a ground plane:

1. Don't do it!

If you must do it, never ever allow a trace or another plane to cross over the gap.

If you must do it, never ever place a gap between two connectors.
Remember that the conductors on either side of the gap are at different potentials.
See Rule #1!

LearnEMC 2025
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Don't

Split

Ground

Planes!

Provide 1 solid ground plane under all digital logic

Never let signals leave the board that are referenced to

different high-frequency grounds.

DO NOT DO THIS!

DO NOT DO i,
DO NOT DO THIS!
DO NOT DO THIS!
DO NOT DO THIS!
DO NOT DO THIS!

DO NOT DO THISA" NP 1
DO NOT DO THISI®

+

V‘I 2-v noise

Less than 1 mV of noise
between cable
references can cause
the product to fail
radiated emissions
tests.

®

3.3-V.GND

At the connector, there can be only ONE high-frequency

ground!

V3.3-v noise
+

LearnEMC 2025

Electromagnetic Compatibility Principles and Design

196

Electromagnetic Compatibility Principles and Design

98



Short Course Slides April 2025

System-Level Low-Frequency Current-Return Example

Sensor

Sensor Input 50-meter cable Output
________________________________ N

Power Out

1

1

1 Power In
1 Motor

! GND

GND

Sensor

<]

50-meter cable Output

A
[
' ! Power In
Power Out | F Motor
GND ; GND

Sensor Input

1

|||——
|i_‘

Isolated Return for Sensor
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Ground in Circuit Simulations

What is the voltage here?

Section 1 Section 2 Section 3 Section 4

S
I

The circuit simulation calculates a voltage, but it does not correspond to any real voltage in the system.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 198
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Key Points

O Identify your HF ground and be sure it is the only ground that is large or connected
to anything large!

O Don't call high-frequency current-carrying nets “ground”. For example, refer to a
current carrying analog reference net as “analog return”.

O Be aware of where your HF and LF currents are flowing!
O Isolate returns only when necessary to control the flow of low frequency currents.

O If you isolate two large conductors at low frequencies, be sure they are well
connected at high frequencies.
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Filtering
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General Definition of Insertion Loss

Insertion Loss =10log

Power Delivered to Load Without the Filter in Place

Power Delivered to Load With the Filter in Place

Rs

+

R, Viorrer = Vs FILTER | R,

VFILTER

+

IL=10log (VNOEA ~10log (VFIEER)Z

L L

V
— Zolog NO FILTER
FILTER

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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15t-Order Filters: Shunt Capacitors

First-Order Low-Pass Filters: Shunt Capacitor

Rs

Vs R

T

For high values of insertion loss Rs R,

= IfZc<<Rg| |R: IL ~20log

Z.<—(R.[R) for =40 dB of attenuation

load resistances. <7100

Rs

T

(e.g: > 20 dB), this condition is met. Z

So, for example, if we want the filter to reduce the voltage by a Z.<LRJR) for 20 d8 of attenuation

factor of 10 (20 dB), the impedance of the capacitor needs to be 7ol et _ ; . i

10 times lower than the parallel combination of the source and 1 First-Order Low-Pass Filters: Shunt Capacitor

For high values of insertion loss
(e.g: > 20 dB), this condition is met.

S0, for example, if we want the filter to reduce the voltage by a

factor of 10 (20 dB), the impedance of the capacitor needs to be
10 times lower than the parallel combination of the source and
load resistances.

= IfZc<<Rs| |R: IL ~20log

B[R

z

<

Z. < %(RS‘RJ for =20 dB of attenuation
1

Z.< E(RS“R‘) for =40 dB of attenuation

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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15t-Order Filters: Series Inductors

First-Order Low-Pass Filters: Series Inductor

Rs L
.
Vs R v
For high values of insertion loss . R, +R
(e.g; > 20 dB), this condition is met. = IfZ >>Re*tR;: IL~20log SZ L
g

So, for example, if we want the filter to reduce the voltage by a .
factor of 10 (20 dB), the impedance of the inductor needs tobe 2 210(Rs+R,)  for =20 dB of attenuation
10 times higher than the series combination of the sourceand 7, 2100(R, +R,) for =40 B of attenuation

load resistances.

Example

What value of series inductor is required to achieve at least 20 dB of attenuation at frequencies above 100 MHz?

Re=50 L
+
R=500Q

. W .
2>10(R,+R) for >20dB of attenuation | ©L=10002
>10(50+50) 1222008

2710
=1000Q L>1.59x10° henries = 1.59 uH

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 203
2nd-Qrder Filter for Low-Z Source and High-Z Load
Rs=50Q L
Vs
O The inductor makes the source impedance look higher.
0 The capacitor makes the load impedance look lower.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 204
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3rd-order Filters

T-Filter

R

T

1 Provides attenuation for any combination of source and load resistances.
0 Second-order filters like this exhibit greater attenuation at high frequencies.

0 However, they may exhibit internal resonances or resonate with reactive loads.

Pi-Filter

R$

Vs

T

1 Every T-Filter has a Pi-Filter equivalent.

U Pi-Filters are generally preferred because inductors tend to be larger and more costly than
capacitors in many applications. Less likely to resonate with capacitive loads.
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500
L +
V
VS 500 L Shunt Capacitor in 50-Q System, C=0.01uF
0.01 uF - 000 —
[] ...~
0.00 mmmmm e g e
SOURCE LOAD ! p
L]
°
@ 20,00 fmmmmmmm e e t‘.-..- ------------------------------
£ %
23000 fmmmmmmm e e @ - -
S .
F *
12 40,00 | m e e s By m e
H N
5000 Fmmmmmm e e s L e E e
°
L]
60.00 | === == e e e e e o -
70.00
0.1 1 10 100 1000
Frequency in MHz
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50 Q

9nH

—|—0.01 uF

SOURCE LOAD

Simple Shunt Capacitor with Parasitic Inductance

Shunt Capacitor in 50-Q System, C=0.01pF L=9nH

0.00

10.00

20.00

30.00

40.00 p

Insertion Loss in dB

50.00

60.00 F

70.00

0.1 1 100 1000

Frequency in MHz

LearnEMC 2025
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Simple Shunt Capacitor with Lower Parasitic Inductance
50Q
3nH .
n
Vs 50Q Vi -
_ Shunt Capacitor in 50-Q System, C=0.01pF L=3nH
T 0.01 uF o0
o
SOURCE LOAD
0 2000 fmmmmmmmn e D e T
-l
£
230 [(PREE @@ @ ) W e . __ ... ..
S
é 40.00 | ~| 10 dB improvement
3 at 100 MHz
SEsooo SR - ---------------mmmmmmmmmme e
6000 FO P B Y D Bl - -- - - - -~ -- -t -m- s mememmm————————
70.00
0.1 1 10 100 1000
Frequency in MHz
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Simple Shunt Capacitor with Low-Impedance Source
20
3nH "
n
Vs 500 < W )
- Shunt C itor in 2/50-Q System, C=0.01pF L=3nH
0.01 HF . unt Capacitor in ystem w n
. T T e, o v
\l I#
SOURCE LOAD T S Y7oy e oy P 7% ey e g my sy
® .
0 20,00 | == mm e e e e e e
©
£
23000 -0 MM - o e
o
- L]
.§ 4000 - S U b B - - - - - m e m e mm o
. L e
60.00 |- M A e e e e
70.00
0.1 1 10 100 1000
Frequency in MHz
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Filtering
Two capacitors can be more than twice as good as one.
0 TN
R 2 » e e
mm \N //
ﬁ 20 A] v ,‘.‘
® D 30 - s
e, (M
. -40 -
O g g O Vil
-50 <
/
[| = one-cap filter
|| =" two-capfilter
[ T T TTTT
10° 10° 10’ 10° 10°
Frequency (Hz)
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| Effect of Component Parasitics

The Filter You Designed |

net3/doMag

00

200
400 —

60.0 —f

200 —

1000 —

120.0 of

-140.0

160.0 —f
180.0 =
-200.0 —f
2200 —

Magnitude (dB)

2400 —

g

00 1
F
I VgenT vv ' i
o5 n

A >
>

1 2 3

1u 1u 50

|||-< =
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| Effect of Component Parasitics

‘ Mutual capacitance between input and output conductor3o |:F is a few sq. cm of overlapping planes

@ 100 o
a
neta | sop
0o
m 5 q HE
x H
12
vgen 100 300 o
w2

3
500

|||—q

}Mutual inductance between input and output loops | ‘The Filter You Got! |

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 212

Electromagnetic Compatibility Principles and Design 106



Short Course Slides April 2025

| Identify the Nets on Both Sides of the Filter

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 213

Transient
Protection

fool
™
ol
=
g
=
Q
0
>
@
=3
&
Ia)
o)
3
©
Q
=3
=
5
<
o
=
3
0
=
M
«
@
3
a
o
@
2,
()
S

LearnEMC 2025

Electromagnetic Compatibility Principles and Design 107



Short Course Slides April 2025
EMC Test Transients
ESD EFT
|IEC 61000-4-2 |EC 61000-4-4
f
100 nsec 15 msec 300 msec
Damped Sinusoid Surge
MIL-STD-461 CS116 |IEC 61000-4-5
\/ \/ \/
}
1msec
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Transient Protection Devices
0.5 volts to ~10 volts Current ’
. Lowest Energy v
Diodes High Capacitance - Voltage
Usually fail short Vi o
Voltage limiting device
0.5 volts to 10s of volts Current '
. Low Energy Vi
Varistors High Capacitance Voltage
Usually fail short V'
Voltage limiting device
10s of volts to 100s of volts Current
Medium to High Energy
Thyristors Moderate Capacitance
Usually fail open - " Voltage
Crowbar device
Gas 10s of volts to 1000s of volts Current
- High Energy
DISCharge Low Capacitance Vol
Tubes Fail open v v Vonage
Crowbar device
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 216
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Transient Protection
Help the transient current get to where it needs to go.
R vmre current is coming from
. i { R
1 1 |
without a chassis |
where current (charge) has to go
J— where current is coming from
— i i A
I i T
1 1 |
with a chassis |
where current (charge) has to go
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Options for High-Speed Interfaces
o Vbus = Vbus
4
C Mod
6‘ D+ R " Choke J oo
& % AT T S
> D- /\/t ‘M D- o
8 ClCJ_ Varistor %
om L= vs GND
wn Devices
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NX20P0408

USB D+/D- protection IC

Rev. 1.1 — 19 August 2019 Product data sheet

1 General description

| Transient Protection ICs

shor. NX20P0408
VBUS pis.
US8 Type-C allows o
De; VvsYs
hana E
VBUS pin to b R
shorted to adjacent pins SWEN COMPARATORS
NX20P0408 is CONTROL
LoGIC  —
Rpd
votage. =
2 Features and benefits I
* USB Type-C D+/D- short protection to VBUS
~ CON_DP / CON_DN : 28Voc CON_DP 1T e
+ Low Rdson switch : 40 POST
+ High switch bandwidth = 1.5GHz CLAMP|
35V surgo protaction on CON_DPICON_ON
- Fast OVP tum offimo  60ns
+ Poststage clamp circut o camp volage unl swich s ot
3 Applications CON_DN i oP
POST
+ Smartphone e CLAMP |
ablt
- Lapiop =
220034951
Figure 1. Block diagram
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ot Y Sanles [ Tocncn cots Suppons
USB and HDMI Transient Protection Ei WE DIDa NI @R
Weos TDAE02808
TPD4E02B04 4-Channel ESD Protection Diode for USB Type-C and HDMI 2.0
1 Features Interfaces
IEC 61000-4-2 Level 4 ESD Protection - USB Type-C
- +12:kV Contact Discharge - USB3.1Gen2
~ +15.KV Air Gap Discharge - HOMI20/1.4
IEC 61000-4-4 EFT Protection - USB30
~ 80A (5/50 ns) - DisplayPort 1.3
IEC 61000-4-5 Surge Protection ~ PCI Express 3.0
- 2A (820 e
o an o) 3 Description
P The TPD4E02B04 is a bidirectional TVS ESD
~ 025 pF (Typical) protection diode array for USB Type-C and HDMI 2.0
- 033 pF (Maximum) cuit_protection. The TPD4EQ2B04 is rated o
DC Breakdown Voltage: 5.5 V (Minimum) ssipate ESD strikes at the maximum level specified
Ulira Low Leakage Current: 10 nA (Maximum) in the IEC 61000-4-2 international standard (Level 4).
Low ESD Clamping Voliage: 8.8 V at 5-A TLP This device features a 0.25-pF 10 capacitance per
Supports High Spoed Interfaces up 0 10 Gbps channel making it ideal for protecting high-speed
pports Figh Spy P P interfaces up 10 10 Gbps such as USB 3.1 Gen2. The
Industrial Temperature Range: ~40°C to +125°C low dynamic resistance and low clamping voltage
Easy Flow-Through Routing Package ensure system level protection against transient
events,
2 Applications The TPD4E02BO4 is offered in the industry standard
+ Ene Eaupment Towmough oo ang o' o shen caong
- Laptops and Deskiops implementation and reducing design time.
- Set-Top Boxes
~ TV and Monitors Devi formation(”
~ Mobile and Tablets [CparT numser | PAckace | sobv size ow |
DR [Teoteozsor_Juson (o [zs0mm < 10omm |
) For i avaiale packages, see he crdrate addendum
e f o ot sheck
Typical Application Schematic
101 102 103 104
= GND
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| Low-Capacitance ESD Protection

XTREME-GUARD™ ESD Suppressors

Surface Mount Polymeric Electrostatic Discharge Suppressors

AXGD1 Series

¥4 Littelfuse

[ AmowoneGord] @ HF )

XTREME-GUARD'™ ESD Suppressors protect sensitive
electronic equipment against extreme ESD conditions, in
very small 0402 and 0603 footprints. Ths product series is
specifically designed o suppress fast-ising ESD transients
4p 10 30KV while adding virtually no capacitance to the.
cicuit, which helps preserve signal integrity and minimize
dataloss. It is ROHS complant, halogen free and Pb free.
ESD Suppressor.

Ute Sugpon
ot ntended orUse in e Support or L Saving Applicatons
T rosscs shown naron 1 0 cesgnad o 150 L Stbmng o o

Product Characteristics.

ines t| Availablo as

L mponen
PortNumber | proocoq | Pockage | Halogen-Froe

'AXGDI0402 1 0402 Yes

AXGD10603 [ 0603 Yes

\£C-0200 Qualified ESD strkes
«High ESD Rating upto = Compatile with
30KV Contact/Air pick-andiplace processes.
Discharge « Avalable in 1000, 5000,
. L leadfree

and halogenres (EIARS81)
* Ulra-fow capacitance « High rated voltage up to
« Low leakage curent 32V maximum

« Fast response time « High operating

« Bidirectonal temperature at 125°C
*Withstands multiple

« Infotainment « High Frequency (ie. RF
« High Speed Interface Antenna System, Ethernet,
« Automotive Appiications  USB, DVI, LVDS)

Spocification AXGD10402 | A Not

R
e
eSO o ot | oy | sy | et e
EC 6100042 A Dischorge (tyicol 300V £ e e 1
e o || e ey
e, | | Memecomor
S <
| e e
S
T R e
- |
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Coupling Paths

Shielding strategies depend on the type of coupling.
[J Conducted Coupling < Don't use shielding.

U Electric Field Coupling  «——— Use a good conductor (e.g., metal)
appropriately grounded.

[J Magnetic Field Coupling «——— < 1kHz use magnetic materials.
> 10 kHz use good conductors.

) Radiation Coupling +<——— Use E-Field and/or H-Field shielding
to prevent coupling to the unintentional
transmitting or receiving antenna

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 223

Charge, Voltage and Electric Fields

O Electric field lines start on positive charge

\\ /—\ and end on negative charge.

/_ O Electric field lines start on conductors

with one voltage and terminate on
conductors with a lower voltage.
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Electric Field Shielding

(v2)
\/
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Electric Field Shielding

L
(v3)
N
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Enclosure Shield

Summary of Electric Field Shielding

O Any two conductors at different potentials (voltages) have electric field lines between them.
O Itisimportant to be able to visualize the electric field in order to mitigate coupling effectively.
O Shielding involves capturing and redirecting the electric field.

O Materials to use: Good conductors such as copper, aluminum, steel, etc.

O Electric field shields are usually connected to something labeled “ground”.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 228
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Magnets, Current and Magnetic Fields

O Magnetic field lines circulate around
flowing electric charge (current).

O Lines of magnetic field do not start or
stop. They always close on themselves.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 229
Low-Frequency Magnetic-Field Shielding
N N\
. [~ \ o \ \
Magnetic ol N\ ol N\
o I P R —
Field [ = L ==
Shielding /) N
\ yavi \X "/ permeable material
N S ANl
(at low frequencies) T -
(@) (b.)
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LF Magnetic Shielding Materials
Gold, copper, aluminum 1
Concrete, water, air, vacuum 1
Ferrite U60 (UHF Chokes) 8
Common Steel
Pure Nickel 600
Ferrite M33 (inductors) 750
Pure Iron 5,000
Permalloy (20% iron, 80% nickel) 8,000
Ferrite T38 (RF Transformers) 10,000
Mu-metal 20,000 - 50,000
Supermalloy (recording heads) 100,000
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Summary of LF Magnetic Field Shielding
0 You can't stop a magnetic flux line; you can only redirect it.
O Itisimportant to be able to visualize the magnetic field to mitigate coupling effectively.
0 Shielding involves capturing and redirecting the magnetic field.
0 Materials to use: high permeability materials such as steel or iron-nickel alloys.
O Grounding does not affect the shielding effectiveness of LF magnetic field shields.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 232
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High-Frequency Magnetic-Field Shielding

Magnetic AN

Field e
Shielding Nl

(at high frequencies)
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Summary of HF Magnetic Field Shielding

0 You can't stop a magnetic flux line; you can only redirect it.

0 At frequencies above a few kHz, magnetic flux lines will not pass through good
conductors due to eddy currents induced in these conductors.

0 Shielding involves redirecting the magnetic field.
0 Materials to use: thick aluminum, copper or steel plates.

0 Grounding does not affect the shielding effectiveness of HF magnetic field shields.
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Plane Wave Shielding Theory
n
e |- 2n, ( 2n, Je% o Ms M
R S T N Einc
E
M’ Elrans
For good conductors: Eyof
n= / jor__ Jjon _ on, 7,
c+ Joe c (¢ J
x;o x;t —X=
Einc
SE.=20log—"—
trans
t N
SE.=20logo 4 20Ioge£ =R(dB) + A(dB)
41”[S ~_
Note: These are NOT accurate representations of the
relative amounts of power reflected and absorbed.
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Plane Wave Shielding Theory R
Copper g
(10 um thick) ]
o
Schelkunoff decomposition: 3
SE (dB) = R(dB) + A(dB) + . .
10 10 10° 10 10
Frequency (Hz)
Mismatch decomposition: $m0.L i . i3 &, =1 ol 0 Sim
SE (dB) = Ly(dB) + Ly(dB) - '“\ =1
T 60 —eA
] +—<R
S te—h| B
g 40 L . . ol . AL,
Nanofiber Composite | & “T::}HLD
(100 pum thick) g
10° 10 10° 10° 10"
A. McDowell and T. Hubing, “Analysis and comparison of plane wave shielding effectiveness decompositions,” IEEE Trans. on Frequency (Hz)
Electromagnetic Compatibility, vol. 56, no. 6, Dec. 2014, pp. 1711-1714.
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Plane Wave Shielding Effectiveness

Shielding Effectiveness Measurements

Material Being Tested
Coaxial Test Fixture

- 7
RF [ ] Matched
Source | ] Load
> —H>-
Incident Plane Wave Transmitted Plane Wave

power received at the termination

SE.=10lo
8 forward power from the source

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

N

Meaterial Being Tested

Quiz conr e

A shield made of a material with a shielding effectiveness of 100 dB will reduce the
radiation from an enclosed source by,

a.) 100dB

b.) atleast 100 dB

c.) between 0 dB and 100 dB
d.) possibly less than 0 dB

Real shields are ALWAYS in the near field of either the source or victim!

They need to be modeled as part of the radiating structure (antenna).

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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| Enclosure Shielding

Extemal
5.25" Drive Bays

Power
Supply
Unit Bay

&

cooling apertures ——

Rear
Fans

Expansion
siots  —§

cable penetrations ——s22—

Internal External
35 DriveBays 35" Drive Bays

seams
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'
Gauss' Law and the Faraday Cage
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Electromagnetic Compatibility Principles and Design 120



Short Course Slides

April 2025

Apertures

Small apertures that allow current to flow unimpeded do not reduce the enclosure shielding

effectiveness significantly.

Many small, round apertures are preferable to thin slots with the same cooling area.
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Shielding Enclosures
—
| X
I N v
[ | ——
R
(a) (b.)
é screw
= overlapping Seam
©) (@) comertor cometior
shell shell
| T | r—
finger stock — — ! 1
I i = X =s—= (]
] conductive gasket 360-degree/_|—‘ l pigtail T I
connection connection |
to shield to shield
(e) (f.)
(a) (b.)
Treatment of Seams Treatment of Wire Penetrations
242

LearnEMC 2025

Electromagnetic Compatibility Principles and Design

Electromagnetic Compatibility Principles and Design

121



Short Course Slides April 2025
| Cable Shields (short relative to A/4)
a A\
Floating shield provides no shielding
0 A
I ’
Grounded at one end provides E-field shielding
a A\
Grounded at both ends provides
l E- and H-field shielding
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 243
Cable Shields (long relative to A)
usually the case when cables are routed in a small building
0 A
Ten amperes of current
Long cable shields must be grounded at both ends. flowing in a cable shield
is not inherently unsafe.
However, if the shield
connection is broken, an
L di/dt voltage appears
at the open connection
0 A\ .
U and the energy stored in
Long cable shields must be HF J_ the loop inductance can
grounded at both ends. T be discharged at that
(~) i
) point.
when grounds have different
potentials at 60 Hz
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Anatomy of a Cable Shield
o 4 Twisted Wire Pairs m_ v
Drain Wire L y
WY ——.
1“\i ;

—
Foil Shield
O Foil provides O Foil provides high-frequency
high-frequency shielding.
shielding.
¢ O Braid carries strong current
PVC Jacket ! 0O Drain wire carries at lower frequencies.

most of the low-
CAT5e Cable frequency current.
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Transfer Impedance Measurements

Ztransfer = Vout / Iin

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 246
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Connecting Cable Shields on the PCB

O Cable shields should ALWAYS connect directly to the chassis.
O If they must connect to the board first, it must be to the PCB EMC Ground.

O If the cable shield returns intentional current, it must ALSO connect to the circuit board
return plane.

PCB EMC Ground

PCB EMC Ground / (zero-volt reference)

(zero-volt
reference)
RTN RTN
PCB in product with no ground structure PCB mounted near the ground structure
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 247

Summary of Cable Shielding

O Serves different purposes in different applications.

0 Sometimes carries intentional signal currents. Shield terminations become critical.

O May prevent coupling of external electric or magnetic fields to signals carried by
wires in the cable.

0 Beware of transfer impedance data. It should only be used to compare similar
cables for a similar application measured with the same test set-up.
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The Concept of Power Bus Decoupling

Printed Circuit Board

- o)
- aa VY YA <+
+ - Vinductance *
Vboard +V
_ inductance ~
» - >— Y Y Y\ .
—

Power Supply

LearnEMC 2025
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The Concept of Power Bus Decoupling

Y YN
+
Vboard @
_ 222%
Power Supply
Printed Circuit Board
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The Concept of Power Bus Decoupling
Local
Decoupling
Global
Decoupling +
—|= Vboard
_ 222%
Power Supply
Printed Circuit Board
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Rules for PCB Decoupling?
Use small-valued capacitors for high-frequency decoupling.
Locate capacitors near the Use 0.1 pF for local decoupling!
power pins of active devices. Use capacitors with a low ESR!
Avoid capacitors with a low ESR! Use 0.01 pF for local decoupling!
. . Locate capacitors near the
Run traces from device to capacitor, ground pins of active devices.
then to power planes.
. . Never put traces on
Locat!on Of decoupling decoupling capacitors.
capacitors is not relevant.
Local decoupling capacitors should have a
Use the largest valued capacitors you range of values from 100 pF to 1 uF!
can find in the smallest package size.
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How much capacitance do you need?
Impedance Approach /\
Global L[ YN
7 . Vnoise_max (f) ﬁ_‘ %{“ﬂ_
max | (f) Tl
device _max U E
1 1
2nf,C, . .2nfC, | 2nfL, T 5
AN L, s 7 2TCfC max
Zmax P N 1
) C>——
Log Impedance 2nfZ_
0 1 (ano) Lsource
Log Frequency
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How much capacitance do you need?

Capacitance Ratio Approach Guidelines Approach
Recognizing that CMOS loads are capacitances, Let's do it the way that worked for somebody
we are simply using decoupling capacitors to at sometime in the past.

charge load capacitances.

For Example: Include one 0.01 uF local decoupling

Total decoupling capacitance is set to a capacitor for each VCC pin of every active
value that is equal to the total device component on the board plus 1 bulk decoupling
capacitance times the power bus voltage capacitor with a value equal to 5 times the sum of
divided by the maximum power bus noise. the local decoupling capacitance.” .

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 255

Printed Circuit
Board
Decoupling
Layout

256
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BGA Package

O O 0O

Boards with Closely Spaced Power Planes

GND Plane

-

PWR Plane

—

Power Distribution Model ~ (5 - 500 MHz)

(Board with power and power return planes less than 0.5 mm apart)
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Boards with Closely Spaced Power Planes
I-BULK I-HF
5nH 2nH
C 1000
PLANES Cauik Chr
3.4nF Bare Board
| 1 uF | 10 nF 10
"1 Board with
Decouplin
' |Z| pling
in ohms
0.1
0.01
0.001
01 1 10 100 1000
Frequency in MHz
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Boards with Closely Spaced Power Planes

L L
BULK HF With 10 times the number of capacitors
5nH+10 2nH=+10
Couanes Cauik Chr .
3.4nF

Bare Board
| T uF x10 |10nF><1O 100

|Z|
in ohms

0.1

0.01

0.001

0.1 1 10 100 1000

Frequency in MHz
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For Boards with “Closely-Spaced” Planes

O The location of the decoupling capacitors is not critical.

O The value of the high-frequency decoupling capacitors is not critical, but it must be
greater than the interplane capacitance.

O The inductance of the connection is the most important parameter of a high-
frequency decoupling capacitor.

O None of the high-frequency decoupling capacitors are effective above a couple
hundred megahertz.

O None of the high-frequency decoupling capacitors are supplying significant charge
in the first few nanoseconds of a transition.
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Inductance of Connections to Planes

0402 capacitors mounted one or two layers above closely spaced power and ground planes

Generally, 100 decoupling capacitors connected through 1 nH of inductance will be as effective
as 500 decoupling capacitors connected through 5 nH of inductance.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 261

Power Bus Decoupling Strategy

With closely spaced (<.25 mm) planes

O all decoupling capacitors are global

O size global decoupling to meet board requirements
0 mount local decoupling in most convenient locations
O don't put traces on capacitor pads

0 too much capacitance is ok

0 too much inductance is not ok

References:

T. H. Hubing, J. L. Drewniak, T. P. Van Doren, and D. Hockanson, “Power Bus Decoupling on Multilayer Printed Circuit Boards,” /EEE Transactions on Electromagnetic Compatibility, vol.
EMC-37, no. 2, May 1995, pp. 155-166.

T. Zeeff and T. Hubing, “Reducing power bus impedance at resonance with lossy components,” IEEE Transactions on Advanced Packaging, vol. 25, no. 2, May 2002, pp. 307-310.

M. Xu, T. Hubing, J. Chen, T. Van Doren, J. Drewniak and R. DuBroff, “Power bus decoupling with embedded capacitance in printed circuit board design,” IEEE Transactions on
Electromagnetic Compatibility, vol. 45, no. 1, Feb. 2003, pp. 22-30.
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Boards with Widely Spaced Power Planes

QFP Package

oo o .
| E=IE ==

GND Plane

PWR Plane

M

Power Distribution Model ~ (5 - 500 MHz)
(Board with power and power return planes greater than 0.75 mm apart)
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Boards with Power Planes Spaced >0.5 mm

M
N

TRACE VIA ° ° VIA TRACE
—TNT T 1T TMM—
PORT 1 E PORT 2
BOARD
DECOUPLING
ACTIVE DEVICE CAPACITOR
r‘ ’__ I"_| SIGNAL PLANE

R

POWER PLANE

...... g - = - GROUND PLANE
SIGNAL PLANE

On boards with a spacing between power and ground planes of ~30 mils (0.75 mm) or more, the inductance of the planes can no
longer be neglected. In particular, the mutual inductance between the vias of the active device and the vias of the decoupling
capacitor is important. The mutual inductance will tend to cause the majority of the current to be drawn from the nearest
decoupling capacitor and not from the planes.
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Where do | mount the capacitor?

I
o
=
[

N

1 g -

{n/nlnla/nlnlnluln ol
[am5/nuEssEn)

GND

D ~——— Here?

[ ’t_:‘ [ ’t_:\ — o
GND

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 265

Where do | mount the capacitor?
~— Here?
0 2
g% B
g =] T
(= H
(= H
(= H
g B
B 5
g GND:'D/ Here?
N
’t_:\ —  rower
GND
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6-Layer Board Decoupling
100 LR Y T
702 (RRA RN ANRNA N NN -
® >
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- S C N l;i :
1 g o
el 5 Il
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O ~ 3
@ : \J
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For Boards with “Widely-Spaced" Planes

O Local decoupling capacitors should be located as close to the active device as
possible (near pin attached to most distant plane).

0 The value of the local decoupling capacitors should be 10,000 pF or greater.

O The inductance of the connection is the most important parameter of a local
decoupling capacitor.

O Local decoupling capacitors can be effective up to 1 GHz or higher if they are
connected properly.
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Power Bus Decoupling Strategy

With widely spaced (>.5 mm) planes

size bulk decoupling to meet board requirements

size local decoupling to meet device requirements

mount local decoupling near pin connected to furthest plane
don't put traces on capacitor pads

too much capacitance is ok

too much inductance is not ok

o000 0

References:

J. Chen, M. Xu, T. Hubing, J. Drewniak, T. Van Doren, and R. DuBroff, “Experimental evaluation of power bus decoupling on a 4-layer printed circuit board,” Proc. of the 2000 IEEE
International Symposium on Electromagnetic Compatibility, Washington D.C., August 2000, pp. 335-338.

T. H. Hubing, T. P. Van Doren, F. Sha, J. L. Drewniak, and M. Wilhelm, “An Experimental Investigation of 4-Layer Printed Circuit Board Decoupling,” Proceedings of the 1995 IEEE
International Symposium on Electromagnetic Compatibility, Atlanta, GA, August 1995, pp. 308-312.

J. Fan, J. Drewniak, J. Knighten, N. Smith, A. Orlandi, T. Van Doren, T. Hubing and R. DuBroff, “Quantifying SMT Decoupling Capacitor Placement in DC Power-Bus Design for Multilayer
PCBs,” IEEE Transactions on Electromagnetic Compatibility, vol. EMC-43, no. 4, Nov. 2001, pp. 588-599.
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Power Bus Decoupling Strategy

With no power plane

layout low-inductance power distribution

all high-frequency decoupling is local

size bulk decoupling to meet board requirements
size local decoupling to meet device requirements
two caps can be much better than one

avoid resonances by minimizing L

I Ny I N Ny I

References:
T. Hubing, “Printed Circuit Board Power Bus Decoupling,” LG Journal of Production Engineering, vol. 3, no. 12, December 2000, pp. 17-20. (Korean language publication) .

T. Zeeff, T. Hubing, T. Van Doren and D. Pommerenke, “Analysis of simple two-capacitor low-pass filters,” IEEE Transactions on Electromagnetic Compatibility, vol. 45, no. 4, Nov. 2003,
pp. 595-601.
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Power Bus Decoupling Strategy

Low-impedance planes or traces?

U choice based on bandwidth and board complexity
O planes are not always the best choice

4 itis possible to achieve good decoupling either way
O trace inductance may limit current to active devices

Do you have a BGA component with 6 or more
power pins at the same voltage? If so, you
probably need the closely spaced power planes.

Planes widely spaced or closely spaced?

O want local or global decoupling?
O want stripline traces?
O lower impedances obtainable with closely spaced planes

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 271

Embedded Capacitance

Input impedance of a populated 2" x 3" board with a plane separation of about 5 microns

Input Impedance of 3M TV111 Cply Board

You don't need local

° ’/__’___,_,_____, high-frequency decoupling.

1Zinl in ohms
o
;

Phase in degrees

PN S NN S S NS NS SR N N
[} 0.5 1 15 2 25 3 3.5 4 4.5 5

Frequency in GHz
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Decoupling Myths Decoupling Myth

In order to be effective, capacitors must be located within a radius of the active device
equal to the distance a wave can travel in the transition time of the circuitry.

While technically true, on boards with closely spaced planes (where this rule is normally
applied) none of the capacitors on the board can typically respond within the transition
time of the circuitry no matter where they are located.

=] -
Al the capacitors on this board supply

approximately the same amount of charge
regardless of the circuit transition time.

Decoupling Myth

Smaller valued capacitors (i.e.; 10 pF) respond faster than higher valued capacitors.

The ability of a capacitor to supply current quickly is determined by its mounted
inductance. The value of the capacitance only affects its ability to respond over X
longer periods of time. For a given value of inductance, higher valued capacitors are Decoupllng Myth

more effective for decoupling. lo of [e [le

el v i

It is advantageous to alternate the polarity of decoupling capacitors so that the VCC
connection of one capacitor is close to the GND connection of another capacitor.

Use capacitors with the largest nominal value for a given package size and voltage rating
This is proposed as a method for reducing the connection inductance by taking advantage
of flux cancellation in the via connections of adjacent capacitors. It is effective only when
the connection inductance associated with the PCB vias dominates the overall connection
inductance. This should never be the case in a well-designed board.
Unless the power planes are buried deep inside the stack-up, there is very little to be gained by alternating the polarity of the
decoupling capacitor vias.
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Isolating PLLs and Other Sensitive Devices

If the PLL has one VCC pin, connect a filtered trace from the VCC plane to the pin.

If the device has several VCC pins, it is ok to create an island in the VCC plane and filter the
connection from the VCC plane to the island.

NEVER filter the GND connection to the PLL.

NEVER create an island in the board’s GND plane.
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PCB Decoupling Summary

O Correct decoupling strategy depends on whether the board has power planes; and
what the spacing between those planes is.

O Minimizing the connection inductance of decoupling capacitors is always important
for high-frequency decoupling.

O Decoupling capacitors on boards with power planes should never have connecting
traces and should never share a via with another decoupling capacitor.

O Itis ok to filter the power connection, but never filter the ground connection.
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Linear Power Electronic Circuits

Linear Voltage
Regulator

AC Mains

Viono
Voltage

=
S
S
S
~
c
<
~

il

= Linear Power Supply

Induction Motor
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Switching Power Electronic Circuits

Voltage Doublers / Charge Pumps
volts
watts Q

DC-to-DC Converters

volts
watts

Automotive Motor Drives
hundreds of volts
kilowatts

Small Motor Drives / Power Inverters
tens of volts
tens to hundreds of watts
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Coupling Mechanisms

Interference problems can occur when noise from the switching power circuits couple to circuits or antenna structures that are
not part of the power circuitry itself!

There are only 4 EM coupling mechanisms!

O Conducted Coupling W 0
a - :
Electric Field Coupling = Power o
0O Magnetic Field Coupling ~——— Inverter ———
O Radiation Coupling
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Conducted Coupling from Power Circuits

LISN
Switching Noise Switching Noise
Conducted on Input Conducted on Output
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Electric-Field Coupling from Power Circuits

Time domain: Proportional to 9V/ ot
Frequency domain: Proportional to oV

~ -

—

Coupling to Nearby Coupling to Infinity
Traces or Circuits
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Magnetic-Field Coupling from Power Circuits

Time domain: Proportional to 91/ ot
Frequency domain: Proportional to ol

- Vem +

& &

Coupling to Nearby Coupling to Cables
Traces or Circuits
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Overview of Power Electronic Circuit Topologies
L L D
MM ‘L_Nv\; L >
Viy = = y =  LoADX V = L
m T Cin D Cour o Yn = I CouTLOAD% Yo
DC-DC Buck Converter DC-DC Boost Converter
D
LOAD »i
j%} \l} Qo l | "
Vn = T, ‘4:$]: Vy = =+ T+ om0 = Vour
-[ C \i} (IR T Cn g Cour
DC-AC Inverter Flyback Converter
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Buck Converter Topology
F—=-==--- | L
L L
1 | ’
' I
Asynchronous Vi = T | T oS Vour
'|' Cin : Dl Cour
1
! I
F—=-==--- | L
L L
' ]
. 1 ,
I
Synchronous v, = 4 : L L0 = Vo
'|' Cin : I Cour
1
! I
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| Buck Converter Topology

Switching Voltage Node

V L
Vs o > m Vi
J_ lv
D
Vy = = = LoAD<T Vour
T Cin D our

Nominal Voltage Vg Vs L
Waveforms

Vi
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Buck Converter Topology

lg

T O,
IR P A Y
=

Switching Current Loop

Nominal Current Imlr | r | r |
Waveforms B 2
|Cw N | [ | | | Ih/\/\/\
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Buck Converter Topology

Switching Voltage Node

[ 1 "*}f [ .1
b T Cin @ DD TCOUT §

Switching Current Loop
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Characterizing the Source *4
12
10 ‘l
s 8
o /-\ A g» 6
s N L + i
2
— Vin AP = load Vout 0 e RS e U S R St ] el Al Rt R e At R e
2
11 12 13 14 15 16 17 18 19 2
- Time (s) x10
(a)
DC-DC buck converter schematic 5Y 140
CL— RS
T - 120 [ : :
£ [T e
NTD18N06T4G < ‘ £
7 LA ER
i B mH = l J S
= -y
60 5
— 30Q; H [
T x T e a V/ S 1 2 S T
i L.
ovev 0 W " @
5us 10us Frequency (MHz)
L ®)
Voltage waveform at node A: 4
DC-DC buck converter model for simulation (a) time domain —  t.=04ps
(b) frequency domain Tw r '
u
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.options numdgt = 7
options plotwinsize = 0

Rser=10m

1 :§MMHMMJMNJHMJHHMHMHJHMHMHJM(MHM

[

Switch-Node =
Voltage

.options numdgt = 7
options plotwinsize = 0

sen) e e

e - e - e = E= e - -

xxxxxx

Switching
Current

IR T ,NI ‘rMU“'ll i

‘MMUIWLINMUL i ‘.‘.l Wi Vb it
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9
Atran Im I
g o e
.options numdgt = 7 4 10 pF leakage
.options plotwinsize = 0 £ P n g -t
22 218 il
181 Im l )
Vi cin vz o1 Cout Rioad =1
+ — | i i i i i
— i i i i i
£ 1N4148
Rser=10m |
PULSE(0 10 0 10n 10n 0.5u 1u)
- oo = 20 = o = = o o o
v I(Cout) 1(Cin) I(Rload)
-20dB+
-40dB-
C t ™
(with 10 pF leakage
capacitance in the -80de-|
inductor) H“ ‘
Iy

+100dB

‘ | e
2008 "Ml‘ ‘ ' “I I \ j ‘ J ll
] i \“wl'w (k) w\m,m\,‘ \i\HHM‘L‘ d"“

1MHz

it 1]

Effect of Pulse Width on Frequency Content

PULSE(0 1 0 1n 1n 500n 1000n) L]
IR WY @B PO

50% Duty Cycle 90% Duty Cycle

1% Duty Cycle

AT
b b b,

PULSE(0 1 0 1n 1n 10n 1000n)

PULSE(0 1 0 1n 1n 100n 1000n)

L T B . )
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Boost Converter Topology

L

Switching Voltage Node

L ?@5

= LOAD
C VOUT
ouT
Switching Current Loop
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 293
| Characterizing the Source
24V —p s*
@ 15
1 Pt Ew
- b * >° 0 k L { ) l J
=vin s —_c load Vout 9508 960y Timo &) 980 990 m
(@)
I - 40
§
DC-DC boost converter schematic 2 "
9501 960u 970u 980u 990u m
Time (s)
()
B A n -
TmH » 6 MmA o~ Current Through the inductor
3 T 4
300 [ ANTD18N06T4G L4 10 ps R T
v T ] e
= I
i I A ANV e
- 107 10 A 10
Frequency (MHz)
©
DC-DC boost converter model for simulation Waveforms:
(a) voltage at node A 4
*Note that current in the switching current loop is 60 mA peak (b)'\c/luorrsir;rat Iocat}[on B " -
and falls off proportional to frequency until 1/xt,. © current spectrum W,
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PULSE(0 10 0 10n 10n 0.5u 1u)

i
K] Dt
m ~—— 1N4148
M1
PSMNOR925YLC Cout
EaNg == Rload AhnT AT q At p p T
() V2 u 50 l ‘ |
12 It ‘
Rser=10m e ‘ ‘ ‘ ‘
< H‘,H\\ ‘ “‘
PULSE(0 10 0 10n 10n 0.5u 1u) ! !
Vioo02)
soas] |
Units are dB(V)
1008
o
1008
2008
3048
Switch-Node =
50
Voltage -
048]
-s0ds-
s0ds
10048
11008
12008
MHz ToMHz 100MHz
295
L D1
SN N i
im I
M 1N4148 “
p PSMNOR925YLC Cout al
EaNg Rload  *}
() V2 u 50 %
12 :
Rser=10m r10a{

(Cout)

Switching
Current

T
1MHz

T
10MHz

T
100MHz
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Flyback Converter

g
V
. ng\t(hmtg < * Switching
Soree — T\ Spucrng Lo, Voo
Cin ﬁ Node Cour
=
Flyback Converter (primary grounded)

oo |

i
-1 Switching - %L Switching

Voltage —— 4 Current Current
Source -T- Loop Switching Loop — Vioan
[ )ﬁ Voltage c
Node ouT
=
Flyback Converter (secondary grounded)
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Single-Phase Inverter or H-Bridge
DC Voltage J_— i ¥
Source -[ T Vioap
IN -
can be filtered
or shielded
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Three-Phase Inverter

DC Voltage —[ o

Source T~ N l’/x{
—lA

Switching Current Loops
can be filtered
or shielded
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Key EMC Compliance Issues

Diode Turns Off

Ringing starts before
transition has completed

Voltage (V)
Voltage (V)

Ringing Current

H H H 2
-10 R TI R IS R S Vo TR S Ty T TR T 52 615993m  6.16008m ilsmsm 616027m  616042m
Ringing in the switching waveform adds e x10? e
to the switching CM voltage noise. Diode Turns On
140 13
120 °
2 o =
2 ol [ B 51 3
> H &
3 H £,
2 gofferee 1
g >
2 goH-- 3
40 e " h 7
_ Ll H H sl 6.1950m 6.1952m  6.1953m 6.1955m
10 10° 10 10° Time (s)
Frequency (MHz)
) (d)
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Diode Reverse Recovery

In contrast to an ideal diode in which the current would
stay at zero, the current in a real diode increases in the tr

opposite direction to a peak value of I, and returns to zero —

only after a time, t.. t, is called the reverse recovery time. As t
a result, the voltage across the diode will have a negative
spike, V, before it settles at V..

..Ip ,,,,,,,

(a)

The reverse recovery time of a diode can be of the order of +vd
nanoseconds and the negative current spike can be very
high. These narrow current spikes produce wide band noise.
In power converters, this wideband noise can enhance the
ringing in the voltage and current waveforms due to the
parasitic L and C in the circuit.
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Identification of Ringing Loop Inductance

Low-to-High Transition of V,

High-Side FET (On)
Ruonrn ;

- oo I I ¥o & TiighSide FET 01
i
Copyp 8t Vyy =5V I

Roscn

1 o
Ringing Frequency: fo = oy
2n/LC =
Cogsy at Vi, =0V 2=
W s Fuw
o ot ) QFactor: Q= 1 E = i = nfﬂ Low-Side FET(Ofﬂi
“ Part of current loop on the top side of the board 4D
34— Part of current loop on the bottom side of the board & RYC ZC a %
3.2in
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Snubber Circuits

|
s

[

|
i
O
G
=
G
R

LearnEMC 2025
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Snubber Circuits
’
DO Nt put snubber circuits on low-power or medium-power DC-to-DC converters.
L
J_ m
L 1 1 < Just keep the voltage switching node
Vin % CIN" DK “C LOAD = Vour and the switching current loop small!
ouT
DO put snubber circuits on medium-power to high-power DC-to-AC inverters.
bl i N } LOAD
= oo
VA = M + :::]' When required to prevent excessive ringing!
IN = CIN { I_ W~ :
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New Technologies

5Vfrom2.8-42V

10A

1-2MHz

Silent Switcher® Architecture

Input Capacitance in package
Optional Spread Spectrum

o0 O0oooo

Analog Devices LT8638S (Buck Converter)

4/21 3556

0000

00000000000
00060006006

v v VU v o
00 o o

oo

oo

oo 00O0O0
0000000000000 0O0
CRCRORORC) 0coo0ocoo
TYPICAL APPLICATION 12y to SVgyr Efficiency
100 56
5V 10A Step-Down Converter
95 48
Viy T e T S |
5.4VT0 42V m Vi BSTf— ot wls EFFICIENCY W
2 X - K -
= ENUV =
= P I S S £, A2
 mm— 117 BIAS 108 s A8
o S 8 > u§g
) y, T ‘stnF 100k 5 | powentoss| 17 L g 2
RT B I 4T g 2 =
TaaDuF %33 3 GND. S 137k 701 — ??ﬁﬁ?i:ﬁﬁ“" 08
L 4 o —=— 2MHz. L=068iH

fow = IMHz

12 3 4 5

6 7 8 9 10
LOAD CURRENT (A)

Rev. 0
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New Technologies

3-36Vfrom5-36V
6A

0.2 -2 MHz

“Low EMI"

Input Capacitance in package
Optional Spread Spectrum

o0 O0oooo

5V to 36 Vinput

Texas Instruments LMQ61460-Q1 (Buck Converter)

1/21

Renr

Cvec

VINT

PGND1

EN/SYNC

RT

vece

{_T

Ciawk
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New Technologies 11721
Texas Instruments LM62460 (Buck Converter)
0 3-36Vfrom3-36V
O 6A Oa.GVaEGVinpul
0 0.2-22MHz
0 “Low EMI symmetrical pinout” L ;::“ e
} PGND1 PGND2 H
Q Adjustable SW node rise time = = ety
Q Configurable Spread Spectrum BIAS
FESET sw
SPSP
CBOOT
? MODE/SYNC  RBOOT 1:
JT_—[ vee B
I AT AGND [~
Simplified Schematic
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New Technologies 3/19
MPS DIY8883 (Synchronous Buck Converter)
0 0.6-12Vfrom3.5-45V
a 3A
0 0.2-2.2MHz
O Programmable Slew Rate
O “Frequency Dithering” TYPICAL APPLICATION
BST L
VIN l VIN sw}g—'ﬁ
c T vout c2
PG i PG I i
e DIY8883 "°°j
ﬁ:/PMaus{ anof— | °
o T AGND q{ el
ADD O ADD EN N
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o0 O0oooo

5Vfrom7-40V
3.5A
1-3MHz

Silent Switcher® Architecture

Input Capacitance in package

Inductor in package

| New Technologies

BLOCK DIRGRAM

Analog Devices LTM8003 (Buck Converter)

LTM8003 Block Diagram

CURRENT
CONTROLLER

TRISS  SYNG

LTM8003-3.3 Block Diagram

CURRENT
T 02pF | MODE
CONTROLLER

_|]
K=

INTERNAL
o1

FEEDBACK

TRISS SYNC AT

-1}——'

BIAS

Vour,

0.014F

RevE

DM Noise (dBpV)

1
Frequency (MHz)
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Active EMI Filteri P T
clive ittering INSTRUMENTS Lm25149-Q1
www.ti.com SNVSBV6A — DECEMBER 2020 — REVISED APRIL 2021

9.2 Typical Applications

9.2.1 Design 1 - High Efficiency 2.1 MHz Buck Regulator

Figure 9-5 shows the schematic diagram of a single-output synchronous buck regulator with output voltage of 5
V and a rated load current of 8 A. In this example, the target half-load and full-load efficiencies are 93.5% and
92.5%, respectively, based on a nominal input voltage of 12 V that ranges from 5.5 V to 36 V. The switching
frequency is set at 2.1 MHz by resistor Rgr. The 5-V output is connected to VCCX to reduce IC bias power
dissipation and improve efficiency. An output voltage of 3.3 V is also feasible simply by connecting FB to VDDA

(tie VCCX to GND in this case).

L
Vin=55V..36V 068 H
=
e S
L& Tomr Rec Conupr Tie to Vour
0470 T arwr or
Roww = i G
0 we vee
> 0T L N EN veox veo =l
BOOT =
Caere Ragrc VDDA L Caoor Q
L Reg o 0.1 pF
1nF 2000 £
249k
s Cow  Reow s
aEFDC. ExTcoMP | M25149-Q1
499kn 270F  10kQ 2 -
PGND
Cir
e ~ ISNs+
SENSE vout
To AEF PGOOD [—»
sensepoint < VCC J— PEMISYNC {—»-
Rgsr(\]mn AVSS CNFG  RT VDDA  AGND

Caervoo
0.1 pF

Renes Rr Cvopa l

v
249k0 952kQ  0.1pF

Figure 9-5. Application Circuit 1 With LM25149-Q1 Buck Regulator at 2.1 MHz

* Vour tracks Viy if Viy < 5.2V

Vour=5V
lour =8A
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| Texas Instruments Application Note

Analog Applications Journal Industrial

Five steps to a great PCB layout for a App Note: AA] 1Q 2015
step-down converter

By Chris Glaser
Avicsions Enginer For Step-Down Converters
Introduction

Especially for switch-mode
power supplies (SMPSs), the
e

1 1

under appreciated step in ez PV wiE

achieting proper performance | Y s s

and relablity. Errors in the el Treml] = okl | e

PCB layout cause a variety of T 0AuF EN vos, “'21 HF
4

Figure 1. TPS62130A circuit used to stop-down 12-V 10 33-V

4
104F

misbehaviors including poor

switching jitter, and even = s|S 4 datasheet goes think this is undesirable because that trace must be rather H

e G e o v NATAKS il b iowed ebreen th i of sl conper Note that HF current will

these should be avoided at . lsiics; sueh b ’ & .

e e B~  oEE T e ettt Thsten o e not flow on isolated

modification. However, these Faw PGND f to woltage

il 5 iy e g L on Properly o ded layout of the TPS62360 PGND. Path of least

vented if time and thought are best therrmal i inductance takes it back

spent during the PCB layout

process before the first PCBS are ever ordered. This connect this cir-

Stk presets e smple s o coune Ot vour st TP 01 i to main ground plane.
Stp-donm convete’s PCB iyt s bt and ey for ,, outand o 3
gendoma Aot copacior i rode SN

When designing a server, tablet, or electronic point-of- s to reach the
s are best placed

ractice option with the least risk s

on mo Shown n the datasheel vinfs - This
However, this may not aliays be possible for various rea- imormma
and output-

nto the system
>onents is not,
ouple noise frorm
rounds are best
ere they make a
ermal pad

~
~

Single-point current return?!!
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TLV62065 DC/DC Buck Converter (Data Sheet)

Automotive 2.9V to 5.5V, 3 MHz, 2A

Typical Application Circuit

Vi =291055V
o PVIN

AVIN

Cn_l L—{en
10uF T MODE
F AGND =
PGND

Copyright © 2016, Texas Instruments Incorporated

R2
|
[=]
z
]

Be sure that vias to GND and any voltage planes are adjacent i
to capacitor mounting pads! Figure 24. PCB Layout
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System-Level

Design

Considerations

LearnEMC 2025
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31

3

Conducted Emissions

1 HF GND

SMPS Layout

Filter Design

Filter Layout

Balance Control
Transition Times
Adequate Decoupling

LearnEMC 2025

EMC Requirements and Key Design Considerations

Common Sources of Conducted EMI

Switching Noise - Conducted

VBATT+ O Noise produced directly by switching on the power input
0 Mitigation Option 1: Appropriate Filtering
VBATT- 0 Mitigation Option 2: Control parameters of the switching

GROUND

Switching Noise - Field Coupled
Heatsink
VBATT+ e a Ns)use \{oltage erves capacitance t(? chassis or earth
0 Mitigation Option 1: Reduce capacitance
VoATT 0 Mitigation Option 2: Appropriate Filtering
GROUND e 0 Mitigation Option 3: Control parameters of the switching

Switching Noise Coupled to a Power Line
VBATT+ _=CD 0 Noise coupled directly to power input traces or components
VBATT- 0 Mitigation Option 1: Reduce the coupling

ﬂ 0 Mitigation Option 2: Appropriate Filtering

0 Mitigation Option 3: Control parameters of the switching
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.

.

.

DUT

=-

Conducted Emissions

1 HF GND
SMPS Layout
Filter Design {————
Filter Layout

Balance Control

Transition Times

Adequate Decoupling

EMC Requirements and Key Design Considerations

L
i NN nmm o nm
V. e == e - — LOAD
IN T m C‘N D COU‘
LISN DC-DC buck converter

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 315
EMC Requirements and Key Design Considerations
N
Two-Phase Power, Two Propagation Modes
Conducted Emissions
* 1HFGND V o+V
+ SMPS Layout _ &—o= HOT DUT Ve =" > N
* Filter Design (——— +
- Filter Layout f v, VDM = VH _VN
« Balance Control B
« Transition Times GROUND
« Adequate Decoupling h
\Y VDM
f +N VH = VCM + 2
NEUTRAL v
—4.—@7 _ DM
VN - VCM - 2
LISN |
Common Mode
Differential Mode
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EMC Requirements and Key Design Considerations
e
‘:' buT
Balanced Power Input Requires a Balanced Filter
Conducted Emissions S .
+ 1HFGND ‘,f’ e o {/ \: |
- SMPS Layout BAAL — VAT T s — [
* Filter Design {————— ! + i : l ° 3 1 % g i
« Filter Layout ! Vit ! P ° !
« Balance Control ! - 3 3 1 __3 ' 3 e
« Transition Times Vin @ ‘ P T T 1 i —_1 § LOAD
« Adequate Decoupling 3 ; i 3 3 >§ l Cour
| m2! ! "|' . b 3
et MmN o
o i | o DM&CM | | i
e LusN S phibees . Fyback Comverter
. Input Filter /'
The LISN is balanced! ~~~~ ~ =777 - The Power Input is balanced!
(i.e., both sides have the same (i.e., both sides have the same
impedance to ground.) impedance to ground.)
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Conducted Emissions

« 1HFGND

* SMPS Layout

Filter Design <(————
Filter Layout

Balance Control

Transition Times

Adequate Decoupling

LearnEMC 2025

EMC Requirements and Key Design Considerations

Unbalanced Power Input Requires an Unbalanced Filter

. \\ - |_

LN A o NN :
1 + 1 3
3 Vm1 i _-— ::3 §

v g i 3 3 = 1{ == 3 LOAD
N = 1 oo Cin D Cour! 3

1 Vinz 1 1
; + | |
] ) ' . !
! LISN ) \ I DC-DC buck converter )

If the power input is very unbalanced,
Vi, =0, noise appears across V.
The noise is half-differential and half-common-mode.

The LISN is balanced!
(i.e., both sides have the
same impedance to ground.)

Don't use a Common-Mode Choke!!!
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EMC Requirements and Key Design Considerations
N
Electric-Field Coupling
Conducted Emissions EUT
* 1HFGND \ /
+ SMPS Layout —
« Filter Design <—————— CaSi‘] . LISN Cable _— [‘ j
- Fier Layout Selii g L e |
« Balance Control Vew >
« Transition Times
« Adequate Decoupling
Electric field lines not captured
by the board
Case 2 . EUT \ //
g LISN able _— [’
U =Sips | ()
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EMC Requirements and Key Design Considerations
N
EUT \\ /
Conducted Emissions Case 1 =
CM ground is the e ]
. 1HFGND PCBEMC Ground  V,\|
« SMPS Layout
« Filter Design (————
« Filter Layout
« Balance Control
« Transition Times
« Adequate Decoupling
)i \AMAS
A ll/wvﬁl T NOISE SOURCE
Ven 1T 1T 1]
Adding Y-capacitors on the LISN side is very effective.
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EMC Requirements and Key Design Considerations

DUT

Electric field lines not

- captured by the board
Conducted Emissions

Case 2 \ //
« 1HFGND CM ground is EUT —
at infinity o |
SMPS Layout -:Lgl; f (:.\........ \

Filter Design {————
Filter Layout

.

.

.

Balance Control

Transition Times

Adequate Decoupling Wwvﬁ.lf u-gJ-l
NOISE SOURCE
1T

8

.

Adding Y-capacitors on the LISN side defeats
the purpose of a common-mode choke!

Transformer

|

Balanced Filter (small board with no chassis)
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EMC Requirements and Key Design Considerations

INPUT PROTECTION AND FILTER

Conducted Emissions

+ 1HFGND TR F (=) s ) )
- = L Design a good filter and don't
* SMPS Layout “ > . .
) ) S = unintentionally bypass it.

« Filter Design o ol
+ Filter Layout <{———

J12[ A . 20 J1z
« Balance Control : PMIC-PRG : E PMIC-PRG

Transition Times

.

Adequate Decoupling

PWR-CYCLE

Top Layer Bottom Layer

The LISN is measuring the voltage relative to CHASSIS ground. If your digital ground has a voltage relative to chassis ground, it will
appear in your measurement.
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EMC Requirements and Key Design Considerations

EA
[ DUT
N (=

Layout out power converters sensibly! Switching Voltage Node

Conducted Emissions
/L
M
+ 1HFGND >
« SMPSLayout <(——— DC-to-DC J__ ~ N1 <
Step Down Vn = T, /X - 1080 = Vour
« Filter Design - Cn| o =D Cour
(Buck) 1 z

Filter Layout

.

Balance Control Switching Current Loop

Transition Times

Switching Voltage Node

L
DC-to-DC l—’“"—(ﬁ =§=

.

Adequate Decoupling

StepUp Vn = B LOAD == Vour
(Boost) T T y our
Switching Current Loop
Ignore bad advice in app notes!
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EMC Requirements and Key Design Considerations

Highlight the Switching Nodes!

Conducted Emissions

* 1HFGND

+ SMPSLayout <(——
Filter Design

Filter Layout

.

.

Balance Control

Transition Times

.

Adequate Decoupling
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.

.

.

.

EA
[ DUT
N (=

Conducted Emissions

1 HF GND ! |
SMPS Layout <{————
Filter Design

Filter Layout

Balance Control
Transition Times
Adequate Decoupling

EMC Requirements and Key Design Considerations

Layout out flyback power converters sensibly!

Cm Node

smmmg =4

Current

Loop “sutti ing
Voltage

Switching
Current
Loop Vionn
Com

i1H

Flyback Converter (primary grounded)

Ignore bad advice in app notes! ‘

LearnEMC 2025

Vsw
Switching
= Current
Loop. s\

Cin

AA
A\

witching
Voltage
Node

Switching
Current
>
Loop > Viowo
cour

Flyback Converter (secondary grounded)

1H

Electromagnetic Compatibility Principles and Design

.

.

.

.

Conducted Emissions

1 HF GND ! |
SMPS Layout <{————
Filter Design

Filter Layout

Balance Control

Transition Times

Adequate Decoupling

Ignore bad advice in app notes!

LearnEMC 2025

DC

Voltage
Source

EMC Requirements and Key Design Considerations

Layout out motor drivers sensibly!

Vioao

—_— Switching &E l} +
- Current
Can Be
F\\tered

H-Bridge

o
H

Don't isolate the “motor ground” from digital return unless you can show that it is necessary !

Electromagnetic Compatibility Principles and Design
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Radiated Emissions

+ 1HFGND
« PCB Layout
Risetime Control

+ Filtered I/0

+ Adequate Decoupling

L

+ Balance Control

EMC Requirements and Key Design Considerations

Radiation from a Current Filament or Small Loop

— ] o
T
! la

] Common-mode vs. Differential-mode Radiation

Identifying Antennas

What makes an efficient antenna?

What is NOT an efficient antenna?

HalfWa

Identifying Antennas

Good Antenna Parts Poor Antenna Parts

<100 MHz >100 MHz <100 MHz >100 MHz

Cables Heatsinks Vi

Power
planes
Tall
components

Enclosures

Seamsin
shielding
enclosures

100 MHz s 3 meters

Below a few hundred MHz, it's the common-mode current on the cable!

LearnEMC 2025

Electromagnetic Compatibility Principles and Design

))

Radiated Emissions

+ 1HFGND

« PCB Layout

Risetime Control

+ Filtered I/0

» Adequate Decoupling

+ Balance Control

EMC Requirements and Key Design Considerations

Problems that cause nearly all radiated emissions < 500 MHz

How does noise get on the cable?

Direct coupling to /0

I varr

L vaxrrs

How does noise get on the cable?

Voltage-Driven Mechanism

= Z
WD ) -

How does noise get on the cable?

Current-Driven Mechanism

How does noise get on the cable?

Change in Electrical Balance

Nearly Balanced Cable

—_— e

v

=Ah X Vpy !

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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EMC Requirements and Key Design Considerations
Direct Coupling to 1/0
Radiated Emissions ) . )
Chassis Signals coupled to I/0 lines carry HF
Connection power off the board.
+ THFGND
+ PCBlayout <{————— b VAT
+ Risetime Control > [~ VAT
+ Filtered I/0
+ Adequate Decoupling
+ Balance Control
Key Layout Techniques
[ Highlight every net on a connector pin.
Chassis 1 Look for unintentional coupling to high-
Connection frequency traces.
0 Follow the trace from the connector to each
series termination.
1 Reroute or terminate traces as necessary.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 329
EMC Requirements and Key Design Considerations
. - Voltage-Driven Mechanism
Radiated Emissions e . .
Electric-field lines drive the chassis or
Chassis infinity relative to cable
+ 1HFGND L Connection
. PCBlayout <——— ' \ /
+ Risetime Control —\ /
+ Filtered I/0 — Cable
» Adequate Decoupling < Vg,
+ Balance Control
Key Layout Techniques
U Keep heatsinks and switching nets small
relative to the board size.
O Filter each I/0 trace with series resistance
and/or parallel capacitance to chassis ground.
U Provide a good low-inductance connection to
Chassis chassis.
Connection
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 330
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EMC Requirements and Key Design Considerations
Current-Driven Mechanism
Radiated Emissions
Signal currents induce a voltage across
Chassi the board.
* THFGND (o Lavouiin Connecion
« PCB Layout Connector 2
+ Risetime Control
+ Filtered I/0 Comector 1| | e TR
. — Cable
+ Adequate Decoupling ~ _[(Bo g o |
+ Balance Control [ AvEr—
Chassis <
Connection
S o _
connector - Key Layout Techniques
E.J 0 Make chassis ground connections near the
connector(s).
Connector1 (1 Locate connectors on same edge of board.
g 1 Don't allow high-frequency signals to flow on
s Chassis microstrip traces parallel to this edge.
Connection
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 331

&)

Radiated Emissions

 —] Chassis

© 1HFGND Connection
« PCB Layout \

+ Risetime Control

« Filteredl’/lO | SSsoooo

Low-Speed
Low-Frequency

Adequate Decoupling

Balance Control

Coaxial Cable

EMC Requirements and Key Design Considerations

Change in Electrical Balance

Converts differential signals to a
common-mode voltage.

Nearly Balanced Cable
|

Microstrip Trace R
\ - =
! - == =

o A
< Ve

[ EE—

Vo =Ah X Voy 11

Key Layout Techniques

U Control bandwidth of I/0 signals to keep
harmonics at radiated emissions frequencies

7 below ~1 mV.
Chassis 0 Or use balanced signals with balanced cables
Connection and unbalanced signals with unbalanced cables.
U Be sure to provide CM filtering for HF balanced
signals.
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EMC Requirements and Key Design Considerations

PCB EMC Ground
/ (zero-volt reference)

Radiated Emissions

- 1HFGND —
« PCB Layout

+ Risetime Control RTN
+ Filtered I/0

+ Adequate Decoupling
+ Balance Control

PCB mounted near the ground structure

| Half of a good antenna
Half of a good antenna

ALL unshielded 1/0 should be connected to the high-frequency ground at frequencies where radiated emissions could occur!
(e.g., voltage difference must be < 0.27 mV)

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

w

) EMC Requirements and Key Design Considerations

Radiated Emissions

PCB EMC Ground
/ (zero-volt reference)

- 1HFGND —
« PCB Layout

+ Risetime Control

+ Filtered I/0

» Adequate Decoupling

RTN

+ Balance Control

PCB mounted away from the ground structure

Half of a good antenna Half of a good antenna

ALL unshielded I/0 should be connected to the high-frequency ground at frequencies where radiated emissions could occur!
(e.g., voltage difference must be < 0.27 mV)

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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Radiated Emissions

« 1 HFGND  —
« PCB Layout VBAT

+ Risetime Control PC13
. PC14

* Filtered I/0 PC15 STM32F407
+ Adequate Decoupling ::(1) 32-Bit ARM Microcontroller
+ Balance Control NRST
PCO
PC1 LQFP64
PC2
PC3
mmmm) VSSA
VDDA
PAO_WKUP
PA1
PA2

Don't isolate returns!

No matter what the datasheet says!

Unless you've been able to prove that it
is necessary.

V I

(worst-case) (worst-case) (worst-case)

coupled = lsource X Rshared

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 335

EMC Requirements and Key Design Considerations

Connecting Cable Shields on the PCB

0 Cable shields should ALWAYS connect directly to the chassis.

Radiated Emissions

* 1HFGND L

+ PCB Layout O If they must connect to the board first, it must be to the PCB EMC Ground.
 Risetime Control

+ Filtered I/0 0O If the cable shield returns intentional current, it must ALSO connect to the
+ Adequate Decoupling circuit board return plane.

PCB EMC Ground

+ Balance Control / (zero-volt reference)

PCB EMC Ground

(zero-volt
reference)
RTN RTN
PCB in product with no ground structure PCB mounted near the ground structure
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 336
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EMC Requirements and Key Design Considerations

Radiated Emissions  What about frequencies above a few hundred MHz?

o i EEENE 0 Cables are much less likely to be the antenna.

+ PCBlayout <(————

. Risetime Control U Most common GHz antenna on a PCB is lightly loaded planes.

+ Filtered I/0
- Adequate Decoupling < Ground planes should be stitched together frequently.
+ Balance Control < Power planes should be close to ground planes (e.g., < 0.25 mm)
< Power planes should have lots of connections (active devices and decoupling capacitors)
< Don't extend power planes to areas of the board where they are not used, and don't allow one
section of power plane to become choked off from another section.
< Avoid having large-valued ceramic capacitors connected to the same power/ground plane pairs as
high-valued ceramic capacitors. They will support a parasitic oscillation typically at GHz
frequencies.
0 Most common GHz antenna in a system is enclosure seams or slots backed by a resonant
enclosure cavity.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 337

))) EMC Requirements and Key Design Considerations

Average radiated power required to exceed
FCC Class B Limit: N
Radiated Emissions ‘E‘ 27r?
rad N
1 HF GND —— n Do
) 2 2
- PCB Layout _[100pv/m|” 27(3m)
+ Risetime Control Va 377 Q 1.6
* Filtered I/0 ~1nW
» Adequate Decoupling
+ Balance Control @

Voltage driving a resonant monopole required
to exceed FCC Class B Limit:

V= PradRrad

=J(1nw)(36 Q)
~0.19mV lmax = 5.3 pA

If the voltage between any two large metallic structures is on the order of a millivolt at 30 MHz or higher, there is
usually cause for concern.

%

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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EMC Requirements and Key Design Considerations
Control the transition times!
Radiated Emissions Trapezoidal Waveform
+ 1HFGND RMS voltage at nth harmonic:
- PCB Layout ; i “"tr/j
- Y ) | \/E‘c ‘:&Sm(nn%) sm( ¢
+ Risetime Control {(——— . =T 7(nn%) 7nnt,/
+ Filtered 1/0 T T
+ Adequate Decoupling T
+ Balance Control
Maximum voltage as a function of
frequency:
V2A(f, 1
2 whenf<—
v (f) n (f nt, i
max = '
2A( f, 1 i
2 o | whenf>—
n ntrf ntr 1/nt, f
ALL transition times on signals with a data rate greater than 10 kbps should be controlled!
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 339
) EMC Requirements and Key Design Considerations
@ With no power plane
Radiated Emissions » layout low-inductance power distribution ..
> size bulk decoupling to meet board requirements Minimize Inductance!!
> size locald ling to meet device requil
« 1 HF GND > two caps can be much better than one
- PCB Layout > avoid resonances by minimizing L
* Risetime Control With widely spaced (>.5 mm) planes
+ Filtered 1/0 . : . |
» size bulk decoupling to meet board requirements
+ Adequate Decoupling (———— > size local decoupling to meet device requirements
. Bal C I » mountlocal decoupling near pin connected to furthest plane
alance Contro » don’t put traces on capacitor pads
» too much capacitanceis ok
» too much inductance is not ok
With closely spaced (<.25 mm) planes
inimi 11
Minimize Inductance!! > size bulk decoupling to meet board requirements |
» size local decouplingto meet hoard requirements
» mountlocal d lingin most ient| i
l:' » don’t put traces on capacitor pads
> too much capacitance is ok
. . » too muchinductanceis not ok
Use the decoupling scheme that's appropriate for your layer stack-up. Provide decoupling for all active devices plus bulk
decoupling for each power supply.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 340
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EMC Requirements and Key Design Considerations
oo i) =1
Bulk Current Injection ) )
P— The Bulk Current Injection Test RF Source and Power
Amplifier
« HF Current Path
+ Chassis GND
+ Filtered /0 S -
* Identify Key Circuits E:EF;;:?&
+ Bandwidth Control r
! ﬂ Supporting
EUT N— u Equipment
The current distributes according to relative
impedance of each path.
J
FIFIFIF I T T I T T I I I I T T FFFFFF 77T T
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 341
EMC Requirements and Key Design Considerations
oo i) =1
Bulk Current Injection
. HE Current Path v&rﬁre current is coming from
+ Chassis GND _—.,_._s 1 N
+ Filtered /0 L I
+ Identify Key Circuits without a chassis |
. Bandwidth Control where current has to go
R, where current is coming from
' ! S
I e I =L |
1 |
RTN
with a chassis |
where current has to go
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 342
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& ((

Radiated Immunity

+ 1HFGND

« Filtered I/0O

« Transition Times

« Victim Identification
« Adequate Decoupling
« Balance Control

LearnEMC 2025

EMC Requirements and Key Design Considerations

First do the BCl evaluation

—_

Also look for direct field coupling

Identify potential victim circuits

H> W

Identify the coupling path(s)
% Electric field coupled
% Magnetic field coupled

5. Calculate the worst-case coupling to each victim circuit

Electromagnetic Compatibility Principles and Design 343

& ((

Radiated Immunity

+« 1HFGND
Filtered I/0
Transition Times

Victim Identification

Adequate Decoupling

.

Balance Control

LearnEMC 2025

EMC Requirements and Key Design Considerations

Electric Field Coupling For matched resonant dipole:
1o vim[’ ,
9. = =0.26 W/m
377 Q
2
3
- AQ:Q1‘64:1A17m2
Einc|=10 V/m @ 100 MHz 4n
P =(0-26 W/m?)(1.17m?)(1) = 0.30 W
i V.. =RP. = (7202)(030 W) =47V
\—‘“ Vrec
_ Note: The open-circuit voltage would be
approximately twice this value or 10 volts.
b Useful Approximate Solution:
Vrec—max ~ LantennaEinc
Vi max ©1.5m(10 V/m) =15V
Electromagnetic Compatibility Principles and Design 344
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& ((

Radiated Immunity

+« 1HFGND
Filtered I/0
Transition Times

Victim Identification

Adequate Decoupling
Balance Control

.

LearnEMC 2025

EMC Requirements and Key Design Considerations

For a3 cmx 3 cm loop located 10 cm from a 1-amp
Magnetic Field Coupling current @ 20 kHz:

Fl=ax (o

=2nfp, |H(loop area)
=27(2x10* Hz)(4nx 107 H/m)(1.6 A/m)(0.03 m)’
=230V

V,

loop

Current Lflowing in a wire

Viec dv
dt
=o¥ R\oad

=V
~ 2nfyu, [H x (loop area) °* R,y + jol

load

R
Vrec = Vloop 7

loop

loop

load loop

Electromagnetic Compatibility Principles and Design 345

Transient Immunity

Filtered I/0
Transient Protection
Victim Identification
Bandwidth Control

LearnEMC 2025

EMC Requirements and Key Design Considerations

Help the transient current get to where it needs to go.

PCB GND {——

Pe—— Hi=
1

without a chassis |
where current (charge) has to go

where current is coming from
j

. -
1

where current is coming from
S

with a chassis |
where current (charge) has to go

Electromagnetic Compatibility Principles and Design 346
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[ [} EMC Requirements and Key Design Considerations

Transient Immunit . . - . .
Y Beware of connectors on opposite sides of sensitive circuits
« PCBGND

+ Filtered 1/0 ——

« Transient Protection where current is coming from
* Victim Identification |
« Bandwidth Control T

] — 0 O

without a chassis

g —— where LF current has to go

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 347

EMC Requirements and Key Design Considerations
%/”4@?

Electrostatic Discharge

ESD current waveform will have two main components.
+ Arc Management

« PCBGND
« Bandwidth Control High-Frequency, Low-Energy Component
+ LF Current Path 16 «  Couples to practically everything.
Difficult to stop the field coupling.
o il e (i 14 / «  Typically, not enough energy to cause damage.
« Filtered I/0 9

« Transient Protection High-Energy, Low-Frequency Component

¢ I + Requires a conducted path.
Path can be controlled.

Has enough energy to cause damage.

20 40 60 80 100

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 348
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EMC Requirements and Key Design Considerations

N
W
High-Energy, Low-Frequency Component

Electrostatic Discharge +  Requires a conducted path.
Path can be controlled.
Has enough energy to cause damage

* Arc Management

+ PCB GND

« Bandwidth Control

+ LF Current Path o |Vbus — Vbus

+ HF Current Path ﬂ

= 1 Common Mode =

Filtered I/0 —— o |o+ R Choke D+ &

- Transient Protection o /\' T UNS O
Ehd g A d olE
IR g

Varistor

bt CJ_C( ™vs -
[an] . GND
n gl Devices ;
D

There are customized ESD protection circuits for standard interfaces such as USB, SCSI and HDMI.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

EMC Requirements and Key Design Considerations

High-Frequency, Low-Energy Component

S
W
Couples to practically everything.

. . . Difficul he field ling.
Electrostatic Discharge - Difficult o stop the field coupling

Typically, not enough energy to cause damage.

* Arc Management

- PCBGND —— v—-L
» Bandwidth Control = RESET
Lo730 dP |5p|: INPUT

+ LF Current Path

1<0.4ns
» HF Current Path
« Filtered I/0
« Transient Protection 1k
) o ¢ RESET
0= I 5 pF INPUT
t>5.0ns
-1 i I—
L
Put a resistor in series with IC inputs and outputs.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design

Electromagnetic Compatibility Principles and Design

175



Short Course Slides

April 2025

%%?

Electrostatic Discharge

* Arc Management

+ PCB GND

« Bandwidth Control
+ LF Current Path

» HF Current Path

* Filtered I/0

« Transient Protection

LearnEMC 2025

{—

EMC Requirements and Key Design Considerations

ESD Entry Points

{——

O Seams
O Touch Panels
O Connector Pins

a—

What is an ESD ground?

An ESD ground is a conductor placed in a position to
intercept an electrostatic discharge and route the current
harmlessly to its destination. This is often a ring of ground
around the outside of a board between the enclosure
seams and the rest of the circuitry. ESD grounds only make
a connection to system ground at a single point.

Electromagnetic Compatibility Principles and Design 351

g

Electrostatic Discharge

* Arc Management

* PCB GND

« Bandwidth Control
+ LF Current Path

» HF Current Path

* Filtered I/0

« Transient Protection

LearnEMC 2025

EMC Requirements and Key Design Considerations

High-Frequency, Low-Energy Component

Couples to practically everything.
Difficult to stop the field coupling.
Typically, not enough energy to cause damage.

High-Energy, Low-Frequency Component

Requires a conducted path
Path can be controlled
Has enough energy to cause damage.

v/ v/ 0 Prevent the discharge from occurring

v O Control the flow of low-frequency currents with transient protection
v/ 0 Control the flow of high-frequency currents with routing
v/ 0 Watch for arc-paths

v/ 0 Watch for E-field and H-field coupling

v/ v/ 0O Series resistance slows transition times, reduces field coupling

v/ 0 TVS diodes or varistors protect sensitive IC inputs from damage

Electromagnetic Compatibility Principles and Design 352
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LearnEMC 2025

858

EMC Requirements and Key Design Considerations

Conducted
Emissions

« Filter Design

« Filter Layout

« Balance Control
 Transition Times
« Decoupling

Radiated
Emissions

1 HF GND
PCB Layout

 Risetime Control

Filtered 1/0

» Decoupling

Balance Control

Radiated
Immunity

1 HF GND
Filtered I/0
Transition Times
Victim ID
Decoupling
Balance Control

Transient
Immunity

« PCBGND
+ Filtered I/0

+ Transient
Protection

* Victim ID

» Bandwidth
Control

Electrostatic
Discharge

Arc Management
PCB GND

+ Bandwidth

Control
LF Current Path

« HF Current Path

Filtered I/0

« Transient

Protection

&) & || ¥

Bulk Current
Injection

HF Current Path
Chassis GND
Filtered I/0

Identify Key
Circuits

Bandwidth
Control

Since 2011, we have been guaranteeing compliance with all EMC requirements before the first prototype was built.

Electromagnetic Compatibility Principles and Design

177



Short Course Slides April 2025

What we are NOT doing

EMC Design Guideline Collection
Some of the Worst EMC Design

Guidelines
Over the past 25 years, we've had opportunities to work with a wide variety
of companies to solve circuit-board or system-level EMC problems. During Some people collect coins or
this time, we've encountered all kinds of EMC design rules. Some of them stamps. We like to collect EMC
are helpful, some not-so-helpful, and some practically guarantee that your design guidelines.

product will have EMC problems. These guidelines tend to cause more EMC problems than they prevent.

‘We've published our favorite EMC design rules (the good, the bad and the ugly) on this web site. Rules on this site were
collected primarily from lists maintained by companies for internal use. Additional rules were gleaned from published
books, technical papers and application notes. Please note that LearnEMC does not endorse any of the EMC design
rules (we prefer to call them "guidelines") on this site. Like stamps or coins, our collection s being put on display for Circuits on a printed circuit board should be grouped by type with power circuits closest to the connector and
your information and entertainment. We hope you enjoy it! high-speed digital circuit furthest from the connector.

Circuit Board Layout

This design guideline (or variants
that indicate other groupings) is
probably responsible for more crazy
board layouts than any other

individual EMC design guideline. It ool
ignores the fundamental idea that a‘“‘“ﬂ

different boards have different s

functions. We have seen boards y
with very high speed digital signals i LT 7
routed all the way across the board ="

If you have a guideline that you'd be willing to share, please email it to |

info@LearnEMC.com. Be sure to indicate the source. We'd like to hear from |2 in an attempt to keep the digital y- o
you. components away from the
connector.

It is certainly important to consider

the function and speed of components when deciding where to place them. However, any general statements about
placement relative to the connector are more likely to produce a bad design than a good one. Usually, but not always,
it's 2 good idea to put the components that send or receive signals through the connector nearest the connector.
Placement is important, but design guidelines that dictate placement without considering the function and signals
associated with the circuits are very dangerous.

N oT Re Iyi ng on E M C Design G u id e I i nes d ground planes should be gapped between analog and digital circuits.

Probably a close second in the competition for the worst EMC design guideline every conceived. There a some (very
few) situations where gapping a ground plane between analog and digital circuits is a good idea. These situations are

oractions fo 15 web page shouid bs emsies o

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 355

What we are NOT doing

Numerical EM modeling codes give precise answers to
precisely defined problems. EMC geometries are not
well-defined.

We don't want to know how much a given configuration will
radiate. The answer to that question depends on a lot of
factors that we have no control over.

We want to know our product will meet its requirements.

NOT Modeling Products with Numerical EM Modeling Codes

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 356
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What we ARE doing

ANTENNA

COUPLING
MECHANISM

SOURCE

357

_] Identifying all possible sources, victims and coupling paths |

Electromagnetic Compatibility Principles and Design

LearnEMC 2025

Maximum Radiated Emissions Concept
CVEL «

Maximum Radiated Emisslons Calculator (MR EMC)

(@&

o, BV

nnnnnn
Freaveny ]

Electromagnetic Compatibility Principles and Design
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Things Required for the PCB EMC Design Review

Board layout files

Schematics
General familiarity with system design and function

General familiarity with system EMC requirements

o U 0O 0O O

Access to board/circuit designers

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 359

Sample PCB Layout Design Review Steps

1. Identify connections to ground structure and locations of all I/0.

2. Identify ground plane layer(s) and extent of plane.

1 Should be solid (not gapped).
U If gapped, nothing should cross over the gap.
0 If missing in an area, all currents in that area should be traced and all nets scrutinized.

3. Identify ground traces/fills on other layers.

U There should be no ground traces except where absolutely necessary to isolate current returns.
1 Any component gnd pin connecting to gnd fill should have a via to gnd plane at the pin.

4. ldentify power distribution layer(s) and type of power distribution (WSP/CSP/NP).

[ Generally, no two power fills should overlap.

1 Power should only be routed where it is required.

[ Power return currents should flow next to power delivery currents.

0 Identify location and values of all decoupling capacitors for each power net

0 Identify mounting structure details for all decoupling capacitors to ensure they are appropriate.

5. Identify I/0 nets.

0 Capacitor to HF ground and/or series resistance, CM isolation, or shielded connector
[ Appropriate transient protection
U Terminated near connector with no opportunity for crosstalk from other circuits.

6. Identify filter components.

[ Establish a quiet side and a noisy side.
U Look for parasitic coupling paths that might allow HF noise to bypass the filter.

LearnEMC 2025 Electromagnetic Compatibility Principles and Design 360
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Sample PCB Layout Design Review Steps

7. ldentify traces requiring transition-time control with series resistance.

All traces connected to devices with internally generated clocks

Long traces

Traces connected to reset or other critical inputs

Traces that don't have a solid return plane on an adjacent layer for their entire length
Traces that run near the edge of the return plane

Traces that run near other traces carrying much stronger or much weaker signals

8. Identify critical components.

oooooo

Orient inductors to reduce coupling from their external magnetic fields.

Examine op amp circuits to minimize electric and magnetic field coupling.

Ensure transient protection components connect to the proper “ground.”

PLLs - filter power, but not ground.

Ferrites - ensure proper frequency range and saturation current. (use resistor instead?)
Ferrites - no ferrite should be connected to any net labeled “gnd.”

9. Identify power inverter circuits/devices.

0 Minimize area of switching nodes.
1 Minimize loop area of switching currents and keep them off ground plane if necessary.
0 Look for unintended coupling from magnetics.

10. Identify EMC test ports.

Move HF circuitry that is between connectors (or shield the enclosure).

Trace BCl currents from injection points to chassis ground (should not come onto board).
Trace EFT currents from injection points to chassis ground, watch for unwanted coupling.
Trace LF ESD currents from injection points to chassis ground.

Trace HF ESD currents from injection points to “big metal.”

oooooo

ooo0oDo

LearnEMC 2025 Electromagnetic Compatibility Principles and Design

361

System Design: I[dentify and Utilize the Ground Structure!

S @) @ (

Conducted Radiated Radiated Transient
Emissions Emissions Immunity Immunity

« Filter Design * Filtered 1/0. * Filtered 1/0. + Chassis GND
« Filter Layout + Adequate + Balance Control + Filtered 110

0 Don't try to isolate low-voltage power returns from the chassis!

0 Components with a wire harness that are mounted near the chassis
should make a good HF connection to the chassis.

X . X . 0&”{”{!}#/}";&&/1}{6(’ coupting
0 DCisolation is a last-resort. Only do this when a clearApro%Iem has been

documented and better methods of dealing with the issue are unavailable.

0 Ensure that all large metal structures are electrically well-connected.

é‘./‘ + Transition Times « Transition Times + Chassis GND = LF Current Path
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System Design: Component Mounting

If a component is NOT mounted near the chassis, don’t connect to the chassis.
Metal PCB Mount

Py Harness
[min ]

/Ground Strap
If a component in-a metal box is mounted near the chassis, CONNECT TO THE CHASSIS!
[

Chassis

Plastic PCB Mount

= < 3 Ve,
[ i v Harness

If a componentina plastic box is mounted near the chassis, slow it down and/or shield HF!
[

]
Chassis

LearnEMC 2025 Electromagnetic Compatibility Principles and Design
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System Design: Harness Layout
Where does the 10 MHz return current flow?
. Signals at > 1 Mbps in a harness must use:
nominal return current : T i o
”signal ground” 0 twisted-wire pair with a CM choke (differential signals)
1 coaxial cable (single-ended signals).
nominal outgoing current
In a vehicle wiring harness:
0 intentional >1 MHz signals are differential
0 all other signals wires are band-limited.
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 364
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Expect crosstalk between signals in a harness!

Don't wait to see if there is a problem before doing this!
Harness crosstalk problems tend to show up at inconvenient times!

At high-frequencies (e.g., 100 kHz and higher)

Expect -20 dB of coupling between any circuits sharing any part of a wiring harness!
(Unless you've explicitly calculated the worst-case coupling.)

At low-frequencies (e.g., below 100 kHz)

Do a worst-case calculation of common-impedance coupling between any two

circuits sharing a wiring harness!

coupled source shared
(worst-case) (worst-case) (worst-case)
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Summary of Design Strategy

0 Control all transitions times and signal bandwidths. This will help you identify and define
your sources as well as potential coupling paths and antennas.

0 Identify all potential antennas for radiated emissions/immunity and ports for conducted
emissions/immunity.

0 Trace low-frequency currents (signals and applied noise) while looking for potential
common-impedance coupling to sensitive circuits.

0 Trace high-frequency currents looking for voltage drops that might facilitate coupling
between antenna halves.

0 Employ filtering and transient protection as needed to keep worst-case coupling below
levels that could cause system to fail to meet EMC requirements.
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Circuit Breaker
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Basic Calculations

H-field Coupling from Power Wire Current to Electrically Small Circuit

The magnetic field from a wire carrying a 60-Hz, 20-A current located 6 cm from a 1-cm x 3-cm op-amp input circuit couples to the input of
the op-amp. Modeling the input to the op-amp as an infinite impedance, calculate the maximum voltage developed across the input.

<+—3cm—>»

\/‘OOp = (L)\P T
= o, ‘H‘A
on ]
B 20A )
=27(60Hz)(4rx107 H/m)——="—(0.01x0.03 m’)
27(0.06 m)
=751V
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Basic Calculations
H-field Coupling from Transient Current to Electrically Small Circuit

A wire carrying a 20-A current spike with a transition time of 1 microsecond is located 10 cm from a 3 cm x 1 cm op-amp circuit. Modeling
the input to the op-amp as an infinite impedance, calculate the maximum voltage developed across the input.

al |l 204

ot At 10°sec

ot
<+«—3cm—>»

ot

ol 5]

0(},10
ot

_ HOA(QI]

2nr \ ot
) (47x107 H/m)(0.03x0.01m?)
27(0.1m)

(2>< 107 A/sec)

=12mV

=2x107 A/sec

1

m

|
|
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| Protecting Intentional Antennas

PCB Trace PCB Chip PCB Shield
Antenna Antenna
\d
I | oo
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Ethernet Connector Layouts

Chassis Ground

ETHERNET
§§ CONNECTOR
w/ magnetics

gg ANOTHER
CONNECTOR

ETHERNET
gg CONNECTOR
w/ magnetics

gg ANOTHER
CONNECTOR

()
ETHERNET
@ ) §§ CONNECTOR
w/ magnetics
®
Chassis Ground
() ° ®
ANOTHER | 88 ETHERNET 38 ETHERNET
connecTor| 83 %g CONNECTOR 8 PHY §8 | comnecron
w/ magnetics
° ® °
LearnEMC 2025 Electromagnetic Compatibility Principles and Design 372

Electromagnetic Compatibility Principles and Design

186



Short Course Slides April 2025

| Low-Voltage DC Motor Driver

From Wiirth Elektronik / Texas Instruments presentation: September 2023

MASTERING CONDUCTED EMISSIONS

Separate Input & Output Connector
[

This should have been a very simple and inexpensive design.

Instead, it wouldn't meet conducted emissions requirements without
a lot of filtering and shielding!

—e  Connection to power plane

Most of the advice was correct.

=0 Connection to ground plane

As is often the case, this terrible design was the result of confusing the
concepts of current-return and ground.

Low Voltage DC Motor Driver
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Course
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Summary
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Key Circuit Board Design Concepts
0 Track your currents!
0 Control your transitions times!
1 Look for ways that you might be bypassing your filters!
0 Don't locate high-speed circuitry between connectors!
0 Never gap a “ground” plane!
O Never put a CM choke on a single-ended signal or power input!
0 If you're balanced, stay balanced. If you're unbalanced, stay unbalanced.
Key System Design Concepts
0 Ground is not current return!
Identify your ground structure and utilize it!
0 Don'tisolate anything from the ground structure unless you've identified a
valid safety or common-impedance coupling concern!
Cable shields that don't carry intentional currents bond to the ground
structure! Cable shields that do carry intentional current bond to circuit
ground AND the ground structure.
When in doubt, do the calculation!
375
Fma“-y @ https://www.LearnEMC.com/
EMC Tutorial Articles EMC Question
of the Week
U Use common sense!
0 Visualize signal current paths!
0 Locate antennas and crosstalk paths!
Board Layout Video Examples
0 Be aware of potential EMI sources! ’l“w"‘ e
O When in doubt, do the calculation! weapies B
'. T 1> I e ta—
0 Ask other experts to review your designs! I E*'SNSL; m
| https://cecas.clemson.edu/cvel/ | =
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