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Preface

EMC and the Printed Circuit Board: Design, Theory, and Layvout Made Simple is a com-
panion book to Printed Circuit Board Design Technigques for EMC Compliance. When used
together, these two books cover all aspects of a PCB design as it relates to both time and fre-
quency domain issues. One must be cognizant that if a PCB does not work as intended in the
time domain, frequency domain concerns become irrelevant, especially compliance to in-
ternational EMC requirements. Time and frequency domain aspects must be considered to-
gether.

The intended audience for this book is the same as that for Printed Circuir Board
Design Techniques for EMC Compliance: those involved in logic design and PCB layout;
test engineers and technicians; those working in the areas of mechanical, manufacturing,
production, and regulatory compliance; EMC consultants; and management responsible
for overseeing a hardware engineering design team.

Regardless of the engineer’s specialty, a design team must come up with a product
that not only can be manufactured in a reasonable time period, but will also minimize cost
during design, test, integration, and production. Frequently, more emphasis is placed on
functionality to meet a marketing specification than on the need to meet legally mandated
EMC and product safety requirements. If a product fails to meet compliance tests. re-
design or rework may be required. This redesign significantly increases costs, which in-
clude, but are not limited to engineering manpower (along with administrative overhead),
new PCB layout and artwork, prototyping material. system integration and testing, pur-
chase of new components for quick delivery (very expensive), new in-circuit test fixtures,
and documentation. These costs are in addition to loss of market share. delayed shipmeat,
loss of customer faith in the company (goodwill), drop in stock price, anxiety attacks, and
many other issues. Personal experience as a consultant has allowed me the opportunity to
witness these events several times with small startup companies.

My main focus as a consultant is to assist and advise in the design of high-technol-
ogy products at minimal cost. Implementing suppression techniques into the PCB design
saves money, enhances performance, increases reliability, and achieves first-time compli-
ance with emissions and immunity requirements, in addition to having the product func-
tion as desired.

Working in this industry has allowed me to participate in state-of-the-art designs as
we move into the future. Although my focus is on technology of the future, one cannot
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forget that simple, low-technology products are being produced in ever increasing num-
bers. Although the thrust of this book is toward high-end products, an understanding of
the fundamental concept of EMC suppression techniques will allow any PCB being de-
signed to pass EMC tests. The key words here are “fundamental concepts.” When one
does not understand fundamental concepts, compliance and functional disaster may await.

When management decides to bring in a consultant after production has started,
having failed an EMI test, causing a stop-ship situation, it is too late for efficiency. Gener-
ally, nothing can be done without major expenses being incurred. [ have watched small
companies go bankrupt because they invested all their capital in a product for quick ship-
ment and then had to redesign everything from scratch. Those who control the finances of
a company by mandating cost over compliance have frequently been spotted working at a
different company every year. Accountants who do not understand what it takes to be a
hardware or PCB designer engineer can doom a company to failure.

Sometimes, use of a single component (filter) costing $0.50 is too much for man-
agement to accept on a $1000 product. Engineers may be able to implement a redesign to
prevent use of this inexpensive filter. This redesign may cost the company tens of thou-
sands of dollars (including new compliance tests) for a production build of a few hundred
units. Although the accountant may receive bonus pay for keeping the cost of the PCB
down, the Return-On-Investment (ROI) will never be achieved. I do not advocate adding
cost to a design unless it is mandatory. High-technology products now require use of ad-

ditional power and ground planes, filter components, and the like, all at a cost for both
functionality and compliance.

Detailed definitions of various terms are presented within specific chapters of this
book. Before we proceed. an important distinction is in order. EMC stands for Electro-
magnetic Compatibility. This means that electrical equipment must work within an in-
tended environment. We can have EMI (Electromagnetic Interference) problems due to
incompatibilities between equipment. EMC is achieved; EMI occurs. According to com-
mon usage, EMC refers to the total discipline concerned with achieving electromagneti-
cally compatible equipment and systems. EMI refers to the event or episode indicating an
incompatibility, for example, a lack of EMC. EMI refers to all events experienced across
the frequency spectrum. Radio Frequency Interference (RFI) originally referred to those
incompatibilities arising between radio sets. During the 1970s and 1980s, RFI was gener-
ally not used because it failed to indicate the problems that can arise from Electromag-
netic Pulse (EMP), lightning, Electrostatic Discharge (ESD), and so on. Over the past few
years, however, RFI has been creeping back into our vocabulary. Caution should be used
with the acronym RFI, however, for its meaning is unclear in the field of EMC.

The main ditferences between my two books on EMC and PCBs are as follows.

Printed Circuit Board Design Techniques for EMC Compliance provides informa-
tion for those who have to get a product designed and shipped within a reasonable time
frame and within budget. It illustrates that a PCB may exhibit an EMI problem, it briefly
explains why the problem occurs, and it shows how 10 solve the design flaw during lay-
out. It does not go into detail on how and why EMI occurs, theoretically.

University textbooks are available (listed in the References sections) that cover all
aspects of theoretical physics related to EMC. Numerous other publications present EMC
concepts in a brief manner, giving just enough detail to make one aware of theory with
minimal mathematical analysis. Many managers and some engineers do not care about
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why something happens. Printed Circuit Board Design Techniques for EMC Compliance
has compiled a track record of successful results. . _

EMC and the Printed Circuit Board: Design, Theory, and Layout Made Simple is a
companion book targeted at those designers who want to know how and why EMI occurs
within a PCB. These designers may not be directly responsible for the actual PCB layout,
but they may have to oversee the end product. Engineers generally want to un_derstand
technical concepts. This book is written for ease of understanding a su'bject. that is gener-
ally not taught in universities or other educational environments, again using a minimal
amount of math. o

In the present book, we examine two sides of the C(?in~time §onxaxn (sxgnlallfunc-
tionality and quality) and frequency domain (EMC). A signal that is present within the
PCB may be viewed in both domains. No difference exists between the two; rther. only
the way one examines a signal. Test instrumentation also d?ffers. Chapter 2 1llustraFes
using simplified physics, with minimal mathematical analysis, how these two domams
exist simultaneously. Theory is presented in a format that is easy to comprehend in the
limited time one has to read and study a book on EMC and PCB, especially when work
needs to be done at the office. .

The focus of this book is strictly on the PCB. Discussion of containment techniques
(box shielding), internal and external cabling, power supply design, and other_ system-
level subassemblies that use PCBs as subcomponents will not be discussed in ‘depth.
Again, excellent reference material is listed in the References on these aspects of EMC
system-level design engineering. -

The incentive for writing this book has come from my numerous seminar and work-
shop students in the United States, Europe, and Asia. These students ask, “How and why
does EMI get developed within a PCB?” Recognizing a need to fill a gap that cux.fremlyv
does not exist within the published literature in the public domain worldw@e (at time of
writing). I want to enlighten the reader to a field of engineering thaF is consldered to bg a
Black Magic art. Those who do not take electromagnetic compat'ibllxty‘senously provide
job security for EMC engineers. EMC engineers know various tricks of the trade on how
to apply rework or a quick fix to a PCB to pass a particular test. th“ese under—the—pressure
enhancements implemented during compliance testing are identified as Band-Aid tech-
niques. These PCBs could have been designed properly from the start. The concept z}d-
vanced is to change design habits and thinking from Band-Aids to low-cost suppression
layout techniques during the design cycle.

Mark I Montrose
Santa Clara, California
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EMC Fundamentals

This book seeks primarily to help engineers minimize harmful interference between com-
ponents, circuits, and systems. These interferences include not only radiated and con-
ducted radio frequency (RF) emissions, but also the influences of electrostatic discharge
(ESD), electrical overstress (EOS), and radiated and conducted susceptibility (immunity).
Meeting these requirements will satisfy legally mandated international and domestic regu-
latory requirements and governmental regulations. A companion book, Printed Circuit
Board Design Techniques for EMC Compliance, presents design rules and layout con-
cepts that assist in achieving an EMC-compliant product using suppression design tech-
niques.

One of the engineer’s goals is to meet design requirements in order to satisty both
international and domestic regulations and voluntary industrial standards related to EMC
compliance.

The information presented in this book is intended for

w Non-EMC engineers who design and layout printed circuit boards (PCBs).

m EMC engineers and consultants who must solve design problems at the PCB
level.

® Design engineers who want to understand fundamental concepts related to how
electromagnetic interference (EMI) exists within a PCB.

a Those who want a comprehensive understanding of how PCB design and layout
techniques work within a PCB.

This book is applicable for use as a reference document throughout any design project.
With these considerations in mind. the reader should understand that EMC and the
Printed Circuit Board is writien for the engineer who never studied applied electromag-
netics in school, requires a refresher course, or has minimal hands-on experience with
high-speed, high-technology product designs. As we well know, technology is advancing
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at a rapid rate. Design techniques that worked several years ago are no longer effective in
today’s products with high-speed digital design requirements. Because EICIC may be in-
sufficiently covered in engineering schools. training courses and seminars are no;v being
held all over the country and internationally to provide this information. }

iny a minimal amount of mathematical analysis is presented here because the in-
tent of this book s to present a basic understanding and analysis of how a PCB creates
RF energy, and the manner in which RF energy is propagated. The information presented
is therefore in a format that is easy both to understand and to implement.

Since World War 11, controlling emissions from a product has been a necessity for
acceptable performance of an electronic device in both the civilian and military env;ron-
ment. It is more cost-effective to design a product with suppression at the source th‘;m o
“build a better box.” Containment measures are not alwavs economically justified and
Ijlay.degradc as the life cycle of the product is extended beyond the origine;l design speci-
fication. FOF cxample. the end user often removes covers from enclosures for ease of ac-
cess to repair or upgrade. In many cases, sheet metal covers are never replaced. particu-
larly those internal subassembly covers that act as partition shields. The same is true for
blank metal panels or faceplates on the front of a system that contains a chassis or back-
plgne assembly. As a result. containment measures become compromised. Proper layout
of a PCB with suppression technigues also promotes EMC compliance with use of cables
and interconnects, whereas box shielding (containment) does not. In addition to EML“
compliance. signal functionality concerns exist. It does us no good if a product passes
EMC tests and then fails to operate as designed. o

This book provides details on why a variety of design techniques work for most
PCB layout applications. It is impossible to anticipate every possible application or design
concern. The concepts presented are fundamental in nature and are applicable to all elecc—
tronic products. While every design is different, the basics of product desion rarely
change unless rew components and materials become available. )

Herein we discuss high-technology, high-speed designs that require new and ex-
p'zmdcd techniques for EMC suppression at the PCB level. Manv traditional PCB tecﬁ-
niques are not cffective for proper signal functionality and C()mpli;lnce. Components have
become taster and more complex. Use of custom gate array logic and application-specific
integrated circuits (ASICs) presents new and challenging opportunities. The design
and layout of a PCB to suppress EMI at the source can be realized while mamntaining
systemwide functionality. )

' Why worry about EMC compliance? After all, isn't speed the most important de-
sign puramercr‘? Legal requirements dictate the maximum permissible interference poten-
tial of digital products. These requirements are based on experiences in the marketpluce
related to cmission and immunity complaints. Often., suppression techniques on a PCB
will wid in improving signal guality and signal-to-noise performance. | )

1.1 FUNDAMENTAL DEFINITIONS

The tollowing basic terms are used throughout this book.

Electromagnetic Comparibiliny tEMC). The capability of slectrical and electronic
Systems, cquipment. and devices 1o operate in their intended electromagnetic envi-

Section {.1 ® Fundamental Definitions 3

ronment within a defined margin of safety, and at design levels or performance.
without suffering or causing unacceptable degradation as a result of electromagnetic
interference. (ANSI C64.14-1992)
Electromagnetic Interference (EMI).  The lack of EMC, since the essence of
interference is the lack of compatibility. EMI is the process by which disrup-
tive electromagnetic energy is transmitted from one electronic device to an-
other via radiated or conducted paths (or both). In common usage, the term
refers particularly to RF signals, but EMI can occur in the frequency range
from “DC to daylight.”
Radio Frequency (RF). A frequency range containing coherent electromagnetic
radiation of energy useful for communication purposes—roughly the range from
10 kHz to 100 GHz. This energy may be transmitted as a byproduct of an electronic
device's operation, RF is transmitted through two basic modes:
Radiated Emissions. The component of RF energy that is transmitted
through a medium as an electromagnetic field. Although RF energy is usually
transmitted through free space. other modes of field transmission may occur.
Conducted Emissions. The component of RF energy that is transmitted
through a medium as a propagating wave, generally through a wire or inter-
connect cables, LCI (Line Conducted Interference) refers to RF energy in a
power cord or AC mains input cable. Conducted signals do not propagate as
fields but may propagate as conducted waves.
Susceptibiliry. A relative measure of a device or a system's propensity to be dis-
rupted or damaged by EMI exposure (o an incident field ot signal. It is the lack of
immunity.
Immunity. A relative measure of a device or system's ability to withstand EMI ex-
posure while maintaining a predefined performance level.
Electrostatic Discharge (ESD). A transfer of electric charge between bodies
of different electrostatic potential in proximity or through direct contact. This
definition is observed as a high-voltage pulse that may cause damage or loss
of functionality to suscepuble devices. Although lightning qualifics as a high-
vyoltage pulse. the term ESD is generally applied to events of lesser amperage.
and more specifically to events that are triggered by human beings. However,
for the purposes of discussion, lightning is included in the ESD category be-
cause the protection techniques are very similar, though different in magnitude.
Rudiated Immuniry A product’s relative ability to withstand electromagneuc
energy that arrives via free-space propagation.
Conducted Immuniry. A product’s relative ability o withstand electromag-
netic energy that penetrates it through external cables. power cords, and 1/O
interconnects.
Containment. A process whereby RF energy is prevented from exiting an enclo-
sure, generally by shielding a product within a metal enclosure (Furaday cage or
Gaussian structure) or by using a plastic housing with RF conductive paint. Recip-
rocally. we can also speak of containment as preventing RF energy from entering
the enclosure.
Suppression.  The process of reducing or climinating RF energy that exists without
relying on a secondary method. such as a metal housing or chassis. Suppression
may include shielding and filtering as well.
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112 Chapter 4 ® Image Planes Section 4.12 ® Interconnections and RF Return Currents 113
4.12 INTERCONNECTS AND RF RETURN CURRENTS
Main i terconnect structure or cabie Peripheral or
o o ) _ o PCB another PCB
When designing a product with interconnects, either internal or external, a decision must
be made concerning how to create a single system that is compatible with all operational
subassemblies. It is preferable to have a single system (PCB) rather than several smaller
PCBs mterc'onne‘cted.by 'caples assembilies that are not referenced to each othe.:r‘ Having a ~ Power ~ ™ Signal N
common reference will limit the voltage drops that are developed between various 0V ref- Power Signal
erence structures (grounds). It is easier to limit this voltage drop when all ground refer- Signal Ground
ences are located on the same PCB assembly than if they are placed on separate PCBs gignal Signal T
. o . . . . . . o ignal roun
and 1qterconnected by cables that are highly inductive by the nature of their physical con Ciock trace Sianal
struction. Signal Ground
The impedance between two subsystems can be reduced through use of an image Signal Clock trace
plane or a low-impedance ground grid structure. All ground structures must be connected Signal Ground
. . . . . . Ground Power
together in as many locations as is physically possible. The more ground connections, be Ground Ground
it through vias, cable connectors, ground stitch connections, and the like, will allow REF Ground Power
return currents to be controlled from the assembly. With less RF return current within the \_/ \_/ \_/ \_/

interconnect structure, less RF emissions will be present.

When using cables to interconnect PCBs or peripheral devices to another PCB, cre-
ating a low-impedance path to ground becomes difficult because it is difficult to inter-
sperse ground wires, or ground pins in an optimal position within the connector. This is
especially true if the connector pinout assignment is random without consideration for the
RF return current path during the design cycle. Use of a predefined bus structure may pre-
sent functionality concerns because the number of signal traces provided may require the
majority of available pin connections, which may also significantly far exceed an equal
number of RF returns or ground pins. The summation of all RF return currents in a single
ground return pin, with many I/O or signal pins. may cause the circuit to be nonfunctional
related to EMI (radiated emissions) because of excessive current and ground bounce
across the single ground pin.

A typical 1/O configuration is shown in Fig. 4.26. Notice that because of a poor
pinout assignment. large RF loop currents will occur between power and ground, or be-
tween a signal trace (with or without a periodic clock signal) and a OV RF current return
path. High-frequency RF voltages may be developed between the main PCB and intercorn-
nect area. These high-frequency voltages can create common-mode currents tflowing be-
tween the assemblies. These currents accentuate both radiated and conducted emissions.
If all components are located on the same PCB assembly, common-mode currents be-
tween interconnects must not exist.

For the routing configuration identified as “poor pinout contiguration,” Fig. 4.26,
the ciock trace shown is positioned in a poor location within the interconnect assembly:; it
is not surrounded by a OV reference (ground). The RF return currents that are created
on the clock trace. in addition to the switching currents that exist within the power dis-
tribution network, must travel to the opposite side of the connector in its attempt to retum
to its source (complete the circuit). With a large loop area. a magnetic ficld is created.
This magnetic field creates an electric field that may be observed during compliance
testing.

Under the enhanced pinout configuration, optimal pinout design for RF return cur-
rents exists, thus minimizing loop arcas. The clock trace is routed in a stripline configura-

Poor pinout configuration Enhanced pinout configuration

at the expense of reduced
number of signal traces

Figure 4.26  Pinout configuration typical of interconnects.

tion. Routing a clock trace stripline within an interconnect provides enhanced system
performance and prevents development of RF currents losses. We also have a much lower
impedance power distribution system to minimize ground bounce and the transference
of high-frequency, high-bandwidth RF energy. This RF energy may be created with cer-
tain components injected into the power distribution system. This energy may also be
transferred to other components sensitive to RF noise corruption by the power distribution
network.

High-speed signals that travel between interconnects should be buffered at the entry
point to reduce drive-capability and fan-out concerns, capacitive loading effects, and
ground bounce when a signal crosses the interconnect barrier. A buffer reduces RF cur-
rents in the interconnect by a factor of four, in addition to reducing common-mode cur-
rents. An additional benefit of a buffer allows the source driver to consume less power
when driving a loaded trace, especially if a high-impedance interconnect exists which al-
ready causes a large resistance-based drop to be developed.

When many nonperiodic signals are present within an interconnect structure, sev-
eral signal traces may be contained or interspersed between OV reference traces. The pur-
pose of this configuration is to force the return currents on the interconnect to return to
their source by the path of least impedance. In general, the concept is to design the PCB
layout to force the RF return currents to travel the way we want them to trave! within the
PCB assembly. It becomes the designer’s job to direct RF currents on the board in an opti-
mal, low-impedance manner. It is not desirable to allow the RF return currents (o travel
any way they can within an assembly, for a random RF current return path will tend to
maximize radiated emissions.



















































































































































































































































274 Chapter 9 ® Grounding

H

,i V tion may then couple to other circuits. subsystems, interconnect cables, peripherals, and

] power supplies. One of the most significant ramifications of this ficld distribution is to de-

§ velop a common-mode potential between a backplane and the metallic card cage. This po-

: tential will exhibit the spectral energy signature not only of the backplane, but the daughter r

f cards as well. In addition, this field will be observed during radiated testing in the near field £ 5;3 g

" (< A/4) or as a plane wave at a distance greater than A/4 at the frequency of concern. Proper £ b g -

N implementation of suppression techniques on a PCB. along with proper referencing of the 3 g ® 2 § 8 o E,

backplane to the card cage to short out the distributively derived potentials, will minimize = i‘é . § g % = i é g T 89 éf 2

tield transfer coupling between the boards to the backplane and card cage assembly. 2 g 2 g: 9 S ; g g ;%c% g s § s %

i+ The proper referencing of the backplane to the card cage noted above takes the £ 2 g - 2 § £ @(—30 § g § gg - s
form of establishing a very low-impedance RF reference between the backplane and the § 5 E § g é 2 23 fo2s $35 ﬁ

card cage. This reference method is mandatory to short out the potentials caused by eddy
currents developed at and by the daughter cards coupling to the sheet metal. These cur-
rents are coupled to the card cage through distributive transfer impedances (often in the
low tens of ohms) and then through attempts to close the {oop by coupling to the back-
plane. If the common-mode reference impedance between the backplane and the card
cage is not significantly lower than the distributive “driving source” (of the eddy cur-
rents), an RF voltage will be developed between the backplane and the card cage. This
voltage will have the spectral energy profile signature not only of the backplane but also
of the daughter cards. This voltage will cause any interconnects that are provided on the
backplane to radiate the spectral profile-even DC wire. The spectral voltage developed in
this mechanism may contribute to interboard coupling using the backplane-to-card cage
relationship as an intermediary!?

Simply put, the common-mode spectral potential between the backplane and card
cage must be shorted out. This may take the form of frequently connecting the backplane
ground plane to the card cage (chassis) at regular intervals around the perimeter of the
backplane. Alternatively, an “AC chassis plane™ can be configured internal to the back-
plane. positioned immediately adjacent to a logic return plane. A distributive transfer im-
pedance will thus be established between both the AC chassis and the return plane. The
chassis plane may also serve as a Faraday partition within the assembly. The location of
an AC chassis plane within the backplane must be such that it is never used as an image
return reference for signal traces. That is. it must be “capped” by logic ground planes.
Generally, to be reasonably effective, the RF transfer impedance between the logic
ground plancs and the AC chassis plane must be equal to or less than 1 Q. thereby short-
ing out the common-mode potential between the daughter cards-card cage-backplane-to-
card cage.

The reader 1s cautioned that the hest EMI and system performance will be gained
when the signal impedances are well controlled and referenced to ground planes (or 0V

- /_ thumbscrew
/ -
Connector illustrated as

\ Connection of mounting

Image plane in PCB

PCB illustrated as
a transmission

line

plane with a low-impedance connection. Without this con-

common-mode eddy currents to the chassis or adjacent printed circuit boards.

all times if EMC compliance is required.

L,

a lumped load

Receptacle connector on backplane
Plug connector on PCB

;
N

Figure 9.18  Backplane interconnect impedance considerations.

plate to backplane ground

(L2)

Common-mode eddy currents
between PCB and mounting plate

Note: To control potential , the mounting plate must be bonded to the back

nection, the mounting plate will couple (or transfer)

Common-mode eddy currents are to be avoided at
To control loop L1. the faceplate must be RF bonded to the mounting plate.

i
_______ _ d
reference) rather than voltage planes. In addition. the intrinsic parallel-plane power im- (’ g
L . . . . o) o
pedance distribution must be established at as low a value as is reasonably possible. ® 3, ]
- s . . . Q
In Fig. 9,18, if the top and bottom laver of the hackplane or daughter card is a solid 2 @ 88 g oL 22w
R . . T . . o B a o o T O
AC chassis plane, a lower impedance connection o chassis ground is available to both the c 3 2T 2 £0 %4 ¢€
. . . . R ‘ S £ TIgs 322X 0
backplane connectors) and faceplate screw securement of the PCB. This low-impedance & § S%od 22533
. . . . [l o] £ 0
path will now source RE currents to chassis ground. thus preventing ground loops L, and @ 53

L., from producing RF potentials between the faceplate 1o PCB and buckplane 1o PCB, re-

The propagationad mechanrams and solutions were dern ed and modeled by W Michael King.
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