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Everybody Talks Quality,
We Think Seeing Is Believing.

Lots of suppliers claim to make “quality” products. But does quality still mean what it used to mean!

It does at AR.

Over more than 40 years, we've built a reputation for reliable products that go the distance. (And then some). Products that are faster,
smaller, and more efficient. Products that outlast, outperform and outrun any in the category. And every one backed by worldwide
support and the best no nonsense warranties in the industry.

The way we see it, quality is about results. If a product can’t cut it in the real world, you won’t get the answers you need. And we

won't get the loyal customers we need.

So here’s to companies and customers who still respect - and demand - quality.

New ATR26M6G-1
- 26MHz-6Gll;llz, U to5000watas el
* High input power capability for stronger radiated fields.
. 830% smaller than standard log periodics.
 Meet most of your testing needs with one antenna.

Newer S Series Amplifiers
0.8-4.2 GHz, up to 800 watts
*Smaller and portable.
* Better performance with increased efficiency.

* Linear with lower harmonics and 100% mismatch capability.

World’s Largest Selection of Field Probes
o Widest fre(éuenqr range available- 5 kHz to 60 GHz.
o [ncredibly small, never requires batteries.
o Improved mechanical mounting and axis labeling,
o Detects fields from 2 V/m to 1000 V/m.

* Automatic noise reduction and temperature compensation.

A

Horn Antennas
o Full selection from 200 MHz to 40 GHz.
* Power up to 3000 Watts.
*Retain the bore sight.
*Make height and rotational adjustments on the fly.
* Saves time, saves money, retain testing accuracy.

Newer A Series Amplifiers
10kHz - 250 MHz, up to 16,000 watts.

* Broader frequency bandwidth - test to all standards.
*25% t0 50% sm‘jler -can it in your control room.
¢ Units have superior hybrid cooling system technology

which provides greater reliability and lifespan.

Subampability*: (subampability). noun:
The ability to use an amplifier individually, or as a building
block, upon which power can be added incrementally.
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W Series Amplifiers
DC- 1000 MHz, up to 4000 watts
* Subampability: expand from
1000 Watts to 4000 Watts over time.
o Intelligent amplifier - self diagnostic.
o Reliable

-
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AS Systems
¢ Everything you need in one comprehensive test system.
*On the shelf or customizable solutions.
* Broadest range of equipment available from one company.

Traveling Wave Tube Amplifiers

* Provides higher power than solid state (CW and Pulse).
°%requency ranges up t0 45 GHz.

o Sleep mode - preserves the longevity, protects the tube.

RF Conducted Immunity Test Systems
3 Self - contained models with integrated power meter and

signal generator.
Frequency and leve thresholding for failure analysis.

e Hybrid Modules
¢ Power up to 37 dBm from 6 to 18 GHz.
» Excellent linearity, gain and flatness.
* Use as a building block anywhere in your design.

* Customizable in our inchouse, state-of-the-art microelectronics lab.

EMI Receiver
No dials, no switches and no buttons to deal with.
¢ CISPR compliant, meets MILSTD,
automotive requirements and DO-160.

_ ®

rf/microwave instrumentation
Other at divisions: modular If © receiver systems © ar europe

USA 215-723-8181. For an applications engineer, call 800-933-8181.

In Europe, call ar United Kingdom 441-908-282766 © ar France 33-1-47-91-75-30 * emv GmbH 89-614-1710 © ar Benelux 31-172-423-000
Copyright© 2010 AR. The orange stripe on AR products is Reg. U.S. Pat. & TM. Off.



EVERYTHING.EMG.

IEC61000 - MIL461 - DO160 - 1ISO7637 - Automotive - EFT/Surge - Ringwave - Emissions and Immunity

RENT.LEASE.BUY.
EMCGEARNOW

GET THE GEAR YOU NEED

TWT Amplifiers - CDNs - RF Probes
Complete Immunity Test Systems

ESD Guns - EMI Receivers - Antennas
Microwave Signal Generators - and more

ATEC RENTS THE BRANDS YOU TRUST

TESEQ - Amplifier Research - AH Systems - California Instruments
Haefely - IFI - Keithley - Keytek - Narda - Solar - Sorensen - Varian

Call a Rental Agent today at (800) 404-ATEC (2832)
or visit us on the web at www.atecorp.com/emc

®

Advanced Test Equipment Rentals

Rentals Made Easy.
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Advanced Test Equipment Rentals is a division of Advanced Test Equipment Corporation. Equipment, shipping and calibration options are subject to availability.
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2011 IEEE International Symposium
on Electromagnetic Compatibilily

August 14-19, 2011 e Long Beach Convention Center
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Benefits of Attending:

e Top-rated, peer-reviewed technical
paper sessions E MC 2 O 1 1

LONG BEACH, CA AUGUST 14-19, 2011

e Special and invited paper sessions L , /

e Workshops and tutorials

e Demonstrations and experiments

e (lobal EMC University—tutorials with GEUs

e Fixhibitors showcasing the latest EMC
products and services

e ['un, imaginative, entertaining social events

e Adjacent modern hotel and exhibit facilities -
no shuttles, cab rides or long walks

e (Glose to a wide variety of great tour attractions
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Power Inverter / Motor Driver Design for
Reduced Emissions

Todd Hubing

Michelin Professor of Vehicular Electronics
Clemson University

CLEMSON

UNIVERSITZY




What is a Power Inverter?

3-Phase
BLDC Motor

se/k stk stk

CLICAR

SCV EMC 2010



Primary Sources of EMI from Power Inverters

1 Conversion of differential-mode power currents to common-mode
noise currents (imbalance)

1 Electric field coupling from heatsinks

1 EMI from digital electronic controls

SCV EMC 2010



‘ Example of a Power Inverter Layout

SCV EMC 2010
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‘ Six-Step Inversion Waveforms

M 20.0ms

Zoom Factor: 20 X
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Common-Mode Currents

Zoom FElCtOI'_Z 10X
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Phase Voltage A it sno (PINK), Phase Voltage A, o (SKy), Current Clamp probe voltage (yellow) and Phase Current A (Green)
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Common Mode “Antenna’” Currents

Alternator Inverter Motor

CLICANT

SCV EMC 2010



Typical CM Current (Frequency Domain)

RBW 3 MHz
Att 20 dB VBW 10 MHz D2[1] -3.76 o
Ref 0.0 dBm SWT 2.5ms -8.230000000 MH
/ Mi1f1] -38.86 dBm
1Pk / / / / 38.230000000 Ml—g
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View -20 dBm
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-50 dB/m i ol e N0 rl'\wf’
]

-60 dBm
A
-70 dBm .
/ [ | ]
"o i~
o ........

tart 30.0 MHz

CLICANT
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‘ Typical Layout

CLICAN

SCV EMC 2010 9



Common-Mode Current Due to Imbalance

Inverter

o
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Common-mode current from power converters and motor drivers is a
common source of electromagnetic interference in automotive systems.

And yet, at their most basic level, these devices are inherently balanced.

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH
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‘ Common-Mode Current Due to Imbalance

Inverter

Motor

T
1
S
1
! i
- .
=

1 { = L:’A
T i IREITA

Imbalance arises from:

CO0D0D0D0

geometrical asymmetries

unequal turn-on and turn-off times
unbalanced PWM control
unbalanced filtering

switching device parasitics
imbalances in load impedance

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH

SCV EMC 2010

11



‘ Imbal

Inverter Motor

anced vs. Balanced Design

1 1 1 1 1 i
| ISP SRS [P S f————
] ] 1 ]

edem  oda eda ede o
= 3= E s s
i . i [

Imbalance arises from:

O geometrHcalasymmetHes - unnecessary
 wreguatrrenanrdturretitimes — can compensate
O wrbatancedPWM-eoentrel — can use balanced method
d wrbatancedfterg - unnecessary

O switehinrg-dewvice-parasities — can compensate

O tmbatancestoatHmpedanece — can compensate

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH

SCV EMC 2010
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One Approach: A Balanced Cable Interface

TSl Q Load side balancing network
== InF
100 Q
—WA
b
— Fn +
— )
50Q

If the source and cable are balanced, but the load is imbalanced, the
imbalance in the load can be “hidden” from the rest of the system with a
balancing network.

CLUICAR

SCV EMC 2010 13



A Balanced Cable Interface (Balancing Network)

TSl Q Load side balancing network
== InF
100 Q
—WA
b
— Fn +
— )
50Q

In our application (a motor driver), the source and load only need to
appear balanced at radiated emission frequencies
(particularly 30 — 80 MHz).

CLICAR

SCV EMC 2010
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Test Set-up

— Network
-1 Analyzer

PORT 2 PORT1

£
1000 f L 5> mm
= y

|
50Q TC
1=.vR

L 230X1160X1.5mm

970mm
b 485mm a -
< - > 330mm N
) 300mm gy S < S 240mm
185mm 130mm
Termination Current Insulated Wide-band
resistor probe material Transformer

WA=
CI—" — S SCV EMC 2010 15



A Balanced Cable Interface (Balancing Network)

Measured
common-mode
current with and
without the
balancing
network

Frequency(Hz)

-30
-35 P .
-40 / R \
N ‘\\\ \
45 \
\ N
-50
-60 \
= hoth grounded(initial)
= |pad-side balancing network
= |pad-balancing & source-unbalancing
-65 both balancing T
== both unbalancing
0 [ TTIT ] 7
10 10 10 10

SCV EMC 2010
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A Balanced Cable Interface (Balancing Network)

Measured
common-mode
rejection ratio
with and
without the
balancing
network

CMRR(Ioy/lepre o =4 +1,)/2)
40
35 I
/| A
30 = [50th grounded(initial) v, 1
= |oad-side balancing network /
=== |oad-balancing & source-unbalancing
25 both balancing
== hoth unbalancing /
& al \
» // yd
15 // e
/ — —<
10 / ///’// | = "“--..___‘\ - ”
e R
5 /7___
0 6
10 10 10 10

Frequency(Hz)

SCV EMC 2010
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Evaluation of balancing network on motor driver

Current Probe

Power Supply H INVERTER

Grounded Table s /

Insulated material

LISN Board with Balancing component

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH SCV EMC 2010 18



Evaluation of balancing network on motor driver

Measured
common-mode
current
with (green)
and without
(black) the
balancing
network

Case #5

-30 dB& rl‘l7‘\

|
-40 dBm
P
[
JST:I-'EIET

=70 dBm

'l

g
'thmhn

b p o

-80 dBm

-90 dBm

-100 dBm

-110 dBm

30 MHz

80 MHz

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH
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Evaluation of balancing network on motor driver

- Network
-1 Analyzer
o §

PORT 2 PORTI1

How balanced R R
do the cables 1100 || L . L

need to be? e FE T i 1=47
LV LV

Wide-band
Transformer

Current Insulated

Termination
probe material

resistor

AR
EI—" —t > N SCV EMC 2010 20



Evaluation of balancing network on motor driver

CMRR(IDM/ICM, IDM=(I1+I2)/2)
40
35
h
/ €= Well balanced cables
30 m— hoth grounded(initial) I, i
—load-side balancing network /
=== |oad-balancing & source-unbalancing
25 both balancing /
~both unbalancing /
g A
=20 P ,_...-ﬂ\
o
) g
1 T
15 // e
S L
10 7 LT |4 74 ™~
= ’Z T \\:\-/
| [T
5 éé—‘f’—_
[
0
10° 10° 107 10°
Frequency(Hz)
CMRR(l_, /)
30 T T | T T TTT T T T T 71T
= both grounded ,/‘::
= |0ad-sicle balancing network M
25H == hoth-sides balancing network el \
load balancing & source unbalancing (40ohm side series RC) /’J’
20H === hoth balancing & unbalanced cable (h=4cm) A// M
z’% /|
— %
@ 15 B> >
) A
o /] /%4/ yed
% 10 7 /’

Poorly balanced cables =) ° L
Obe===T [ |
'55 6 7 8
10 10 10 10

Frequency(Hz)

CUNCAR
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Evaluation of balancing network on motor driver

1 Current Probe ]

- A
seren. !

r E -
1:.  Inverter Ti= L o
d — r T ]

‘‘‘‘‘‘‘‘‘‘‘ -
-
-

Unbalanced cables

How balanced
do the cables
need to be?

SCV EMC 2010 22



Summary ?

510 Load side balancing network

100

500

i—
i—

1 A balancing network can significantly reduce the common-mode

currents on a balanced cable connected to an unbalanced load
and/or source.

1 These networks are relatively inexpensive to implement and can
be more effective than common-mode chokes or ferrites.

-1 Although they are similar to standard filters, they are different in

function and design. They reduce common-mode currents much
more than differential-mode currents.

SCV EMC 2010 23



CM Current Due to Coupling from Heatsinks

Heatsink

Vpu Noise voltage

Cable

100|4 0]

Electric field coupling from heatsinks creates common-mode current on
attached cables

SCV EMC 2010 24



Maximum Radiated Emissions Calculation

Heatsink

Vpu Noise voltage

Equivalent =
Cable voltage
3 I
o
il o
Ch tsink 8 -
_ eatsin
VCM o C VDM A Cboard r M
board v VDM =0.2234 X e X | Emax |
heatsink board * cable
References

[1] H.Shim and T. Hubing, “Model for Estimating Radiated Emissions from a Printed Circuit Board with Attached Cables Driven by Voltage-Driven

Sources,” IEEE Transactions on Electromagnetic Compatibility, vol. 47, no. 4, Nov. 2005, pp. 899-907.

[2] Shaowei Deng, Todd Hubing, and Daryl Beetner, "Estimating Maximum Radiated Emissions From Printed Circuit Boards With an Attached
Cable,“ IEEE Trans. on Electromagnetic Compatibility, vol. 50, no. 1, Feb. 2008, pp. 215-218.

CUNCAR
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Maximum Radiated Emissions Calculation

5cm 20cm

Maximum total E-board2020cm chi1m heatsinkS51cm—1 v 1em below heatsink Spacing between heatsink and board is 1 cm 5

20 8
; ! : ' ! ? ! ' ? Py

3

Cheatsink — 043 pF '
Cboard — 514 pF

| (dBV/m)
A
(=]
T

max-B
3

-100

i i i \
Q 100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)

SCV EMC 2010



Summary

Heatsink

Vpm Noise volta

Ca

1 Heatsink coupling is proportional to heatsink size and ca
voltage of heatsink relative to reference ground.

100|4 01

1 CM current is split among various cables (i.e. more cables
doesn’t result in more CM current).

CLICAR
S B Nl o ) SCV EMC 2010 27



Design Recommendations

] Pay close attention to all sources of imbalance.

] Put a chassis ground on board and incorporate a
balancing network for medium to high power inverters.

1 Keep voltage on heatsinks low relative to reference ground.

-1 Apply standard (good) EMC board design and layout
practices for digital controls.
(discussed in next presentation)

SCV EMC 2010

28



Grounding & Shielding in Mixed Signal PCBs

Todd H. Hubing

Clemson Vehicular Electronics Laboratory
Clemson University

CLEMSON

UNIVERSITY



Recommendations

Don’t rely on EMC Design Guidelines
Be familiar with currents and current paths
Learn to recognize good EMI sources

Learn to recognize good antennas

U O O O O

Be aware of fundamental EMI radiation mechanisms

September 23, 2010 SCV EMC 2010 2



Signal
Routing
and
Termination

?oooe"

O s FOPBBOO® o Q@Q«@vr L e

A b .\-t»‘..y-z‘-QOQQ ol (alnk
99;#&?40'&&??!! R R e
r??@t@&?!?!'!!( INIe [R)S

Sl®d e)e &le)e &84 alslls dle (&/&e
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‘ Identify Current Paths

6 VDC
INPUT Where does the 56 MHz return current flow?
+5 volts @] EIJ 1 1 [ i
1 1 [ 1 0 M
00— 0 L 1! 1
0— 1
e
1 1
1 e [ ]—I;E 1
ground
|‘|'| = +5 volts
E 56 MHZ
VOLTAGE 3—;5 Yol OS¢
o0 REGULATOR L: ]
ground ground

September 23, 2010 SCV EMC 2010



‘ 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

September 23, 2010 SCV EMC 2010



Current Paths in traces that pass between plane pairs

Signal

Return <

Ground [ | |1 |

rower AT AAAAAD Closely Spaced Planes
! - - (e.g. <10 mils or 0.25 mm)

—

Signal > F I-— 1

Return < -

Ground | 2k 1 ! Widely Spaced Planes
—_—

Power [ ] |0 ]

\ 4 —
September 23, 2010 SCV EMC 2010



‘ Signal Voltage

\ | \HHH|H\|H\|\|H|mfn
‘ \||||HH||||||.

Control transition times of digital signals!

September 23, 2010 SCV EMC 2010



‘ Signal Current

I T

NN |

I | n
s WL |

Control transition times of digital signals!
Can use a series resistor or ferrite when load is capacitive.

Use appropriate logic for fast signals with matched loads.

September 23, 2010 SCV EMC 2010 8



Signal Termination

Reducing risetime with a series Reducing risetime with a
resistor parallel capacitor
Good idea Bad idea

September 23, 2010 SCV EMC 2010



Signal Termination

Eliminating ringing with a series resistor

Q Electrically small circuits

U Generally caused by too much inductance

Eliminating ringing due to mismatched transmission lines

U Electrically long circuits (length > risetime * velocity)

O Must match characteristic impedance at load or source end

10 ohms

> Mg

50 ohms f

A
Y

September 23, 2010 SCV EMC 2010 10



‘ When is a trace or cable a transmission line?

R S1
N < ¢ >
O i I
Zo jL RL

» Steady state solution is always the wire-pair solution

» If we don’t care about how we get to the steady state, then we
don’t need to worry about transmission line solutions.

» In many applications, we don’t care!

September 23, 2010 SCV EMC 2010 11



When Routing Controlled Impedance Traces

1 When routing a trace between layers, route on either side of the same
return plane.

Signal
Return | | TI |
Ground <

a

v

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

Signal -
Return <
Ground | | 4 |
Ground | 1=l |

September 23, 2010 SCV EMC 2010 12



Identifying
the
Unintentional
Antennas
on a
Circuit Board

September 23, 2010 SCV EMC 2010 13



‘ Identifying Antennas

What makes an efficient antenna?

(7
&,

A

v

A2

Half-Wave Dipole I

Electrically Small Loop 1

e Quarter-Wave Monopole'

e Size

ﬁ/\/: e Two Halves

September 23, 2010 SCV EMC 2010
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‘ Identifying Antennas

Good Antenna Parts

Poor Antenna Parts

<100 MHz

Cables

>100 MHz

Heatsinks

Power
planes

Tall
components

Seams in
shielding
enclosures

Free-space wavelength at 100 MHz is 3 meters

<100 MHz

Microstrip
or stripline
traces

Anything
that is not
big

>100 MHz

Microstrip
or stripline
traces

September 23, 2010
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Noise Sources
and
Coupling

Mechanisms

September 23, 2010

SCV EMC 2010
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‘ Identifying Sources (Diagnostics)

Clocks

Digital Data
Analog

signals

Power

supply switching
Arcing

Parasitic oscillations

Narrow band, consistent

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

Bandwidth determined by signal source,
consistent

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

Broadband, intermittent

Narrowband, possibly intermittent

September 23, 2010

SCV EMC 2010 17



‘ Identifying Sources

Noise on the low-speed I/0O

¥CC wid] GHD acch GHD

e LA OO O O A OO A OO OGO L0
- sdd? %

Rics

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

September 23, 2010 SCV EMC 2010 18



Recognizing Coupling Mechanisms

Noise can be coupled from a source to an antenna by one or
more of three different coupling mechanisms:

Conducted
Electric field coupled
Magnetic field coupled

For printed circuit board analysis and design, it is convenient
to express these coupling mechanisms in terms of voltage
and current.

September 23, 2010 SCV EMC 2010
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Recognizing Coupling Mechanisms

Voltage Driven

Signal or component voltage appears between two good antenna parts.

Example:

V, =1volt @500 MHz
E_ ~360mV/m @ 3meters
LLLLLLLLLL @

More than 60 dB above the FCC Class B limit!

September 23, 2010 SCV EMC 2010 20



Recognizing Coupling Mechanisms

Current Driven

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

Current driven voltage tend to be 3 or 4 orders of magnitude
smaller than voltage driven voltages. However, antenna
efficiencies can be 5 or 6 orders of magnitude higher.

September 23, 2010 SCV EMC 2010 21



Recognizing Coupling Mechanisms

Direct coupling to 1/O

Signals coupled to I/O lines carry HF power off the board.

Hot
o = | Neutral
L Ground
ol d b

September 23, 2010 SCV EMC 2010



Grounding
for Mixed Signal PCBs

September 23, 2010

SCV EMC 2010
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Ground vs. Signal Return

"Whenever I see more than one of
these symbols on the schematic, T
know there is [EMC] work for us
here."

T. Van Doren

September 23, 2010 SCV EMC 2010
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Lateral Isolation

Chassis GND

Digital GND

) Rarely appropriate

) Often the source of
significant problems

September 23, 2010

SCV EMC 2010
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Vertical Isolation

— Digital GND
— Analog GND

— Chassis GND

) Only one plane usually needs to be full size.

1 One or zero vias should connect planes with different labels.

September 23, 2010 SCV EMC 2010
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‘ Key Questions

] Why do | need more than one ground?
) Where does each ground need to be?

) How do | connect the grounds?

September 23, 2010 SCV EMC 2010
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Ground vs. Signal Return

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

Signal 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.

September 23, 2010 SCV EMC 2010
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Ground vs. Signal Return

-

\

Plane serves dual roles

September 23, 2010 SCV EMC 2010
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‘ Confusing Concept

Single-Point Ground

L=

Multi-Point Ground

AL LTI TSI TSP TS TS

These are grounding strategies, not signal return strategies!

September 23, 2010 SCV EMC 2010



Important Concept

Current Driven Radiation Mechanism

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

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

September 23, 2010 SCV EMC 2010
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How Much Isolation Can We Tolerate?

Digital GND

Analog
GND

aND sisseyd

September 23, 2010 SCV EMC 2010



Ground vs. Signal Return

Circuit boards should have <El:§ high-frequency ground!

Why?

$

Conductors referenced to different grounds can be good antennas.

Signals referenced to two different grounds will be noisy (i.e. include the
noise voltage between the two grounds).

Layouts with more than one ground are more difficult, require more
space and present more opportunities for critical mistakes.

Excuses for employing more than one ground are generally based on
inaccurate or out-dated information.

September 23, 2010

SCV EMC 2010
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Ground vs. Signal Return

If grounds are divided, it is generally to control the flow of low-frequency
(<100 kHz) currents.

For example,

Isolating battery negative (i.e. chassis ground) from digital ground

Isolating digital ground from analog ground in audio circuits.

This can be necessary at times to prevent common impedance coupling
between circuits with low-frequency high-current signals and other

sensitive electronic circuits.

HOWEVER, it is still necessary to ensure that there is only

1 (ONE)

high-frequency ground.

September 23, 2010 SCV EMC 2010 34



Ground vs. Signal Return

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

D/A

>

September 23, 2010
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Ground vs. Signal Return

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

D/A

>
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Ground vs. Signal Return

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

D/A

%
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Ground vs. Signal Return

Design Exercise: What is wrong with this design and how would you improve it?

5 O l O ll O L
e — 2 [ ] [t ] |
: d & b—0 & p—0 & p—
3 —] 2 O S e 8 [
B (] [ ] ]t [
> O ] O ] O ]
I
|
" —{ = [0
5 0 ¢ 0O
| g 2 pg—
. — % h—
g O %—g_
- O |
I |
Ground +3.3 volts 33 MHz
CLOCK
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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.

September 23, 2010 SCV EMC 2010
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Ground vs. Signal Return

Rules for gapping a ground plane:
1. Don’tdoit!

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

3. If you must doit, never ever place a gap between two connectors.

4. Remember that the conductors on either side of the gap are at
different potentials.

5. See Rule #1!
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Mixed-Signal Designs

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

] Route the returns on separate conductors

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

) This must include every place where a trace crosses the
boundary between the analog and digital regions.
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Mixed-Signal Designs

Example: How would you modify this design?

Amplifier
D
100 MHZ e &
OSC. Fiber
Tle?é?or 0 pt IC
EI input
[
'y
[
[ -
1 Gbps Digital Signal E ]l I STé%r;SgSt%%t
o 1
PQ8 P
u
power input
=@ Connection to power plane @ P Decoupling Capacitor

=0 Connection to ground plane
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Mixed-Signal Designs

Example: A much better design

100 MHZ
0SC

T %

1 Gbps

Jaydwy

Digital Signal

e

high-speed
signal output

power input
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September 23, 2010 Figure 35. Stereo ClassvD\WithSingle-Ended Inputs 44



Sensitive A/D Isolation

ONE VIA
Analog GND

/
I — Digital GND

— Digital GND

If you think you need two vias, then you shouldn’t be isolating
the analog and digital grounds.
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Provide a good HF chassis ground at connector

Cables and enclosures are both good antenna parts. If they are not held to the
same potential, they are likely to create a radiation problem.

Exceptions:

® When there is no chassis ground

® \When there are no connectors with cables

Note: Sometimes low-frequency isolation between chassis and digital ground is necessary
control the flow of low-frequency currents. However, even in these situations it is usually
important to provide a good high-frequency connection.
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Isolating Chassis and Digital Grounds

. . Wiring Harness
Chassis connection

to chassis ground . .
Chassis connection

to chassis ground

Capacitors connecting
chassis ground to the
digital return plane

Digital Return Plane

Chassis Ground Plane

September 23, 2010 SCV EMC 2010
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‘ Capacitors from I/O to Chassis

. Sy
S e e ;
B LU S

Caps with traces

N \‘, "
ALY 'S
. VIV Jeorn
AP A HPHA Dot
A A A ey Ay g Y
_f\~jf’ f) :c\.\ « ‘1.\
T W ey ey ey ' '\‘)n.a
Y ‘13 5 f‘ (‘ l‘ <

(R
) " \ »

1 ; -
MY AN Y Y
£i80 1080 8F20

i S BT

'l—.v'

"

Better implementation
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Design Example

o 4 0d B
o il |
g 04 B
. 80 MHZ 1 Il ] Phase 1
+ Input S [ il i
- Input | . Lnnnnnnnggn_l i
O H Phase 2
g u|
g u|
¥ GateAray R
O u|
C 0 Phase 3
g u|
m u|
|aojogogogogogopopn|

—8 Connection to power plane

—O  Connection to ground plane
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Design Example

[ 1 [ 1
= o fpg @
p = Phase 1
ower 80 MHZ ase
OscC. C 1 1
T =0
Ground LnnnnnnnggnJ
g m]
O u|
g m]
¥y GateAray R
g m]
g m]
g m]
O u]
QO opopopopopopoEn]
—8 Connection to power plane
—O  Connection to ground plane
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Key Points

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

) Don’t call anything other current carrying nets “ground”.
For example, refer to a current carrying analog reference
net as “analog return”.

) Be aware of where your HF and LF currents are flowing!

1 Isolate returns only when necessary to control the flow
of low frequency currents.

) If you isolate two large conductors at low frequencies,
be sure they are well connected at high frequencies.

September 23, 2010 SCV EMC 2010
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Filtering

Two capacitors more than twice as good as one.

-.....,_“
e 20 —— 10 iy pw—
mim
-20 4
(#D \. "’f
_30 - -
6 o N | V[f
—-40 \
[7s] \J
-50 Hi=
Il
-60 || = one-cap filter ;
Rs = Z,
W\ o0—m m m 70 = two-cap filter
+
R, =2,
OVs Port1 R R Port -80 - - : 5
- 2 10 10 10 10 10
_I_ C T C Frequency (Hz)
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Shielding

Electric Field
Shielding

)

(@)

L

(b.)

)

(c)

; i%l% —

!

\\
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Shielding

Magnetic
Field Shielding

(at high frequencies)

September 23, 2010
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Shielding

Magnetic
Field Shielding

(at low frequencies)
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Shielding

Enclosure

Shielding
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DC Power

Distribution
and

Decoupling
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‘ Power Bus Decoupling Strategy

With closely spaced (<.25 mm) planes

size bulk decoupling to meet board requirements
size local decoupling to meet board requirements
mount local decoupling in most convenient locations
don’t put traces on capacitor pads

too much capacitance is ok

too much inductance is not ok

YVVVYVVY

References:

T. H. Hubing, J. L. Drewniak, T. P. Van Doren, and D. Hockanson, “Power Bus Decoupling on Multilayer Printed Circuit Boards,” IEEE
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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‘ 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

VVVVVY

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

» 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

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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Design Summary

Early EMC design is important
Don’t rely on design guidelines!
Pay attention to current paths!
Pay attention to transition times!
Recognize antennas!

Recognize sources!

U O 0 0 0 0O O

Don’t gap digital ground planes!
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For More Information
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therefore an entire section of the web site is devoted to EMC and the control of conducted and radiated
electromagnetic interference (EMI), including intentional electromagnetic interference (IEMI). This section
I includes several tutorials and a collection of "EMC Design Guidelines”. Finally there is a section devoted to

modeling. C modeling tools are becoming an increasingly
important part of the automotive and aerospace electronics design process. This section describes the
tools that are available and provides tutorial information for people who are just getting started in EM
I modeling.

Information on our laboratory can be accessed using the links in the sidebar on the left. These links include
descriptions of some of our current projects as well as an overview of our staff, facilities and senices.
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System-Level Emissions Simulations
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‘ Full-Wave EM Modeling of Real Systems

Requires a little
intelligent simplification!

Apertures

Vdaughter card /

I.l.l.lj
+

heatsink _
+ +

ard-chassis oar
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Full-Wave EM Modeling of Real Systems

|
-,

The Devil is In the Detalls!

i
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L
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1114y
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Integrated Circuit EMC Measurement Methods

1 IEC 61967-1 General conditions and definitions

J IEC 61967-2 Measurement of radiated emissions
TEM cell method

1 IEC 61967-3 Measurement of radiated emissions
surface scan method

-l IEC 61967-4 Measurement of electromagnetic
emissions 1Q/150Q) direct coupling

- IEC 61967-5 Measurement of electromagnetic
emissions workbench Faraday cage method

-l IEC 61967-6 Measurement of electromagnetic
emissions magnetic probe method

SCV EMC 2010



Integrated Circuit EMC Measurement Methods

] IEC 61967-1 General conditions and definitions

1 IEC 61967-2 Measurement of emissions
TEM cell method N folioopld
1 IEC 61967-3 Measurement of
surface scan method > e frolls

1 IEC 61967-4 Measurement of
emissions 1Q/150Q) direct coupling h conducled

1 IEC 61967-5 Measurement of

workbench Faraday cage method ko knows what
1 IEC 61967-6 Measurement of
magnetic probe method ko Knows what

oA
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Integrated Circuit EMC Measurement Methods

Component measurements should characterize the
source in order to build models that can be used at the
system level.

pfé@/wﬁ%} L%a% are nol /ﬂaﬁb‘/&a%{/‘{y useful faﬁ
&y&fe/f(—/ew/ /fmc/a//}y,/

CLICANT
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Integrated Circuit EMC Measurement Methods

Measurements must be:

-1 Meaningful
] Repeatable
] Targeted

CLNCAR
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Integrated Circuit EMC Measurement Methods

Standards SAE J1752/3 and IEC 61967-2

IC Test Board

\

iy

v s
LI | |
Prear_nplifi_er g S g g
(optional) ﬁ -
o0
20 Ohm Spectrum
Tertnitiati .
FrIninalion TEM Cell Analyzer
|C Test Board
I |
E I |
! |
—1
LI | 'ﬂ"‘l‘

Ooo0Oono

Preamplifier oooo
(optional) ﬁ ooos
GTEM Cell ® oo

Spectrum Analyzer
or EMI Receiver
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Energy must be coupled from an IC before it
can be radiated

] Integrated circuits (ICs) are generally the ultimate source of
unintentional electromagnetic emissions from electronic
devices and systems.

1 However, ICs are too small to radiate significantly themselves.

] In order to radiate fields strong enough to cause an interference
problem, energy must be coupled from the IC package to larger
structures that act as antennas such as circuit board planes,
heatsinks or cables.

SCV EMC 2010



Energy must be coupled from an IC before it
can be radiated

There are only three ways that energy can be coupled
from an IC to surrounding structures:

1 Conducted on two or more pins;
1 Electric field coupled,;
1 Magnetic field coupled.

CLICAR

SCV EMC 2010
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‘ Electric Field Coupling to the Septum of a
Mini-TEM Cell

Electric field coupling can be represented with a
mutual capacitance, C¢,, The voltage coupled
to either end of the TEM cell will be identical.

e
<

(a) (b)

N\,
va
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‘ Magnetic Field Coupling to the Septum of a
Mini-TEM Cell

Magnetic field coupling can be represented with a
mutual inductance, M¢,, Voltage appears across
both terminations with opposite phase.

® ®‘°§°: ® I
;;)@ZZK .-/ g

(a) (b)

AN
/-
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‘ Separating Coupling Mechanisms using a
Hybrid Coupler

Connected to Network
Analyzer Port 1

A hybrid can be used to
differentiate electric and - \
magnetic field coupling. \ TEM Cell

The A-B output indicates the

Connected to Network

amount of magnetic field Analyzer Port2  { © AT
coupling.

0° 0°
The A+B output indicates the
amount of electric field A B
coupling. 180° 0°

Connected to Networkl
Analyzer Port 2 D=A-B

oA
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Mini-TEM Cell

b

SCV EMC 2010
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Electric Field Coupling

HEATSINK

GROUND PLANE

POW ER PLANE

IO

Y

(b.)
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Voltage-Driven Radiation Mechanism

If we know C,... and V,,, we can calculate maximum
possible radiated emissions due to electric field coupling!

=3 *: I CM
Cirace # / /@/,(/‘\/
— > -
Vpoum = Cpwm lem V
- %«—v\ M C
, _:_ S trace
Choard % I Ceavle VCM C VDM
= = board
Far-Field N Far-Field
7 fAatl N re iati ‘\\.
Radiation N o Radiation s
:/:/. TT VDM . e "\.'\ ,'/ - e \,\
:/ R :\ B e \

1
Ground
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Correlating C;,,.. 10 C1gy,

A TEM cell measurement gives us the product of C,_.. and
Vpu, Which is sufficient to calculate maximum possible

radiated emissions due to electric field coupling!

L o
Ctrace # H
I — I_/ T Crem \_l
Vom ==Cpwm lcm
L ! ) T
Cboard % VCM T Ccable

Cirace Cren /2.1

S. Deng, et. al.,, “Characterizing the Electric-Field Coupling from IC-Heatsink Structures to External Cables using TEM-Cell
Measurements,” IEEE Trans. on Electromagnetic Compatibility, vol. 49, no. 4, Nov. 2007, pp. 785-791.

CLICAR
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Hybrid TEM Cell Electric Field Coupling

/ ssss ,_,@,_, """ \ / %F M \
Y 7

Matched
Matched (a.) (b.) Matched

Electric |V d
Moment V| @Crgyy = m26‘5

g
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Calculation of Emissions Based on a TEM Cell
Measurement

1m

v

A

130

120

110

100 f----

90 -

E Field (dBuvirm)

IR REEt b R bt R === .5 m cable on ground T[]
: === 1 cable on ground
R R AR m== 15 m cable on ground
mwm Estimate results

I
a &0 1m0 150 2000 250 300

Freguency (MHz)

s00
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Magnetic Field Emissions

Current-Driven Common-Mode (Magnetic-Field) Coupling

Ltrace

lem VDM é\’PIDM L Z, lom

ret /*\,\/

] /

/

//

\\\ Vret ///
Cant

Source can be fully characterized by the current I, and
the mutual inductance (source loop to antenna loop).

i
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Magnetic Field Emissions

A TEM cell measurement gives us the value of V,, which is
sufficient to calculate maximum possible radiated emissions
due to magnetic field coupling!

Iom IC Board

‘h—o—=mn

T SV o+ — @ —

( CM - VCM+

Cable :
~ :
—> ICM '/

ZAN NNA
| 4
"""""" Ve = 2 View - 2-W+H)
w W

S. Deng, et. al., “Using TEM Cell Measurements to Estimate the Maximum Radiation from PCBs with
Attached Cables due to Magnetic Field Coupling,” IEEE Transactions on Electromagnetic Compatibility, May 2008.

CLICANT
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‘ Hybrid TEM Cell Magnetic Field Coupling

CoRng] -

/RIS

2

R

(@)

Magnetic
Moment

.

M12

Y -

/

(b.)

IVmeasured ‘ — ‘ | IC ‘ COM TEM

—*
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Using Mini-TEM Cell Measurement Results

By connecting both outputs of the TEM cell to a hybrid, it is possible
to separate the electric field coupling from the magnetic field
coupling.

Magnetic-Field coupling is fully characterized by the source current
and mutual inductance to the radiating structure. These are both
determined by the TEM cell measurement.

Electric-Field coupling is fully characterized by the source voltage
and the capacitance of the device being driven to infinity. These can
both be determined by the TEM cell measurement.

Therefore, a TEM cell measurement can be used to extract the
parameters required to predict maximum radiated emissions due to
coupling from an electrically small source.

i
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‘ Conducted Coupling

Z(h F—

vy (\)

Ry Is ratio of Vi o 10 lgpon max

] Reactive elements are not
necessary

1 Only “logical” ports need to be
characterized.

1 Need a Thevenin Equivalent
source for each terminal pair,
Including power pins.

.
/\/

vy (\)

CoLNCAR
=L/ SCV EMC 2010
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‘ Conducted Coupling

Rmin

/\/ J

vy (\)

Existing methods for measuring
conducted emissions are 0
limited by parasitics, however it
IS often possible to make
meaningful measurements up
to GHz frequencies.

Vopen IS @pproximately equal to
the voltage measured across a
150 Q load if connection
parasitics are controlled.

lshort max 1S @PProximately equal
to the current deliveredto a 1 Q
load if connection parasitics are
controlled.

Internal capacitances can be
modeled explicitly if known or
implicitly included in the value
of V(f)

SCV EMC 2010

25



Measurement Test Set-Up

Recerving
Antenna

- Network Analyzer

' Jv Ground

A 7

Semi-anechoic chamber

SCV EMC 2010
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Model vs. Measurement

Receiving = -ommsmmmemiseeseeeo S 2
Antenna

1m

Ground

......................................

Semi-anechoic chamber

(o]
o
H
;

.........................

- —

-~
o
I

L L p——

...........................

E (dBuV/m)
&
i

D
o
i

...........................

R L b ey
L L

b ecaqscnnes
R Py

50 H = Measured result
=== Fyllwave simulation
««= Simplified simulation employing TEM cell result
45 I 1 I 1
0 50 100 150 200 2

Frequency (MHz)

CUNCAR

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH SCV EMC 2010



Maximum Emissions Estimate

Im

A
/I 4

1=0 ! ! ! ! ! ! ! ! !
R 120 | | | I | I
110
100
90

(=]

E Field (dBub/m)

70

B0

50 f------ Haeees thi T poomme- . === .5 m cable on ground
: : : : === 1 m cahle on graund
A0 F---oe- booooes ERR oo Foomoos boooos === 1.5 m cable on ground
=== Estimate results

a0 | | | | | I I I I
] 50 100 150 200 250 300 50 400 450 500

Freguency (hMHz)

C

.|
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‘ Conducted Coupling Source Model

ICEM
LECCS

Black Box Model




IEC 61967-4 Test Configuration

supply

RF

Voo
= ™ /0
A 7\
L7 -
— /
Vs —>
N IC GND 1500 500
’ +
1Q | V@1a= e sum
— O

GND

helpful for selecting an IC, but the procedure has significant limitations and
does not fully characterize the IC output drivers.

CLIWCA
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‘ Conducted Coupling

Z(h F—

vy (\)

J R, is ratio of Vopen 0 lehort max

1 Only “logical” ports need to be
characterized.

] Existing test procedure cannot
be used to determine value of
R

min

1 Need a Thevenin Equivalent
source for each terminal pair,
Including power pins.

.
/\/

vy (\)

CLIWCA
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Thevenin Equivalent Circuit and V-l Curve

Rioad = LowQ
: : l(w
200 o— ) @
Zin@) =R+ Py ¥ lin(sc)
-1/|Z
Vth(w) <> RLoad VLoad(w) / /l thl
A - Rioag = HighQ
...................................................... o
: V
Rload = 9 Vth(OC) Vth(OC\ Rioad =©

Rioad = 0 2 Ith(SC)

CUNCAR
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Limitation Of IEC 61967-4

V-I Curves
0.25 , r
1 1
|
0.2
<
€
0 015
5
O
£
g o1
>
&
= —
0.05
[ —
L 1
0 e i i
0 1 2 3 4 5 6 7 8 9 10
Measured Voltage (V)
8
0.24 —+ 60
7.8 -
n 0.22 1 55 J‘
7.6 02
7.4 o 1'8 50
7.2 I : T 45
0.16 i
7 v ; 40 5
Measured Voltage Thevenin Current Source Impedance

Known source
V... 10V, Ry,: 50Q

] Sensitive to Measurement error

J Sensitive to the assumed V.
J Sensitive to the wL ,|Z|

Thevenin Current (A)

V-| Curves
0.25
0.2
0.15
0.1
[
0.05
[
——
o I
0 2 4 6 8 10 12
Measured Voltage (V)
9 12 58 -
. - 1 T 55 -
- - .
10 |
7 T 9 LV_‘ "9
i 46 —
N
6 v 8 m 43 .
Measured Voltage Assumed Open-Circuit Voltage Source Impedance

CUNCAR

SCV EMC 2010

33



Conducted Coupling

There are 3 unknowns: ' Vgpen IS approximately equal to

V(f), R(f) and [X(f)]| the voltage measured across a
requiring 3 measurements to 500-Q load if connection
characterize the source. parasitics are controlled.

50 Q 2 lghon max IS @pproximately equal
Ru=1Ranon=121[50Q {5 the current delivered to a 1-Q

............................................................................................... =% load if connection parasitics are
w W C Sl® controlled.

[ Aoy + J Additional measurement across

v () |/ Y ] Vit a 50-Q load gives us the 3 data

. points required to characterize
o the source.

T T T T T T T T T, - SRR
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Three load conditions for characterizing
conducted EMI sources

Test fixtures
Zin . Measurement ‘V . |V | 5002
Vin (@) B th
o V _ |V | Rshort
YN short Load | | “th R 7
Zy, N short + th
@ 10 {3V
Vi (@) Loap (@) R
\/ .y open
=T open Load | | th | R Z
open + th
Za 4500 | |
@ 2 Vi onp (@) — -
Vi, (@) _LOAD Zth Rth + JXth
I Ryor =150, R, ., =50002
CLICAF
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Conducted EMI Measurement Conclusions

1 Open and short circuit measurements are usually best
approximated by 1-ohm and 500-ohm measurements on
real devices

1 Small measurement errors can result in large model errors.

1 A 1/50/500 ohm measurement reduces the susceptibility of
the test the measurement errors.

] Reactive source impedances require multiple complex loads
to characterize accurately.

SCV EMC 2010 36



Direct Radiation from Component

pw r bus-
_V is Vv

At GHz frequencies, ICs with large
heatsinks can radiate directly

These measurements can be made by mounting the board
on the floor of a semi-anechoic chamber.

SCV EMC 2010
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Summary

l Measurements of an integrated circuit in a hybrid TEM cell
configuration can be used to obtain values for the “electric
moment” and “magnetic moment” associated with an IC as
It is configured on a given circuit board.

1 Direct radiation can be measured in a semi-anechoic
chamber, but component should be mounted in the floor to
eliminate unwanted reflections and prevent currents on
cables and other objects from contributing to the
measurement.

1 A 1/50/500 ohm conducted emissions measurement (as
opposed to the current 1/150 ohm measurement) is capable
of determining the value of Rmin, which is critical for
system-level modeling.

LIWCA
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Summary

1 ICs with smaller moments are less likely to couple to other
parts of a system resulting in unintentional radiated
emissions.

] Electric and magnetic moments can be used in full-wave
electromagnetic models of a system, replacing complex IC-
package geometries with simple equivalent sources.

1 A similar procedure involving a hybrid TEM cell could be
used to determine these “moments” for larger structures
(e.g. automotive components) at lower frequencies.

SCV EMC 2010
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How EMC Engineers Use Electromagnetic Modeling Tools

Todd H. Hubing

Clemson Vehicular Electronics Laboratory
Clemson University

CLEMSON
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‘ Modeling Software

Fastcap ||/ 2 Festhenry NEC

GEMACS Seper S Quickfield
superried VISULA TERO oenc
MaxSIM-F Accufield EMC Workbench

Microwave Explorerma'gNet EMHT Fastlap

maxwell 30 COMPLIANCE EMAP

AFDTDrus MSC EMAS
COMORAN ContecRADIA CLUTET

APOGEE  EM =31 wminnec HEFSS
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'The HYPE

Comprehensive EM Solutions
field computastions involving ob s of arbitrary shape

mppneauuns SnuwIvuns Suppur
You are here: Home — Applications — EMC analysis e B

Home | Applications | Industries | Productinfo | Sales/Evaluation

EHIC ansiysic Complete Technology for
3D Electromagnetic Simulation

v

fisualization |u
Find the solution best fitted for your problem in your market area:

CFD News and Announcements - Message Display Microwave & RF

Passive microwave & RF component design...

Signal Integrity / EDA

www.cfd-online.com

Forums

Choose Complete Technology for your electromagnetic simulation
needs. Profit from our broad range of solver technology in an intuitive
interface.

Home > CFD News and Announcements > Message Display

PosT Response | RETURN TCINDEX | READ PRev Msc | Reap NexT Mse

Fluent Releases NeVI)" Software for Rapid Electromagnetic Compatibility and Interference (EMC/EMI) Designs

EMC / EMI

Electromagnetic Compatibility and Electromagnetic Interference...

Posted By: Fluent <Send Email>
Date: Wed, 19 Oct 2005, 7:47 a.m. arged Particle Dynamlcs
Dynamics of free moving charged particles in electromagnetic fields...
)encble Thermal-EM Co-simulation

Low Frequency
Structures which are very small in comparison to a wavelength...

October 18, 2005, Austin, TX, USA

Fluent Inc.. the worldwide leader in computational fluid dynamics (CFD). announces the immediate release of _0 a three dimensional time-domain full-wave electrc
package. Along with the industry-leading thermal design soﬂware-wave enables thermal and elec ic compatibility and interfe e (EMC/EMI) co-simulal
designers of high-performance electronics systems to dramatically reduce the tme required for EMC/EMI design and verification by simulating electronic products in a virtual en

diagrams.
FEKQ can compute electric and maanetic shielding factors for metallic or dielectric enclosures of arbitrary shape with arbitrary openings cut into 9
them. Shielding effectiveness is typically tested for two scenarios:
avallable rrom the manutracturer.) Examples:

Differential Via Pair
Multipin Connector
SI Design from Allegro

Software reduces physical testing in automotive EMC. e

— Electromagnetic radiation from electronic
components and radiation into housing
can be studied with Microwave Studio.
Field monitaors are used to determine the
EMC spectrum at the standard 2 and 10
meters distances, Linear or circularly

April 6, 2004 i= computaticnal
electromagnetic simulaticn software for analyzing compatibility and
interference problems. It includes , for induced phenomena on
cable networks, and T, for low-frequency analysis. Features
include capabilities for antenna radiation simulation, modeling for on- Bolarioed plars. Wais G2 be.fead 1o
board antennas and cable networks, and simulation of 3D radiated Software reduces physical testing in illuminate a housing to study EMI
fields and induced effects on vehicle cable networks. automotive EMC. effects.

CUNCAR
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The REALITY
CVEL

THE CLEMSON UNIVERSITY VEHICULAR ELECTRONICS LABORATORY

Simple Geometries Modeled with Popular Electromagnetic Modeling Codes

Full-Wave Modeling Codes

Modeling dipole with HFSS Modeling circuit board Madeling powerbus and
powerbus with HFSS cable with HFSS

Flomerics

() Even simple geometries are
difficult to model using most
commercial tools.

L Software attempts to model
configurations that it can’t
model.

Ll Geometries analyzed are
not always the what the user is
led to believe.

1 Users must understand EM
theory.

L1 Users must be familiar with
the limitations of the particular
technique.

1 Users must be familiar with
the peculiarities of the software
and its user interface.

Microstripes

http://www.cvel.clemson.edu/modeling/software/

CUNCAR
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EMC Analysis Software

= Analytical Modeling Software

specific geometries, closed-form equations
limited scope, maximum convenience

= Numerical Modeling Software

solves Maxwell's equations, accurate solutions to well-defined problems
limited scope, requires expert user

= Design Rule Checkers

review designs for rule violations that may result in problems
very limited scope, maximum convenience

= Expert System / Maximum Emissions Calculators

review designs for specific problem sources
identify areas requiring a more careful evaluation
estimate maximum possible emissions

SCV EMC 2010



EM Modeling Software

= Circuit and Transmission Line Solvers
= 2D and 3D Static Field Solvers
= 2D and “2.5 D” HF Field Solvers

= 3D HF (Full-Wave) Field Solvers

CLICAR
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Circult Solvers

Every EMC Engineer should have access to a basic SPICE-like

circuit solver.

1 Help’s engineers to intuitively understand how intentional and
unintentional currents propagate.

1 For lumped-element modeling of signal paths and coupling
paths.

] For time-domain modeling of RLC equivalent circuits.

1 For modeling non-linear behavior of components and circuits.

SCV EMC 2010



Lumped-Element Modeling

S1

VSl

RSZ

S2

P
<
V, i Cul Gy

1

2 |

V

+
RLZ

+
RL2 Ru T \_/RLl

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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‘ Modeling Time-Domain RLC Circuits

Circuit Board Nets

CIRCUIT P
N - (o)1 o MR
T EMOS . TRACE [ cmos ﬂ

: SOURCE S1 ¢ i LOAD -

T

0.06 \

: —

{———— Cioap i 004

006 U

- | i i i i ; i
0‘080 0.5 1 15 2 25 3 35 4 45 5
time [s] x10%

Electrostatic Discharge Events

10 ohms

: : 002=ﬂ§
_ == PR \

50015~

5 : : £
: : ! 3
;/. : : 0.01

0.005 e

; H 1 H ' DO 05 1 15 2 25 3 35 4 45 5

time [s] 10

o1
o
o)
T
I
t [A]

— — — — o— — m— — m— o e m— m— e— o— — - l— — —
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‘ Modeling Non-Linear Behavior

Signal trace

— B

AN
Chassis ground

1 Transient protection
1 Ferrites near saturation

1 IC inputs near saturation

CLICAR

SCV EMC 2010



Transmission Line Modeling

Voltage (v)

7.56v
6.67v 747v

Rs

S

L EAl 5t 7
2v 2v 2v 2v
(2)
Currcnt(mA)
133mA
106
I 1 I I '
I I I I 1
- 3 3L yis
2v 2 2v 2v

J
Zo RL
Voltage Current
1 -1 1
-1 B _1 Moo r,=—
l-S = ? —_— =z rl 5 S 3 L 5
6.67v 133m4
133 - _
2 v .2 26.6mA
v —0.44y v ~8.9md
-0.09v 3 +1.8mA
4 vo4
v 0.03v v 0.6md
5
0.006v v olm.
t t
¢ (5) ¢

<@
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Static Electric-Field Solvers

A 2D or 3D static field solver is often the most useful computer

modeling tool in an EMC Engineer’s tool kit.

1 Help’s engineers to visualize electric fields

" This is an essential skill for EMC engineers and HF board designers.
1 Calculating “balance factor”
1 Evaluating effectiveness of electric-field shields

1 Estimating mutual capacitance of structures

SCV EMC 2010 12



Electric Field Coupling/Shielding

13

SCV EMC 2010
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Guard Trace Effect

B \l_
L L] |

SCV EMC 2010
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‘ Guard Trace vs. Guard Stack

B

15

SCV EMC 2010
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‘ Orientation of Daughter Card

SCV EMC 2010 16



‘ Grounding of Heatsink

S
AN\
ecse
O

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH



Effectiveness of Electric Field Shields

iY@ N

e ?
l:u .W)mwm SCV EMC 2010
CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH
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Calculating Mutual Capacitance

Return plane

LI/

SCV EMC 2010
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Calculating Imbalance Factor

T - T
Zs217(4) T'N(B)é Zp
h,=0 ] ] | / h=0
/ A h, B/

(a)

AV A A)=(hy-h )V A)

P ’s
' e
s s
P Y
2
v
g

VA B)~(hs-h))V(B)

AV (A) =(h, —h )V, (A) AV (B) =(h, —h, )V, (B)

T. Watanabe, O. Wada, T. Miyashita, and R. Koga, “Common-Mode-Current Generation Caused by Difference

of Unbalance of Transmission Lines on a Printed Circuit Board with Narrow Ground Pattern,” IEICE Trans. Commun.
vol. E83-B, no. 3, Mar. 2000.

||’-/ \H
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Calculating Imbalance Factor

For microstrip trace structures, the imbalance parameter is given by,

C

h — trace

" C.__+C

trace board

where C,... and C, .4 are the stray capacitances per unit length of
the signal trace and the ground plane, respectively.

T. Watanabe, H. Fujihara, O. Wada, Y. Toyota, R. Koga, and Y. Kami, “A prediction method of common-mode
excitation on a printed circuit board having a signal trace near the ground edge,” IEICE Trans. Commun.
vol. E87-B, no. 8, Aug. 2004.

LA
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Example: Using balance factor to calculate
emissions

Return plane

Unintended coupling to an 1/O line.

SCV EMC 2010
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Example: Using balance factor to calculate

emissions
h,=0 hy=h hy=1
noise i -
zﬁ Y, ?
(a) _
V. —hV, ) Veur =NV,
Z ?
74} VCM 2 — (1_ h)VB
/ Vema=(1-R)V
(b)
Vem: 0
Vewz & Ve

oA

SCV EMC 2010
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Example: Using balance factor to calculate
emissions

S—

Z NE

Board

Cable

)]

=

_Ground

Equivalent antenna model.

SCV EMC 2010
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2-D and “2.5-D” High-Frequency Field Solvers

High-Frequency field solvers are generally not capable of
modeling static fields, but 2-D and 2.5-D tools have several
advantages when compared to 3D Full-Wave field solvers.

Generally, they ...

1 Are much more efficient (i.e. faster and/or model more detail)
1 Have a more intuitive user interface

] Less prone to numerical errors

— ;
1 |
i v : e SCV EMC 2010 25



2-D and “2.5-D” High-Frequency Field Solvers

Examples of 2-D and 2.5-D HF field solvers:

1 2D tools for modeling axi-symmetric 3D configurations
1 2D tools for modeling PCB cross-sections

1 2.5-D tools for modeling PCB traces in layered media

SCV EMC 2010 26



3-D High-Frequency (Full Wave) Field Solvers

3-D full wave modeling codes are useful for:

] Learning about EM wave propagation

- Understanding how different structures can act as antennas
1 Modeling the behavior of circuit components and packages
1 Developing and validating other types of models

1 Validating measurements of well defined source configurations

SCV EMC 2010 27



3-D High-Frequency (Full Wave) Field Solvers

3-D full wave modeling codes are NOT useful for:

1 Evaluating existing product designs
1 Predicting EMC problems
1 Troubleshooting EMC problems

1 Validating EMI measurements of electronic devices

SCV EMC 2010
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3-D High-Frequency (Full Wave) Field Solvers

Understanding how different structures can act as antennas

SCV EMC 2010 29



‘ 3-D High-Frequency (Full Wave) Field Solvers

Finding resonant frequencies of structures

-1

T

SCV EMC 2010 30



Validating Maximum Radiated Emissions Calculations

20

Maximum total E-board2020cm cbi1m heatsink51cm-—1 v 1em below heatsink Spacing between heatsink and board is 1
T

max-E, , | (dBV/m)

Y S N U SN SRS S N S

cm

Cheatsink — 043 pF ’
Cooqg =92-14 pF

o 100 200 300 400

500
Frequency (MHz)

600

700 800 900 1000

CLICAN
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Low-Cost CEM Tools

Free Software;

(I Iy Iy Ny N N Iy Iy Iy

FEMM

Ansoft Maxwell SV
EMAP

Students’ QuickField
Antenna Model
LC

MEEP

OpenFMM
pdnMesh

Radia

ToyFDTD

Scatlab

$2k - $10k:

0 EZ-EMC

0 EZNEC Pro

0 GEMACS

2 Tricomp-Estat
2 Trace Analyzer

SCV EMC 2010 32



CEM Tools (more than $10k)

 AMDS 0 GEMS
2 All IES codes (Ampere ... d HFESS
2 Analyst - HFWorks
2 ApsimFDTD-SPICE o IE3D
0 AXIEM 2 JCMSuite
0 CableMod/PCBMod - OptEM Cable Designer
- Compliance -1 OptEM Inspector
0 Comsol Multiphysics 0 Magnet
o CRIPTE 2 Microwave Office
2 CST Microwave Studio  Momentum
o EMA3D o PAM-CEM
- EMC Studio 2 Q3D Extractor
J EMDS o SEMCAD X
o Maxwell  Sonnet
0 MFlex 2 WIPL-D Pro
2 emGine Environment [ Xenos
- EMPIRE Xccel 0 XFDTD
0 Fidelity 0 XGtd
2 FEKO
CLINCA
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Key Point

Computer models often yield incorrect results because:

= Software was not capable of analyzing the input configuration
= Software defaults were inappropriate for the problem
= The input was not exactly what the user thought

= Results were misinterpreted by the user

SCV EMC 2010 34



Summary

= Numerical EM modeling tools require the user to be familiar
with EM theory, the limitations of the technigues being
applied, and the limitations of the particular software
Implementation.

= Numerical EM modeling tools should only be trusted when
the solutions can be confirmed by other methods.

= Numerical EM modeling tools are NOT particularly useful for
the design and troubleshooting of digital electronics
products.

SCV EMC 2010



Design Rule Checkers

g

Scan a board layout looking for design rule violations. \1/

Advantages —

Disadvantages —

Easier to understand what the software is doing
Easier to use.

Design rules don’t apply in all situations
Higher board cost to meet unnecessary design rules
Will not detect problems that don'’t violate a pre-defined rule

(e <
N

SCV EMC 2010
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‘ EMC Design Guideline Collection

http://www.cvel.clemson.edu/emc/

/> CLEMSON VEHICULAR ELECTRONICS L ABORATORY: EMIC Diesion Guidelinic CollecHon - Windouis Tntermist Explores =(ofx]

g’@ + [ http:/fwww.cvel.demson, edufemc/tutorials/auidelines. htmi El#2)[x[]cooge e

%% 47 @ CLEMSON VEHICULAR ELECTRONICS LABORATORY: ... I | I3~ B - dsh - |Page + 1 Tools ~ 2
=

CVEL ELECTROMAGNETIC COMPATIBILITY

THE CLEMSON UNIVERSITY VEHICULAR ELECTRONICS LABORATORY

EMC Design Guideline Collection

Over the past 20 years, weve had opportunities to work with a wide variety of
: companies to solve circuit-board or system-level EMC problems. During this time, we've
S people. colost, cqng. o encountered all kinds of EMC design rules. Some of them are helpful, some not-so-

Zg’;ﬁz;z;,z& iG] EMY helpful, and some practically guarantee that your product will have EMC prablems.

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 intemal use. Additional rules were
gleaned from published books, technical papers and application notes. Please note that the Clemson Vehicular Electronics
Laboratory does not endorse any of the EMC design rules (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!

Why You Should Be Cautious About Using EMC Design Guidelines
o The Most Important EMC Design Guidelines

Other Good EMC Design Guidelines

o Not-So-Good EMC Design Guidelines

Some of the Worst EMC Design Guidelines

Effective Application of EMC Design Guidelines

o Commercial EMC Rule Checkers

If you have a guideline that you'd be willing to share, please email it to CVEL-L@clemson.edu. Be sure to indicate the source.
We'd like to hear from you.

Retumn to CVEL EMC Home Fage,

i

) o B ) 1 S

CUNCAR N

CLEMSON UNIVERSITY INTERNATIONAL CENTER FOR AUTOMOTIVE RESEARCH
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What is a PCB EMC Expert System?

EMC Expert System software should work with automated printed circuit
board layout tools to:

) review and analyze printed circuit board designs;

] point out problems with the layout;

] estimate levels of radiated EMI;

] anticipate ESD and radiated susceptibility problems; and

) provide circuit and board layout design advice.

Using the same general approach that human experts would use.

SCV EMC 2010
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EMI Estimation Algorithms

© |dentify Sources

O Identify Antennas

O Evaluate Radiation Mechanisms

Source Model

/\/

Coupling Path Model

.
ant.
...... Jf-ssecs,
-" ‘\
:

In

Antenna Model

CUNCAR
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Radiation Mechanisms

Differential-Mode Radiation

 from electrically small structures
« from resonant structures

Coupling to I/0O Radiation
« crosstalk on circuit board
* near-field coupling to connector

Voltage-Driven Common-Mode Radiation

« from cables (coupled from traces or heatsinks)
« from shielded enclosures

Current-Driven Common-Mode Radiation

* from cables
* from shielded enclosures

Power Bus Radiation

+ directly from power bus
» coupled to shielded enclosure

SCV EMC 2010
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Expert System Algorit

Tms are
uestion,

constantly asking the o

SCV EMC 2010
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Effect of Extended Cable on Ground

1m

A

/I 4

130 ! ! ! ! ! ! ! ! !
120 _______i______j_______E_____H_-_-h_-_—_'!j_-'-_"__-!:_T'_T___:r___-_r_:,-':___
: ' - ' ' ' '
TP SR S o™ T 4 SO
100 f----pfef - N s A R N el el L
SRR | R S N S O S S S T S S
= o :
= '
@ .
= a0 ;
E '
2 1
[ :
w .
GO M- S 2SS S
50 ------ el e s Fooooet foooos === 0.5 m cable on ground
: : : : . === 1 m cahle an graund
A0 f---- - bomooes Ao e Fooooos fomo === 1.5 m cable on ground
: : : : ; === Estimate results
a0 ] ] ] ] | I I I I

] a0 100 140 200 250 300 350 400 450 500

Frequency (hMHz)
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Algorithms Locate Hard-to-Find Problems

43
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‘ Algorithms Locate Hard-to-Find Problems

Type of Problem
Identified

/

Problem

Advice

ILIMH Signal Met Analyziz - This net is coupled to [/0 Met GRESET.

ﬁ IHE-HDute thiz net or A0 Met GRESET

MR Signal Net Analysis CTaz

19.0595.0

£4.0710.0

DRC Mek Summatsy / Total_EfFrequency DM_E/Frequency % | ICM_E/Frequency MCM_E/Frequency Antennas

Al Al al / al al Al Al all

MR Signal Net Analwsis IIIII EdoeRabs=hac F5sk = III "EN 24,0710.0 19,0595.0 27.0130.0 _--B

MR, Signal Met Analysis LY 'O ek 24.0710.,0 19,0 595.0 27.0130.0 _--B
27.0130.0 C--B

Location of Problem

Magnitude and Frequency
of Problem

SCV EMC 2010
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‘ Algorithms Locate Hard-to-Find Problems

o o
g o e @0 % % 0 0 o 0O
PRI o o
b
o o a
) a
o o o
P
P a o a
P a o a
b
o o o

o0 e ¢ 000 % 00 % o0

TUTETTT

e
cgoenng o o s o
o oo 0 G- oo

o0 e & 000 & 00 % o0

o0 e & 000 & 00 % 0

EONNECTORPﬂ

E L I - - e B e -

0 © 0 0 © 0 0 © 0 0 ¢ © 0 © T 0 0 ¢ 0 0 g 00

]

PATAZ

TUTTT

2000

TUT T

200E000

T

0e00g

T

ogoog

ERESE

[CONNECTOR|
P!

DATAH

View of left half of
board showing the
problem nets.
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‘ Algorithms Locate Hard-to-Find Problems

Type of Problem
Identified

Problem Advice

MR Signal Met Analysis - The around noise valtage drives Connectar P2 against Connegar F1. ::ll ILocatE Connector P2 and Connector P1 clogser to each ather
DRC ek Summary Toktal EfFrequency DM_E/Frequency 5| ICM_E/Frequency WCM_EfFrequency Antennas
all J— all all all

LMR. Signal Met Analysis FIRVCLKCPL - Cuorrent driven common mode 52,0 A50.10 50,0 750.0 49.0450.0 -99.050.0 -

T R ————

LUMR. Signal Met Analysis Iy anan=ll Edge RaleTon Fas : . 50.0750.0 49,0 450.0 -99.0 50.0 C--C
MR Signal Met Analysis F1IGACLICPU Too Much Surface Route 52,0 650.0 50,0 750.0 49,0 450.,0 -99,0 50,0 --C

Location of Problem Magnitude and Frequency
of Problem
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‘ Algorithms Locate Hard-to-Find Problems

Current-Driven Common-Mode Problem.

ooooooooooo

u4

uuuuu

ooooooooooo

N Ul
L1

ooooooooooo

ooooo

ooooooooooo

[ —"]

$116\CLKCPU

CONNECTOR P1

ooooo

u37

| =—. |
—
| - |
ooooo
CONNECTOR =
= $116\CLKCPU
B d

I

u19
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Algorithms Locate Hard-to-Find Problems
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‘ Maximum Radiated Emissions Calculator

| B — B = T .
& Maximum Emission Calculator: Voltage-Driven CM EMI Algorithm - Intemet Explorer E=]Ts=T
~[ 42 x || Googie ER

@\J | @ httpis/www.clemson.edufcvel/modeling/EMAG/MaxEMCalculator/MREMC-example.htm
e

Tools  Help & Convert ~ [fjSelect | Contribute [JEdit = [F]PosttoBlog

i:i ake Iﬁ Maximum Emission Calculator: Voltage-Driven C... I I
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Electric field at 3 meters

Voltage-Driven Common-Mode EMI Calculator

The electric fields that couple directly to attached cables from a trace can induce common-mode currents on these cables resulting in radiated
emissions. This source mechanism is refetred to as voltage-driven. since the magnitude of the common-mode current is proportional to the
signal voltage and independent of the signal current. For a given board geometry, a closed-form expression for the maximum emissions due to
this coupling mechanism was developed in [1.2]. The number of cables attached to the board and the location of these cables does not affect
the maximum emissions calculation.

Assumptions:
¢ The board is not within a shielding enclosure. (There's a different calculator for this case.)
+ There is at least one cable attached to the board and the cable length is nmch greater than the board dimensions.

Voltage Source

@ Digjtal Signal - Trapezoidal Waveform

Amplitude of the signal (4): 33 v
Goometry: Rise time (r,): 5 ns
® inches Fall tme {tj}: 5 ns
© millimeters Duty Cycle: 50 %
Board I L): 50
oard length (L) mm Data Rate: 5 Mbps
Board width (F): 50 mm
Trace length (1,)- 10 mm © Swept Frequency - Constant Voltage
Trace height over the return plane (h): 1 mm Amplitade of the voltage signal (4): v
Trace width (a,): 22 mm Lower frequency (f5): MHz
Measurement distance (7): 3 meters Upper frequency (f,): MHz
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Computer Modeling Tools for EMC Engineers

@ Rule Checkers 7 For analyzing existing system designs.

© Emissions Calculators/ Expert Systems

@ Numerical Modeling Tools

For understanding
basic field
behavior in well
defined situations.
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For More Information:

http://www.cvel.clemson.edu/modeling
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THE CLEMSON UNIVERSITY VEHICULAR ELECTRONICS LABORATORY
EM Modeling Information

e Electromagnetic Modeling Acronyms and Definitions

o Simple Geometries Modeled with Popular EM Modeling Codes

Electromagnetic Simulation Tools

o Free Electromagnetic Modeling Code

Upcoming Events

o 25t

o Progress in Electromagnetics Research Symposium (PIERS 2009). Beijing, China, March 23 - 27

List of “free” EM modeling
codes.

List of commercial EM
modeling codes.

Info on EM modeling
techniques.

Info on EM modeling
software.

Prototype MR EMC
calculator.
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