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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

Xiii
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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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1.2 EMC CCNCERNS FOR

THE DESIGN ENGINEER the clectric field Jevel range of 1 to 10 volts/meter. For example. a | watt radio transmitter
at 1 meter distance from an clectronic device has a field strength of approximately 5 V/m,
depending on the frequency and antenna used for measuremens purposes. Preventing RF1
from corrupting a device has become legally mandatory for all products used within Eu-

rope, North America, and many Asian countries.

,\Zl,t?,lbn ‘the h;ld of EMC, multiple Qesign concerns exist. Most itemns identified here are

ot o Vl;)IUS. ast experience determines the amount of effort required to address these is-

i(l;ys;i ;Sei)sl relatz to El\gC compliance along with signal functionality. Awareness of five
as 1s mandatory for understanding why electroma i ibility i

y ar : ‘ agnetic compatibility is requi ic Di

V:/-xtht.an understapdmg of ~thege five areas, we can reduce difficult problems )tlo simg;lerzd' 129 Electiostatc Dlscharse (59

plications of design techniques and implementations. About 95% of all EMC issues eg-

countered are associated with the following. Each will be discussed separately [2] ESD technology has progressed to the point where components have become ex-

: tremely dense along with small geometries (0.18 micron). The sensitivity of high-speed,
I. Regulations multimillion transistor microprocessors is easily damaged by external ESD events. These
RFI events can be caused by either direct or radiated means. Direct contact ESD events gener-

2.
3. Electrostatic discharee ally cause permanent damgge Qf the Qevice or c.reate a‘la[cm failure mode t‘hat.will trigger
4. Power disturbances Permanent dar'nagej sometime in the future. Radiated I:S‘D events (caused. for mstance.‘by
5. Self-compatibility {urpiture moving In a room. reﬂectgd ESD enf:rgy off a structurej or a person walkmg
across a carpet) can cause an upset in the device that may result in improper operation
1.2.1 Regulations without leading to per.manenT damage 10 the system. o .
An ESD event is considered o be a broadband high-frequency problem with edge
Part of the need for regulations stems f ) , o rates that are usually less than | r?anosecond. This translates 1o a spgctral bandwidth prob-
clectronic products used in bo‘tbh rggidengial a;ld {om wmp{lamts .regz.irdmg interference to lt;m that can approzlf:h I GHz. It is not uncommon 1o observe ESD in the.sub»nunosecond
requirement to protect vital communication Se;:::;ler\ijilhz;i}zhrzagn?n: and p;m from the lef; pg;]ﬁd. This faster edge rate becomes a problem well into the gigahertz. spectral
m: .t . . . . ’ . ulations, the “electro- andwidth.
fe‘:vglelle::t:rz:clrggvr?f:: C(’)rl’l lg':;‘f\‘q?: ;;\;C()W;Jru;i be crowded with interference and only a ESD‘is t.rea\ed \{ndgr thg immunity rcqu.irements for compliuncc wi.th thg EU’s (Eu-
Regulations protect the radio Spectrurr)n an(i it “sousione® i ropean Umo? s) EMC Dxrecuye. Most mapufacturers wor!dwac rec-ogmze fhlS problem.
tended radiators (such as transmitters) and unintend1d s'p(ljl.nous radiation trom both in- These manulacglhrers‘ mgst design suppresm}m and layout techniques into their products to
ment). Numerous consumer complaints developed bilsiz“:ﬂll;u()wifser(rinr?titrfelemromc eq)mp_ guaranice that (ure will ot occurin the Beld
sion and radio reception. In addition, ol o L erence (o televi- .
break down: police arr)ld ﬁreI:ni‘tg(a‘;?: u:sti(l): il(l)] t::t?tfi:?rrgg::)lsc Z;::S Zr:g::ms nared 124 Power Disturbances
and cc sial dent: . | ency purposes:
PrCSC::‘Eriir:ta]e:rgez:s;?:i:uir,;:gmifg;zu;htacf failing 1n the ﬁelfi meng:O the With m'ore'und more electronic :’:c‘]uipmcm being plugged into the power mains net-
plaints. the Federal Communications Commission (FCg)egZ:/all Vmilnfty" Wl.th thgse com- work.- po[gﬁml ml.cri'erencc oceurs. These problems include p()wgr-llne Qm[urbanccs.
for electronic equipment that would limit the amount of imerfeer?l)ﬁ a sle)t Qt requirements electrwgl V[ast.lrans:xems‘(EET). power sag und‘ surge._s‘. vo?tugc vurlz-mons (I}lgh/l()W volt-
magnetic environment. The FCC followed the lead of Gerrn L?,po uting the electro- age lg\els). lightning tumxncn‘t.‘s. and pnwcr—lu@ h;um(mrlc.s. (v,_)ldcr p-mdun.ts ur}d power
Electrotechniker (VDE). which implemented mandton rown 1any 5<Verband Peutscher supph?s were generull}i not utteclgd by these dlsturhan.ccx With newer. hAlgh—trcquency
War 1. Other countries worldwide have followed the,VI)‘ngFCT;e;l;s shotﬂy attcrAW()rld sw%lch?ng power supplies. these disturbances are staring to hcwm? notxccub!c as the
quirements for digital products. and FCC in developing re- \“lthchmg‘ COmpOﬂefMS consume AC voltage generally on the crest of the wavetorm. not
Reoulations ¢ - ) T ] the complete wavetorm.
peans have Mk(zr’:\[;:)r;z:;] r:?ﬂi:?ﬁ;i:g:::ﬁ;fi‘:; ‘:::l’\“:;‘;zlr“t;‘“:y (or immunity). Euro- _ ‘Analog“und digital QC\'iccs respond differently to pnweAr-linc' disturbances. [?igi[ul
< Sy merica, however, these circuits are affected by spikes on the power system (EFT and lightning). as well as failure

same tests are only voluatary at the time of this writing . . .
: due to excessively high or low voltage levels. Analog devices sencrally operate on volt

1.2.2 RFI age levels, which may be degraded by a disturbance chaneing the reterence level of the

system’'s power souree.

Radio Frequency Interference (RE1) poses 4 threat 1o electronic svs P«)wcrl'inc 'hnrmonics hu\'c'becumc 4 major concern. especially in Eump\c. Nonlin-

proliferation of radio transmitters that exist, Cellular phloncs hum;:[j;; 5,y§.[EI_I]S (‘iuc to the ear loads (switching power ?‘upphc,\) consume \( mains power at the peu?\' of the evele

mote control units. pagers. and the fike are now quite wid o € »r“‘.l““- wireless re- rather than over the entire sine wave. Thlﬁ varying load generates harmonies and wive-
quite widespread. It does not take a great form distortions that affect the power distribution network. For example, it is common to

1o : .
deal of rudiated power 1o cai - .
ddis T o cadse harmiul interference. Typice . .
. ical e ont failures vecur | Cape . . - o A .
ypical equipment failures occur in see 230 VAC. 150 Hz (third harmonic), or 250 Hz filth harmonic) present in a power
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system that is intended to operate at 50 Hz consuming various levels of input current at
these higher frequencies.

1.2.5 Self-Compatibility

A commonly overlooked issue is self-compatibility. A digital partition or circuit can
interfere with analog devices, create crosstalk between traces and wires, or a fan motor
may cause an upset with digital circuits. While most of these concerns are known to the
system designer, these failures are not recognized as an EMI event. Recognition of this
concern, along with design implementations that prevent internal system failures from oc-
curring. will result in a less expensive and more robust system.

1.3 THE ELECTROMAGNETIC ENVIRONMENT

A product must operate within a particular environment compatible with other electronic
equipment. To understand the need for compatibility in an environment where products
must operate, we now cxamine this environment.

Any periodic signal (clock) generates a wide spectrum of RF energy when viewed
in the frequency domain. Figure 1.1 illustrates a spectral plot of a nonsinusoidal oscillator
in the frequency range between 30 and 200 MHz. In studying this plot, we observe not
only the fundamental frequency of the oscillator (1.8432 MHz), but also all the harmonics
created across the 170 MHz window. A low-frequency oscillator was chosen to illustrate
this wide harmonic spectrum. The spectral bandwidth of the oscillator is determined by
the “edge rate”™ of the oscillator, not the “clock rate.” A detailed discussion of why the
“edge rate” of the digital pulse signal is of more concern than operating ““frequency” is
presented in Chapter 3.

Using this same oscillator waveform. we examine a Very narrow trequency range.
Figure 1.2 shows that both even and odd harmonics of the primary oscillator in the fre-
quency range of 88-108 MHz are present.

The FM radio band (88108 MHz) is allocated to a specific range of pre-assigned
frequencies. Many digital products produce unintentional radiated RF energy within this
frequency spectrum, especially lower order harmonics. In Fig. 1.2, we observe two traces.
The upper trace displays FM radio signals. For this example. the spectrum analyzer was
configured to make the FM radio signal appear similar to the signature characteristics of
our clock signal. To help differentiate between the clock harmonics and the FM radio sig-
nais, a 10-dB displacement is observed in Fig. 1.3 with the FM signals shown 10 dB
higher above the oscillator. The lower trace is a narrow-band view of the oscillator in the
same frequency range. Notice that the signals measured are harmonics from the 1.84372-
MHz oscillator. With this situation. potential interference between the oscillator and FM
signal may exist. This scenario can be applied to any communications svstem. such as be-
tween a nonintentional radiator (digital device) and aeronautical communications. or an
emergency services broadcast.

To illustrate the effects of a design change. the lower trace in Fig. 1.4 represents u
compliant product. Changing just one component, moving a single trace. or using an alter-
nute manufactarer of o logic family for the same function (74Fxx in place of a 74LSxx)
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302 M SWP 50 msec
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Figure 1.1 Oscillator and related harmonics (30-200 MHz).

now makes a compliant product noncompliant. This plot shouﬁld cn]ig‘hten. those skeptjc‘s
who believe that an alternate device that is identical in form. fit. and lunctl.()n c:%n.b‘ereds-
ily substituted. Although the component may be functionglly 100% compatxble;lus t.f“?Ctj
0;1 changing the overall EMC characteristics may be radtc‘ally vchtte‘rent. Tl?g c» g;:,)r“xvtc <,‘
the source driver may ditfer between vendors, although !uncmmz.mty rem“u‘ns the MT“:
Not all components are the same, EMI considered. Chapter 3 Prnv@es df:tm’]s nnEl';\(l;;N ‘an
why different components with the same function can cause functionality and con-
bemh'Allhough difficult to observe in Fig. {4, we urf able Lo distinguiish theleffects of a
simple change to the circuit, especially in the middl§ frequency rur?ge ot‘tliled.pf;)t‘. o one
Designing products that will pass legally required EMI tests is not Jh, 1‘)1L.u 1: ‘neq
might expect. Engineers often strive to design elegant produ‘cts. bgt elegém,sn s‘(})rfl;:llmcl
must give way to product safety. manufacturing, coﬁ. unq. ol L:()urs_e. EiYI 3 uc 11.% e .
problems can be challenging, particularly if the engineer s u‘mamlhuiw.lth u)m;')hmn%?
manufacturing requirements. We must remove the mystery from the “Hidden Schematic
“Y“d“:}‘v“;é“ an EMI problem occurs. the engineer should approach the sitmation logicatly.

A simple EMI modet has three ctements:
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HARMONIC EMISSIONS
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REF 187 .0 dBW ATTEN 1@ :: Wiz escILLATOR
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ﬁ
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STOP 128.80 MHz

RES BW 188 kHz Swp
29 maec

VBW 1@ kHz

Fi - STltor o . ;
igure 1.2 Osaillator and harmonics within o narrow frequency range (88108 MHz)

1. There must be o source of enerov

2. There must be u receptor that is upset by this energy when the intensity of the

electromagnetic interference is above a tolerable limit

)

here must be a coupling path between the source and receplor for the un-
wanted energy transfer.

For mterference to exisi. al! three eleme ave 1o he prese i ]

cments s removed. there can b:' n:il:;:ckx:t:;:‘z\ ?;x:}:e‘r‘:f::'p;;\‘hm‘ - ‘th [h'me o
anents 1 semoved. can b v efore becomes the engineer’s task
U,u.lummt which is the casiest element w remove. Generallv, designing a PCB the
clumna(gs most sources of RF interference is the most g()s[-cltr'ec‘!i{’ebu pcr()ZACH l( all d;
Suppression). The source of interference 15 the active element pmducizty th 'l L(l L'(
wavetorm. What is required is 1o design the PCB to Keep the e o

RE eneray creat
o e ooy gy ated to only
those secttons of the board which require this energy. T '

he second and thi

! ! trd elements tend
1oy he roeed . o : ' : oo
o be addressed with containment techmques. Figure 1.5 illustrates the rel

fween (I?.csc three elements and presents a list of products associated with e
With respect to PCBs. we observe the followme.

ationship he-
ach clement.

® Noise sources are clock eeneration circui !
cos are clock ceneration circuits, component radiation within a plastic

yackaee, incorrect triace 1 3 N ETRTEN
[ fge ncorrect trive routing. electrically long trace feneths. poor impedance
: = - ¢

sontrolinternal cable interconnects, and the like
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Figure 1.3 Oscillator’s harmonics and FM radio signals superimposed. Nore: FM radio
stations are plotted 10 dB above oscillator for clarity.

m The propagation path is the medium that carrics the RF energy. such as free
space or interconnect cabling (common impedance coupling).

® Receptors can be components on the PCB that easily accept harmful radiated n-
terference from 1/O cables and transfer this harmful energy to circuits and de-
vices susceptible to disruption.

1.4 THE NEED TO COMPLY (A BRIEF HISTORY OF EMI)

In North America, interference (o communication systems became a concern in the §930s.
whereupon the United States Congress enacted the Communications Act of 1934, The
Federal Communications Commission was created to oversee enforcement and adminis-
tration of this act. Harmful effects were being observed with the technology of this time
period. enough to cause the U.S. government to take action.

EMI was also recognized as a problem during World War 11 with vacuum tubes.
The terminology used was Radio Frequency Interterence (RED. During this pertod, spec-
trum signatures of communication ransmitters and receivers were developed along with
radar systems. Because of the size and expense of these devices, the military owned the
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DIFFERENCE IN LOGIC FAMILY ONLY
- SAME F
REF 187 .2 dBuY ATTEN 18 dB REQUENCY

MMW'W ) *Np i T

STCP 809 .2 MHz

RES BW 2 MHz SWFP 20 msec

VBW 190 kHz

}4" ure NERT - . v o~he A 1
igure L4 Effects of w single chanee to i circunt related o RE ermissions.

mu\ynrnty of high-technology electronic svstems. Research and information on EMC was
Kept trom the general public under the guise of national security, o
Fn.llowing the Korean War. most EMC work was not clz;ssificd unless it dealt with
{_hc specifics of a particular tactical or strategic system such as the Minuteman rocket. B-
52 bombers, and similar military and espionage equipment. Conferences on EMI heoa;y to
be held in the mid-1950s where anclassified information was presented. The Af‘irsx’c:nfc‘h
ence on EMU(RFD was held in 1956 sponsored by the IEEE (Institute of Fleciricﬂ ‘m‘d
blectronic Engineersi and the IRE (Institute of Radio Enenieersy. Durine lhi; time ;'r'l;llc
ic Army Signal Corps of Engineers and the United States Air Force grc:ned.\lrmw r)}|<v(*»:
g programs dealing with EMIL RFL. and refated areas of EMC. T
!s\ the 1960s. NASA (National Acronautical and Space Administration) hegan
.sfcppcd-up EMI control programs for their launch vehicles and space system pm'eitx
Governmental agencies and private corporations became tnvolved with Cm'nhatinu E-’]VII ;1;
equipment such as security systems. church oreans. HI-FI amplitiers. and the Iikk'c AAH (lw"
these devices were unalog-based systems, - |
As digral fogic devices were developed, EMI became a greater concern. In approxi-
m;iic!\‘ 1»‘3’7(). research was started to characterize EMI in wn;\mwr clcclmm(:s. v:'hilch ;n
cluded TV sets. common AM/FM radios. medical devices. sudio and video recorders. and

h Y ANEY P i ot A I ) ey N 1 1
amilar preducis Very fow of these products were digital but were becomime <o, Analoe
¢ > me <o, Analog
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Noise source Propagation Receptor
path
NATURAL RADIATION BIOLOGICAL
Terrestial Far field Man
Atmospheric Plane wave Animal
Tribo-electric Near field Plants
Extraterrestial Capacitive crosstalk MANMADE
Sun inductive crosstalk Communications
Cosmic Forward crosstalk Broadcast receivers
Radio stars Backward crosstatk Navigation receivers
MANMADE CONDUCTION Radar receivers
Communications Power distribution 2-way radio receivers
Broadcast Signal distribution Industrial
Navigation Ground loops Controflers
Radar Amplifiers
2-way radio Medical
Industrial Biomedical sensors
Arc welders Ordinance
Ultra cleaners EED’s
RF induction heaters Dynamic caps
Fluorescent lights Computing devices
Medical Line receivers
CAT scanners Power supplies
Diathermy Disk drives
Home Video amplifiers
Shavers

HV bug killers
Microwave oven
Computing devices

Figure 1.5 ltems associated with the three elements of the EMEenvironment

systems are more susceptible to problems than digital equipment because the threshold of
susceptibility in a switch or control circuit is higher than that of 4 high gain amplifier.

In the late 1970s. problems associated with EMC compatibility becume an issue for
products that were beginning to be used within the commercial marketplace. These prod-
uets include home entertainment systems (TVs, VCRs. cameorders). personal computers,
communication equipment. household appliances with digital logic. intelligent trunsporta-
tion systems. sophisticated commercial avionics, control systems, audio and video dis-
plays. and numerous other applications. During this time period, the general public be-
came aware of EMC and the threats associated with it.

After the general public became involved with EMEassociated with digital equip-
ment used within residential arcas. the Federal Communications Commission (FCCY in
the mid- 1o late 1970s began to promulgate an emissions standard for personal computers
and similar equipment. Since personal computers comprised such a huge market, com-
mercial entities became involved in the field of EMC. This was duc in part to militury and
space funding being tapered off during this time pertod. Now almost all electronic equip-
ment is digital. whether or not it needs to be
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The focus of electronic equipment has now shifted from analog to digital. Another
factor that pushed digital devices into regulation status was that in the early days of digi-
tal, the prevailing wisdom was that digital devices were “not susceptible” to EMI. Be-
cause of this perception, the commercial community was totaily shocked that digital de-
vices were actually susceptible to disruption.

If it had not been for the personal computer, commercial manufacturers would not
be paying much attention to the threat of EMI, The Food and Drug Administration (FDA),
however, recognized the threat posed by EMI. The issue of compliance became a concern
when the European Union (EU), through its EMC Directive 89/336/EEC, imposed emis-
sions and immunity requirements. Another forcing function of EMC compliance is the in-
creasing role played by electronics in power conversion, communications, and control
systems where electromechanical systems once were primarily used. Since a lot of things
are now done electronically that once were not. the opportunities and consequences of
EMC are much greater. Because of this issue, a lot of people have had to deal with EMC
for only 20 years, whereas the military, NASA, and RF engineers have been dealing with
this issue from day one.

EMC is now a major factor in the design of all electrical products; emissions, and
immunity. Digital logic has fallen below the I-nanosecond edge rate, while clock fre-
quencies appreach ! GHz

1.5 POTENTIAL EMI/RFI EMISSION LEVELS

FOR UNPRCTECTED PRODUCTS

The complexity of a product is dependent on processing speed and other factors. The
more complex a product is, the more likely it will both radiate and be susceptible to RF
energy. This is shown in Table 1.1. This table defines a matrix in which product size and
complexity arc plotted against processing speed.

In the upper left corner of the table. products with processing speeds of less than 10
MHz are commonly found. As we proceed toward the bottom right corner, systems are
much faster and more complex. These high-technology systems include RISC (Reduced
Instruction Set Computing) CPUs, Pentium' processors, and similar products. Most of
these products have edge rates in the sub-nanosecond range and operate above 100 MHz.

1.6 METHODS OF NOISE COUPLING

A product must be designed for two levels of performance: one is to minimize RE energy
exiting an enclosure (emissions), and the other is to minimize the amount of RF energy
entering the enclosure (susceptibility or immunity). Both emissions and immunity travel
by cither radiated or conductive paths. This relationship is shown in Fig. 1.6.

Pentium s regstered rrademark o latel Lurporahion,
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TABLE 1.1 Matrix of Potential Emission Levels for Various Products

Product size/complexity

i Low Medium Large
n .
Pros‘:):isc; : Single board  Mother/daughter board ~ Multiple modules
Slow Low Medium Large
< 10 MHz
Mediurn Medium Medium to high High to very high
10 MHz < f < 100 MHz
High High High to very high Very high
> 100 MHz

To further examine coupling paths, it must be realized that the pf(\pagar1<\)n path
contains multiple transfer mechanisms. These are detailed in Fig. 1.7 and include

1. Direct radiation from source to receptor (path 1). '

Direct RF energy radiated from the source transferred to AC mains cables or

signal/control cables of the receptor (path 2). ‘

3. RF energy radiated by AC mains. signal. or control cables from source to re-
ceptor (path 3). . |

4. RF energy conducted by common electrical power supply lines or by common
signal/control cables (path 4).

to

1n addition to the four coupling paths, there are four transfer mechanisms thit exist
for each coupling path. These four mechanisms are [5]

1. Conductive.

2. Electromagnetic. )
3 Maenetic field (subset of electromagnetic identitied separately i Fig. 1.7
4 Electric field (subset of electromagnetic identified separately in Fig. 1.7).

Propagation Receptor
Notse source path

| [ | : |

Controi susceptibility
{Reduce propagation efficiency
(Increase receptor immunity)

Control emissions
{Reduce noise source leveli
(Reduce propagation efficiency)

i
Conducted Radiated Conducted Radiated

Figure 1.6 Couphny paths



14

Chapter | ® EMC Fundamentals

Receptor

1/0 cables

®

\ ® /

Power lines

/O cables

Figure 1.7 Coupling path mechanisms.

if the noise couplin i i
g mechanism can be ascertained, a logical soluti i
(0 reduce the e ! g solution can be determined
Conductive coupling is identified as common tmpedance coupling. This couplin
() N PR Ve M M 1 ’ ’
mclcursA whén‘ bouth noise source and susceptible circuits are connected by a mutual imped%
ﬂn(ijf minimum of two connections is required. This is because the noise current must
rom a source 10 load and then return to the s i i ‘
€ source. Figure .8 illustrates ircui
- 1 s¢ ~ Lot . strates two cireuits
o [ha power source. Current 1.rom each circuit flows through both the shared impedance
f the power :.L.Jb.syslem and interconnect wiring, all caused by shared metallic connec
tions. f/;)r thxs. figure, the shared connection is the return line.
oop agjl?ettllc coupling occurs when a portion of magnetic flux created by one current
- : passes t rough a second Joop formed by another current path. Magnetic flux cou-
pling 1s-represcmed by mutual inductance between the two loops. The noise voltage i
ducted in the second loop is V, = M ‘ r and
dl /dt = the rime rate of ch
in Fig. 1.9,

: ,zdl,(dt. where M\, = mutual coupling factor and
ange of current in the trace. Magnetic flux coupling s shown

Electric field o . o . .

et Ouc}:u hel(lj' u)uglmg ocecurs in low-impedance circuits. The effects are small rela
r coupling that may occur. In a circui is ‘ | ,

. y . ult there is mutual capacitance if
e 7. o : ‘ . ; s capacitance if we have

Zg in parallel with Z, (see Fig. 1.10). Capaciti i
‘ ;s - 1.10). Capacitive coupling occurs when : 1 !
the electric flux created by ¢ ircui 1 “conc " of amothor sireutt
> Yy one cireuit terminates on the conductors of ircui

clec : . ‘ s uctors ot another circuit.
’[;;ectm‘ flux Louplmg between two circuits can be represented by mutual capacitance
¢ aotse current injected into the susceptible circuit is approximaté!v ! = CdVidr .

PCB Trace PC8 Trace
. W
v, 1 ;_’I C# l ic #2

Figure 1.8 Conductive rranster mechanism,
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\\ Magnetic flux linkage

Y M1o
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di/at | l | l
2 1

Electromagnetic field coupling is a combination of both magnetic and electric fields
affecting a circuit simultaneously. Depending on the distance between source and susceptor,
the electric field (E) and magnetic field (H) effects may be different, depending on whether
we are in the near field or far field. This is the most common transfer mechanism observed.

When dealing with emissions, the general rule of thumb is:

Figure 1.9 Magnetic field coupling.

The higher the frequency, the greater the ctficiency of there being a radiated coupling path; the
lower the frequency, the greater the efficiency that a conducted coupling path will be the cause
of EMI. The probability of coupling is *1.” The extent of coupling depends on frequency.

The most overlooked noise coupling method is through a conductor, a wire, or a PCB trace.
This conductor may pick up RF noise from a culprit device and transfer this noise to a vic-
tim circuit. The easiest way to prevent this transfer from occurring is either to remove the
noise from the culprit trace or to prevent the victim trace from receiving this RF energy.

What happens to a signal that is propagating down a PCB trace from source to des-
tination? Figure 1.11 illustrates a model of one propagation path. The signal line connects
directly between a source and a destination. With this circuit we have both inductive cou-
pling (L) and capacitive coupling (C) between adjacent circuits.

Looking at Fig. 1.11, notice that the output capacitance siphons off a certain per-
centage of output drive current. The inductance of the line attenuates the signal, which
also couples to adjacent traces. The capacitance between signal traces also shunts RF en-
ergy in addition to corrupting the signal through crosstalk. Finally, the capacitance of the
load shunts energy away from the input source. The load capacitance thus couples the
electromagnetic signal energy to ground.

If the signal trace is long compared to the rise time of the signal. distributed effects
are observed.? Energv, which has been propagating down the trace with a characteristic

e ks
P B B “
Voltage
source ‘ Zs
dv/dt —_
Ml :

Figure 110 Electric field trunsfer coupling.

“An electrically long trace is defined as a routed trace containing a signal with an edge rate that is taster
than the time it takes for a signal to travel from source to foad. and return from load to source, causing function-

ality concerns that inciude ringing and retlections.
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M Return trace 3. Time. Is the problem continuous (periodic signals), or does it exist only dur-

T - e C T ing certain cycles of operation (e.g., disk drive write operation)?
D—“NVV\_JYYY\'_*_D Signal line 4. Impedance. What is the impedance of both the source and receptor units and

L 1 c L the impedance of the transfer mechanism between the two?
o T ¢ 5. Dimensions. What are the physical dimensions of the emitting device that can
M Signal line cause emissions to occur? RE currents will produce electromagnetic fields that
—L c _L will exit an enclosure through chassis leaks that equal significant fractions of a
T - e Cu T wavelength or significant fractions of a “rise-time distance.” Trace lengths on a
J—W PCB have a direct relationship as transmission paths for RF currents.
Return trace

Co = line-line capacitive coupl Whenever an EMI problem is apprpached, it wis hf:lpf'ul tg review the above list
CL = line-pair capacitance pliing based on product appllcat‘lon. QnQerstandxng these .hve items imll remove chh of. the
L = inductive coupling mystery of how EMI exists within a PCB. Applying these five major considerations
teaches that design techniques make sense in certain contexts but not in others. For exam-
Figure 1.11  Coupling model for traces. ple, single-point grounding is excellent when applied to low-frequency applications but is
completely inappropriate for radio frequencies. which is where most of the EMI problems
exist. Many engineers blindly apply single-point grounding for all product designs with-
impedance Z,, will arrive at the load. If the | ) . out realizing that additional and more complex problems are created using this grounding

impedance, all energy will be ab%orb.ed in tlzh Ozlid' mpedance. Z’-” is the same us the source methodology. . . . .
nal will reflect backgu) the source; s e SifeT OTd If the load impedance is high. the sig- ' How doe:s one make use ot the above list? IF is common to thml.( of a L?urrent source
reflection can be identified s rineing or Ove‘?/xtld (;:am;lot bé consumeq by the circuit. This being created from a voltage applled. across an impedance (Thevemn equwglent). It is,
ductive and capacitive, also existscin:ide o 0: etr:% éots. Transfer impedance, both in- hov‘vever, more advantagequs to consnde%r voltage as a result of current traveling Fhrough
further degrades the quality of the transmitte P" efl s (Chapter 3). Internal ground bounce an 1mpedanc§ (.Nort(_)n equlyaleqce). Usmg‘the Norton networlf, many EM1 f}uestnons are
- ansmitted signal (Chapter 7). answered as it is easier to visualize EMI using the Norton configuration. E-field coupling
involves the induction of common-mode voltage sources. whereas H-field coupling can

1.7 NATURE OF INTERFERENCE end up with either common- or differential-mode currents (depending on victim wiring ).

Current is preferable to voltage for a simple reason: current always travels around a
closed-loop circuit following one or more paths. It is to our advantage to direct or steer
this current in the manner that is desired for proper system operation. To control the path
that current flows, we must provide a low-impedance RF return path back to the original
source of interference. We must also divert interference current away from the load. For
those applications that require a high-impedance path from source to the load. we must
consider all possible paths through which the return currents may travel.

Interfere C: i I
nce can be grouped into two categories, internal and external. The internal prob

lem can be Sign: ati
e due‘to. signal Qegrgdanon along the transmission path along with parasitic cou
b“esg q heen adjacent circuits. in addition to field coupling bctweer; internal subassem
» Such as a power supply to a disk driv i bloms are
‘ 3 [ ¢. Stated more specificall
o, such us TS ’ spectiically, the problems are
g es and reflections along the path and crosstalk between adjacent signal traces

External problems are divi i issi
) $ ivided into emissions ; uscentibili ; > ;
stons are primarily from harmonics of clocks or 01;]'15 dnd. Su.““'eptlblmy concerns. Emis- 1.7.1 Frequency and Time (a la Fourier:
: N < ~ Q] . . * A
frate on containing the periodic signals to as small » periodic signals. Remedies concen- time domain < frequency domain)
i . ° : : S small an area as possi : i
parasitic coupling paths to the outside world. possible and blocking the

Susceptibili o Al il It is common for design engineers to think in terms of the time frame. EML is gener-
ceptibility to external influences. such as ESD or radio frequency interfere _ hewt S y

are related primarily to energy which couples onto /O nce, ally viewed in a frequency frame. RF cnergy is a periodic wave front that propagales
0 the inside of the unit Th;Jprincipﬂ recinionts are b 1r}1€s and then becomes transferred through various mediums. Different wavelengths of the sine wave are recorded as EMI
adjacent traces, p gh-speed input lines and sensitive for those products that are not designed to be intentional radiators. Itis difficult to under-

articularly those termin: ith o , .
There are five major'considc‘t:;:::::ﬁd}i\t’/\/l;g Li(rj\i!e\::gfgﬂe}ud e stand an EMI problem in the time domain alone. (Conversion between the time and fre-
o quency domain is detailed in Appendix B using Fourier analvsis.)
Baron Jean Baptiste Joseph Fourier (1768-1830), a French mathematician and
physicist. formulated a method for analyzing periodic tunctions. Fourier proved that any

-and how areat is its poten- periodic wavetorm can be decomposed into an infinite series of sine waves, each at an in-

i. Freguency ‘here i
quency. Where in the frequency spectruny is the problem observed?

\ How strong is the source energy level
nal w cause harmtul interference?

2. Amplitude.

tegral multiple or harmonic of a fundamental frequency. The composition of the harmon-
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ics is determined durine - . )
ermined during a mathematical operation known as a Fourier transform. Fourier

(IanSfOrmS can t(l“ C Caic [ i P [+ ave { T 1 (( ([
B 2 SIIV b b "fll - ]ﬂ[ fOr sim 1 wav tOr i 1

7 h S ay ; i
) ' . i()l v S an lspld}'ed V\rlth mOdem in

1.7.2 Amplitude

T a3 ae - H H : 5
_ he impact of amplitude is obvious. The higher the amplitude, the more interfer-
e ne may encounter. [t becomes important to limit the peak amplitude of the RF en-
rgy to only that necessary for circuit, device, and system performance

1.7.3 impedance

|f b h N d ~ ‘ { th - ) dr ra l o ‘t ore
oth source an IELC])tUr are no € same ““I caance, one ShOU d L(pCLt Dl(,atﬁl
Ilteliele“Ce I)l()hle”lb (hd“ a sourc A]lld p de’ C l I 1IS1 h(’—
b € receptor W”h 1 Nt
1 al lmpedan(«e h
ause, t() X ]\p h Nh'l € Inmn “dl n -1 ])6 Sa]l( (+
. p d nce sources ¢ h A i “
( < T exar le 18 npeda € source an na 1 pd(,t on IOW m d
iELB[)IOls d“d vice versa. Sln]]l uies a p o lel‘ Ld < up mg ! [ l)e ances are
arr l S p IV I at O l
ssoclate S ] ]) T lagnet: (] \
d d Wl[h CIELII]L “e]d. . LOW 1M edl\ncé.‘, are aSSOlelﬁd Wlth agn cn ldS

1.7.4 Dimensions

Physical dimensions ol L -
When 1 y;lm 1l dimensions play a significant factor related to the wavelength of an RF wave
en dealing with physical dimensions of ¢ 4 ; .
physic: stons of a PCB trace. or the slot (: i F
- o ‘ ace. aperture) opening of
enclosure, this aspect of EMC ¢ ] i ircui ! gOm:m
. this as MO comes into view. Circuit analysis can
" - asp VSIS no longer be assumed
W g . " . g . . ’ e
ith h}r;\ped circutt parameters it numerical modeling is used during the design cycle
e =¥ 1 1 1 =9 2% Sy - ‘ ‘.
e need to minimize the physical length of a trace or aperture opening relates to the
cctrical parameters of high-speed digital devices 2 com
‘ S o evices. When the speed of propagati
electrical ! : | S opagation becom
asignificant portion of the propag: y " "
! agational delay from source to load '
et eant portion of . < . we start to observe ef-
pling becomes noticeable. When the trac m
! . race length becomes sically
long relative to a wave F i i m K n ) me" i
avelength of a particular fre ) in ti i ]
ong quency, or in time domain terms '
o relaive pavelen : 3 : s, when the
‘umegm[; be}wmes lgss than the propagational delay between source and load. the trace as
s s the characteristics of a transmission § ission li . m fin
SIS ne. All transmission lines mus ermi i
their characteristic impedance f i i i bl hie oot
S pedance for optimal transfer of the si i i
aract signal. While this practice i
e r 8 ey /‘ 3] H ¥ N ‘ 15 re-
lated ;;:mar;l‘y o preserving signal integrity. it also helps to control EMI P
eg:s 1/ S als 1 ,
_— gar P1)r2gBEMI, we must concern ourselves with preventing creation of an antenna
aving a PC ace Are) : ac i i » (
o \;/hl ,h trace (or wire) approach a dimension that is the same as the offending
source. en the trace approaches a partic / : A .
¢ hes a parucular wavelength of the offendi i
. fhen ach ng offending signe
portion of a wavelengthy. an efficient antenna will exist. ¢ e tor

1.8 PCBs AND ANTENNAS

\ PC B can act as an antenna to radiate RF encrgy through tree space or couple through
LLl}:lcl:ﬂlCrC()ﬂl]CCl. ‘thn we tatk about the PCB acting as an antenna. what cp(aclllv du(;_w‘1
mean” An antenna is an efficient and integral part of radio frequency cmnnm’nic:u; Of We:
zlccd antennas w operate as intentional radiators, Most PCBs act as an Ln;in[cntiotm(l ;z'xdi'lL
. A g 13T 1 : : ‘ N
L‘(;;Lgu;ll \.!:: ;::]uyhktld by n.ncrtm’t‘xmml ITMC requirements unless design requirements in-
s Demng o transontter Transmuitters are regalated by resulatory requirements. If

Figure 112 Representation ob an anteniiy
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the PCB is an efficient unintentional radiator and suppression techniques cannot be imple-
mented, containment measures must be provided.

Antennas exhibit various efficiencies as a function of frequency. whether inten-
tional or accidental. When an antenna is driven by a voltage source. its impedance varies
dramatically. When an antenna is in resonance, its impedance will be high and mostly re-
active. The resistive portion (R) of the impedance equation (Z = R+jwl) is called “radia-
tion resistance.” This radiation resistance is a measure of the antenna’s propensity to radi-
ate RF energy at a specific frequency.

Most antennas are efficient radiators at a specific frequency spectrum. These fre-
quencies are typically below 200 MHz. because /O cables are approximately 2 to 3 me-
ters in Jength and are sometimes long relative to a wavelength. At higher frequencies, sig-
nificant radiation is generally observed directly from the unit due to the contribution of
apertures in the enclosure.

When it is possible to isolate where the antenna exists, as in common-mode cable
radiation, a reduction in the drive voltage is the casiest suppression technigue to umple-
ment. RF voltages exist because of

» [mpedance of circuit traces (which in turn is derived from lead inductance).

= Ground bounce (a point of uniform potential).
» Bypassing or shielding with respect to ground to reduce the drive voltage avail-
able to the unintentional antenna.

A schematic representation of an antenna is shown in Fig. 1.12. The antenna presents a specitic
nce to the source driver that varies with frequency. At resonance, the reactive compo-

impeda
RF energy is thus radiated.

nents. L and C. cancel out. Radiation resistance is maximum.

To minimize the effects of an unwanted antenna existing in a PCB. EMC design
ablishing a good ground sys-
ain RF emission). RF fil-
long as

and suppression techniques are required. These include est
tem in the lavout in addition to the use of a Faraday cage (1o cont
ters also reduce unwanted RF signals with minimal eftects on the desired data. as
the filter is properly chosen for its intended function.

1.9 CAUSES OF EMI—SYSTEM LEVEL

This hook deals with the concepts that cause or are related to the creation of EMI within a
PCB. A product is not complete without mentioning other aspects of a design that atfects
compliance. These other aspects are associated with system-level design. Detailed discus-

Lif!

:? YT

| |
' o

i
% H

! ‘:

<7 h <7
Antenna Equwalent circum of an antenna
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sion of the following is be i
yond the scope of this book; IS ¢
reeronce mae s bevond the Reﬁerences Sect;)o};, t);e f(;]cus is on PCBs‘. Excellent 3. Reduce the energy being coupled to the antenna structure; use self-shielded
s for those interested in other as- trace routing and teduce differential-mode to common-mode N

pects of EMC system-level design.

The most common areas of concern for system-level EMC compliance involve R feaenessof e ey 0 R -

High-frequency currents on an antenna are necessary to cause electromagnetic radiation.

® Improper use of containment measures acti .

® Poor design, implementation, and gro;rf(lirilztgai);ifbuli Sp ldS:C housing) These RF cgrre.:n.ts can l?e redgced by differential-mode ﬁltering and s]c.)\j\{ing dpwn the

® Incorrect PCB layout (includes) § anc connectors edge rate of digital logic devices. We can reducej the conversion of dltterentlal-mOQe
L. clocks and periodic signal trace ‘ (DM) Fo common-mode (CM) currents by improving the impedance balance of t.he cir-
2. stackup anangemen; of the PCBmU[mg . cuit, Since we generally cannot coptrol the 1§ngth .of an extemal' [/O cable, reducing the
3. selection of components with i and signal routing layer allocation length of one-half of the anltenna will make this radiator le§s efﬁc1epf.
4 commonmods a[r), e S w1t. high spectral.RF energy distribution ‘ .For RF energy tolex1_st,_ there must be a voltage reference difference between two
s ifferential-mode filtering circuits. As a result, maintaining all metal structures ( ground planes, ground traces, chas-
2. ground loops sis. etc.) at a uniform or equivalent potential eliminates this voltage reference difference.

This voltage reference difference is often due t© inductance within the circuit and struc-
wure. Regardless of how well we design a product, a finite amount of inductance will al-
ways be present. If this inductance is added to the antenna structure, along with mutual
capacitance, the antenna becomes an efficient radiator. A few nano-Henries (nH) of in-
ductance or a few pico-Farads (pF) of capacitance are significant at higher frequencies,
related to RF emissions.

o

insufficient bypassing and decoupling

Toi ] .
0 implement system-level suppression, the following techniques are generally required:

® Shielding
& Gasketing
® Grounding
= Filteri

rerng REFERENCES

® Decoupling
[1] Montrose, M. L. 1996. Printed Circuit Board Design Techniques for EMC Compli-

® Proper trace routing
ance. Piscataway, NJ: IEEE Press.

® [solation and separation
® Circuit impedance control [2] Ge;lgc'fl.'[D...’ EISN\A;.]‘K@meOIb)I‘)%. “The Designers Guide to Electromagnetic Com-
® [/O interconnect ‘esig patibility. anuary 20).
® PCB su : I'L:n' _ [3] Mardiguian, M. 1993. Controlling Radiated Emissions by Design. New York: Van
-B suppression techniques designed internal to a component package Nostrand Reinhold.
Even with all of these item X ) (4] Van Doren, T. 1995. Circuit Board Lavout to Reduce Electromagnetic Emission and
achieve a COmpliant\pmd : mul;xp]e techniques of both suppression and containment to Susceptibilirv. Seminar Notes.
: uct ¢ i , )
speed of operation, and EMC an be required. Depending on the complexity of the system, {5] Hartal. O. 1994. Electromagnetic Compatibility by Design. W. Conshohocken, PA:
will minimire Shigidi[] . requirements where shielding is needed, proper PCB layout R&B Enterprises.
‘¢ shie g requirements. ’ ) )
] ents (6] Ott, H. 1988. Noise Reduction Technigues in Electronic Systems. dnd ed. New York:

John Wiley & Sons.

1.10 SUMMARY FOR CONTROL
OF ELECTROMAGNETIC RADIATION
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ovide ditferential- and common-mode filtering for high-speed sign
N e

e S rential and comm als or use
alanced difterential pairs with impedance-matched signals




EMC Inside the PCB

In today’s international marketplace, products must conform to a host of regulations and
requirements mandated by government agencies, private standards organizations, or vol-
untary councils. Mandatory compliance exists for North America, the European Union
(EU), and numerous countries worldwide. These requirements relate to Electromagnetic
Compatibility (EMC) and product safety. EMC refers to the ability of a product to coexist
in its intended electromagnetic environment without causing or suffering functional
degradation or damage. EMC comprises two main areas, emissions and immunity. This
chapter investigates both aspects of EMC and how EMC can exist within a printed circuit
board (PCB).

2.1 EMC AND THE PCB

Traditionally, EMC has been considered Black Magic; in reality, EMC can be explained
by mathematical concepts. Some of the relevant equations and formulas are complex and
beyond the scope of this book. Even if mathematical analysis is applied. the equations be-
come too complex for practical applications. Fortunately, simple models ¢an be formu-
lated to describe how. but do not directly explain why, EMC compliance can be achieved.

Many variables exist that cause EMI. This is because EMI is often the result of ex-
ceptions to the normal rules of passive component behavior. A resistor at high frequency
acts like a series combination of inductance with resistance in parallel with a capacitor, A
capacitor at high frequency acts like an inductor and resistor in series-parallel combina-
tion with the capacitor plates. An inductor at high frequencies performs like an inductor
with a capacitor in parallel across the two terminals. These expected behaviors of passive
components at both high and low frequencies are illustrated in Fig. 2.1.

For example, when designing with passive components, we must ask ourselves this
question, “When is a capacitor not a capacitor?” The answer is simple. The capacitor does

23
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Low Freguency High Frequenc
Component Behavicr Behavior ’ Response
(Lumped version) Resonant wavelength at
high frequencies
. \/n AR
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Response curves
Solid line is low frequency behavior
Dashed line is high frequency behavior

Figure 2.1 Component characteristic at RF frequencies. (Source: Designers Guide 1o

Electromagnetic Compatibiliry, EDN. ® 1994, Cahners Publishing Co
Reprinted with permission.) -

not t‘u_nction as a capacitor because it has changed its functional characteristics (o appear
as an inductor due to lead-length inductance at high frequencies. Conversely “When irs) an
m@uctor nqt an inductor’™? An inductor appears to function as a capacitor dL;e o para;itic
wire cpuplmg at high frequencies. To be a successtul designer, one must recognize. the
l-lmllutl()ﬂs of passive components. Use of proper design techniques 10 accommodate for
these hidden features becomes mandatory. in addition to desiening a roduct t ret
marketing functional specification. et T e
. Thesc behavioral characteristics are referred to as the “hidden schematic.” Digital
cngineers generalfy assume that components have a single-frequency respome. As a ré-
suAlt. passtve component selection is based on functional pcrfomwncé in the [in{eA dAomain
wnhoqt regard to the characteristics exhibited in the trequency domain. Many times, EMI
excepuons occur if the designer bends or breaks the rules. as seen in Fig. 2.1 A o
. To restate the complex problems that exist, consider the field of EMC as “Every-
thing that is not on a schematic or ussembly drawing.” This statement explai .' 'l‘ b' A
field of EMC is considered to he an art of Rlack Mo Fpins why the

-
Yar (iorke 4 f T 3 :
Daryl Gerke and Bill Kimmel, “The Designers Guide 10 Electromagnetic Compatibitity,” Reprinted

rom EDN Magazine (Jannarv 20, 1994, ¢ Cahners Publishing Company. 1994 3 Division of Reed |

USA. >ublishing
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Once the hidden behavior of components is understood, it becomes a simple process
to design products that pass EMC requirements. Hidden behavior also takes mto consider-
ation the switching speed of active components along with their unique characteristics,
which also have hidden resistive, capacitive. and inductive components. We now examine
each passive device separately.

2.1.1 Wires and PCB Traces

One does not generally consider the internal wiring, harnesses. and traces of a prod-
uct as efficient radiators of RF energy. Every component has lead-length inductance. from
the bond wires of the silicon die to the leads of resistors, capacitors. and inductors. Each
wire or trace contains hidden parasitic capacitance and inductance. These parasitic com-
ponents affect wire impedance and are frequency sensitive. Depending on the LC value
(self-resonant frequency) and the length of the PCB trace, a self-resonance may occur be-
tween a component and trace, thus creating an efficient radiating antenna.

At low frequencies. wire is primarily resistive. At higher frequencies, the wire takes
on the characteristics of being an inductor. This impedance changes the relationship that
the wire (or PCB trace) has with grounding strategies, leading us into use of ground
planes and ground grids. The major difference between a wire and a PCB trace is that
wire is round while a trace is rectangular. The impedance of wire contains both resistance,
R. and inductive reactance, (Xr = 27fL), and is defined by Z = R + jXi. = j2mfL at high fre-
quencies. Capacitive reactance, X¢ = 1/2rfC is not a part of this equation for the high-
frequency impedance response of the wire. For DC and low-frequency applications, the
wire (or trace) is essentially resistive. At higher frequencies, the wire (or trace) becomes
the important part of this impedance equation. Above 100 kHz, inductive reactance
(j2mfL) exceeds resistance. As a result, the wire (or trace) is no longer a low-resistive con-
nection but rather an inductor. As a general rule of thumb. any wire (or trace) operating
above the audio frequency range is inductive, not resistive. and may be considered to be
an cfficient antenna to radiated RF energy.

Most antennas are designed to be an efficient radiator at one-fourth or one-half
wavelength (1) of a particular frequency of interest. Within the field of EMC. design rec-
ommendations are to design a product that does not allow a wire (or trace) to become an
unintentional radiator below A /20 of a particular frequency of interest. Inductive and ca-
pacitive elements can result in efficiencies through circuit resonance that mechanical di-
mensions do not describe.

For example, assume a 10-cm trace has R = 57 m€. Assummg 8 nH em. 80 nt total
(details on derivation are presented in Chapter 6), we achieve an inductive reactance of 80
me) at 100 kHz. For those traces with frequencies above 100 kHz, the trace becomes
inductive. The resistance becomes negligible and is no jonger part of the equation. This
10-cm trace is calculated to be an efficient radiator above 130 MHz (A/20 of 100 kHz).

2.1.2 Resistors

Resistors are one of the most commonly used components on a PCB. Resistors adso
have a limitation related to EMI. Depending on the type of material used for the resistor
(carbon composition. carbon film. mica, wire-wound. etc.). a limitation exists related 1o
frequency domain requirements. A wire-wound resistor is not suitable for high-trequency
applications due (o excessive inductance in the wire. Filin resistors contain some induc-
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tance and are sometimes acceptable for high-frequency applications due to low lead-
length inductance.

A commonly overlooked aspect of resistors deals with package size and parasitic
capacitance. Capacitance exists between the two terminals of the resistor. This parasitic
capacitance can play havoc with extremely high-frequency designs, especially those in
the GHz range. For most applications, parasitic capacitance between resistor leads is not a
major concern compared to the lead-length inductance that is present.

One major concern for resistors lies in the overvoltage stress condition to which the
device may be subjected. If an ESD event is presented to the resistor, interesting results
oceur. If the resistor is a surface-mount device, chances are this component will arc-over
(or self-destruct) upon observance of the event. For resistors with leads, ESD will see a
high resistive (and inductive) path and be kept from entering the circuit protected by the
resistor’s hidden inductive and capacitive characteristics.

2.1.3 Capacitors

Chapter 5 presents a detailed discussion of capacitors. This section, however, pro-
vides a brief overview on the hidden attributes of capacitors.

Capacitors are generally used for power bus decoupling, bypassing, and bulk appli-
cations. An actual capacitor remains capacitive up to its self-resonant frequency. Above
this self-resonant frequency, the capacitor exhibits inductive effects. This is described by
the formula Xc = 1 / (2wfC) where Xc is capacitive reactance (unit of ohms), f is fre-
quency in hertz, and (" is capacitance in farads. To illustrate this formula, a 10 ut elec-
trolytic capacitor has a capacitive reactance of 1.6 Q at 10 kHz. which decreases to 160
u€2 at 100 MHz. At 100 MHz, a short-circuit condition would exist which s wonderful
for EMI. However, clectrical parameters of electrolytic capacitors with high values of
equivalent series inductance (ESL) and equivalent series resistance (ESR) limit the ef-
tectiveness of this particular type of capacitor to operation below 1 MHz.

Another aspect of capacitor usage lies in lead-length inductance and body structure.
This subject is discussed in detail in Chapter 5 and will not be examined at this time. To
summarize, parasitic inductance in the capacitor’s wire bond leads causes the capacitor to
function as an inductor above self-resonance and ceases to function as a capacitor for ity
intended function.

2.1.4 Inductors

Inductors are used for EMI control within a PCB. For an inductor. inductive re-
actance ncreases linearly with increasing irequency. This is described by the formula
XL = 2ryL. where XL is inductive reactance (Ohms), [ 1s frequency (hertz). and L induc-
tance thenries).

For example. an “ideal™ 10 mH inductor has a reactance of 628 ohms at 10 kH7.
This inductive reactance increases to 6.2 ML at 100 MHz. The inductor now appears to
be an open circuit at 100 MHz. If we want to pass a signal at 100 MHz. great difficuity
will be present related to signal quality (time domain concern). Like a capacutor, the elec-
trical parameters of this inductor (parasitic capacitance between windings) limits this par-
ticular device to less than | MHz.

The question now at hand is what 1o do at high frequencies when an inductor cannot
be used. Ferrite beads can become the savior. Ferrite materials are alloys of iron/magne-
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sium or iron/nickel. These materials have high permeability that.provxdes for high-
frequency and high-impedance with a minimum of capaa_tance; that is observ‘ec'i petwien
windings in an inductor. Ferrites are generally used in hlgh-trgquencyf applications be-
cause at low frequencies they are basically inductive and thus impose few losses on thf:
line. At high frequencies, they are basically reactive and fr.equency dependem.‘Thls 1?
graphically shown in Fig. 2.2. In reality, ferrite beads are high-frequency attenuators o

* enIe:fangites are, in fact, better represented by a parallel combination of a resistor and in-
ductor. At low frequencies, the resistor is “shorted out” by the inductor. whereas at high
frequencies, the inductive impedance is so high that it forces the current through the re-
SlStorlThe fact is that ferrites are “dissipative devices” whe.re ‘ they dissip.ate hltgh-
frequency energy as heat. This can only be explained by the resistive, not the inductive,

effect.

Impedance

A

Inductive reactance
1Z) region
jolL

Inductive

region R+ joL

2.2 Characteristics of ferrite material. Freguency

2.1.5 Transformers

Transformers are generally found in power supply applicaAtionsiin addition to. being
used for isolation for data signals, 1/O connections, and power ?ntertaces. Dependmg on
the type and application of the transformer. a shield may be provided between t'h‘e pr‘limary
and ;econdary windings. This shield. connected to a ground r‘cfe‘ren.ce source, is designed
to prevent against capacitive coupling between the two sets of windings. . ' |

Transformers are also widely used to provide common-mode (CM) isolation. These
devices depend on a differential-mode transfer (DM) across their input to mggnetlcally
link the primary windings to the secondary windings in their a[lcmpl‘ o lrunsl.cr.cncrgy.
As a result. CM voltage across the primary winding is rejected. One flaw that is 111l}erent
in the manufacturing of transformers is signal source capacitance between thg primary
and secondary windings. As the frequency of the circuit increases. so d(‘)cs capac}nwe cou-
pling: circuit isolation is now compromised. Hj engugh parasitic cupucnur.\ce exmt. h,lg}T_
frequency RF energy (fast transients, ESD. lighting, etc) may pass t'hmugh the Imn:\_
former and cause an upset in the circuits on the other side of the isolation gap that

received this transient event.
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Having examined the hidden behavior characteristics of components, we now ex-
plore why these hidden features create EMI within a PCB.

2.2 THEORY OF ELECTROMAGNETICS (MADE SIMPLE)

Since we know that hidden behavioral characteristics of components exist. we now inves-
tigate how RF energy is created within a PCB. To understand the hidden characteristics
and aspects of these components, we need to understand Maxwell’s equations. Maxwell’s
four equations describe the relationship of electric and magnetic fields and are derived
from Ampere’s law, Faraday’s law, and two equations from Gauss's law. These equations
describe the field strength and current density within a closed-loop environment and re-
quire extensive knowledge of higher order Calculus. Since Maxwell’s equations are ex-
tremely complex, we will present only a brief overview of this material. For a rigorous
presentation of Maxwell's equations, refer to the reference material listed in the Refer-
ences. A list of Maxwell’s equations is shown in Eq. (2.1) for completeness. A detailed
knowledge of Maxwell is not a prerequisite for PCB design and layout.

To discuss Maxwell’s equations in simple terms, a few fundamental principles are
examined. The letters J, E, B, and H refer to vector quantities. Basically,

® Maxwell's equations describe the interaction of electric charges, currents, mag-
netic fields, and electric fields.

8 The Lorentz force relation describes the physical forces imposed by both electric

and magnetic fields on charged particles.

All materials have a constitutive relationship to other materials. These include

I. conductivity-—relates current flow to electric field (Ohm’s law in materials):
J = oFE.

permeability—relates magnetic flux to magnetic field: B = wH.

dielectric constant—relates charge storage to an clectric field: D = ¢E.

'vd T.J

where J = conduction-current density, A/m*
O = conductivity of the material
E = electric field intensity, V/m
D = electric flux density, coulombs/m?
€ = permittivity of vacuum, 8.85 pF/in
B = magnetic flux density. Weber/m? or Tesla
H = magnetic field. A/m
WU = permeability of the medium, H/m

Maxwell’s first equation is known as the divergence theorem based on Gauss's law.
This applies to the accumulation of an electric charge that creates an electrostatic field. F.
This s best obscerved between two boundaries, conductive and nonconductive. The
boundary-condition behavior referenced in Gauss's law causes the conductive enclosure
(also called a Faraday cage) to act as an efectrostatic shield. At the boundary. electric
charges are kept on the inside of the boundary. Electric charges that exist on the outside of
the boundary are excluded from internally generated fields.
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Maxwell's second equation illustrates that there are no magr{eflclch:;ll'ges sr(l)(:
monopoles), only electric charges. These electric charges are EIthB.I“ p;s;:;ve yc i%euced
negatively charged. Magnetic monopoles do not ex1§t. Magnetic dlfe: 12 arren :nate ced
through the action of electric currents and fields. Electric currents an hle se ate 39 8
point source. Magnetic fields form closed loops around the current that generate:

fields.

First Law: Electric Flux (from Gauss)
VeD=0p @eszD-duV:ﬂpdv:O
Second Law: Magnetic Flux (from Gauss)
VeB=0 @m=f8°cls=0

(2
Third Law: Electric Potential (from Faraday) (2.1

78
Y

VXE= — ]fE'dl:*

Fourth Law: Electric Current (from Ampere)

- 4}D
V><H=J+%~? fH'dl:J(JWL‘E)'dS:Immi

s\

Maxwell’s third equation, also called Faraday’s Law of Induction.. descnbe; a hmag
netic field traveling in a closed-loop circuit, ggnerating current. ‘Thc‘: thxr(? e’qgano:f e?::j
companion equation (fourth equation). The third e_quz_mon describes the crfeatxodn' clec
tric fields from changing magnetic fields. Magnetic fields are commonly oun 1r‘1[A L)f
formers or windings. such as electric motors, generators. and the hkf;. The 111@;1; u)r}F(
the third and fourth equations is the primary focus for glecfromagnehc ’comp'a(ti% t1 1)ty.t [;])é
gether, they describe how coupled electric and magnetic tle!‘ds }pl’()p‘lwlgjl[f.: (r}l1 1?1 e r:dictg
speed of light. This equation also describes th.c. conf:ept of sklln etfe‘c.tg 5\/ 1; ‘fan(,wg
the effectiveness of magnetic shielding. In addition. inductance is described whic
dmennl\zjlsaiowi);ll?s fourth equation is also identitied as Amper.e‘s law. This eguatt:o? statz;
that magnetic fields arise from two sources. The first source 18 currftr}t ﬂlowt 1in‘ tﬁzld(:r:xr\av—
a transported charge. The second source des.crll?es how the chang.es‘, 'm § ectr cedc S;mrces
eling in a closed-loop circuit create magnetic ftelds’. These electric ‘dn ‘m.ag;\ i sou thé
describe the actions of inductors and electromagne.ztltc_s.k(i)f the two sources, the first i

script ; electric currents create magnetic fields. 4

descn?l't(l)os[txglfntll:;?Z:el\L/[achll’s equations describe the rOOL causes of how EM1<‘? LlreALcd
within a PCB—time-varying currents. Static-charge distrxbutxoqs producr'er ‘st‘aut ele;:m
fields. not magnetic ficlds. Constant currents produce both s\'zm‘c magnetic and electiie
fields. Time-varying currents praduce both electric and nmgn‘cuc !‘clq& . .

Static fields store energy. This is the basic function of a capacttor: L?CCU:\U&Z\\‘:‘}\)I; 40)
charge und retention. Constant current sources are a fundamental concept tor the use of ar

inductor.
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2.3 RELATIONSHIP BETWEEN ELECTRIC
AND MAGNETIC SOURCES (MADE SIMPLE)

portional to the area of the loop. The larger the loop, the lower the frequency
that is observed at the terminals of the antenna. For a particular physical dimen-

Havmg examined the process whereby changing currents create magnetic fields and sta-
tic-charge distributions create electric fields, we will next determine the relationship be-
tween currents and radiated fields. We must look at the geometry of the current source
and how it affects the radiated signal. In addition, we must also be aware that signal
strength falls off with the distance from the source.

Time-varying currents exist in two configurations:

® Magnetic sources (which are closed loops)
® Electric sources (which are dipole antennas)

To investigate these two configurations in more detail, we first examine magnetic
sources.

Consider a circuit containing a clock source (oscillator) and a load (Fig. 2.3). We
observe current flowing in this circuit around a closed loop (trace and RF current return
path). We can assess the radiated field generated by modeling this signal trace using sim-

ulation software with discrete parts. The field produced by this loop is a function of four
variables. )

1. C urrent amplitude in the loop. The field is proportional to the current that exists
in the signal trace.

[2%]

. Qr:’entan’on of the source loop antenna relative 1o the measuring device. For a
signal to be measured or observed, the polarization of the source loop current
should match that of the measuring device if the measuring antenna is also a
loop. If the measuring antenna is a dipole, it must be in the same polarization
ralher than cross polarized. For example, if a loop antenna is horizontally polar-
ﬁzed, it must be in an identical polarization: however, if the measuring antenna
is a dipole, it must be vertically polarized!

- Size of the loop. If the loop is electrically small (much less than the wavelength
of the generated signal or frequency of interest), the field strength will be pro-

ny; Ry, Loop antenna
j Distance, r
e
Osc. Signal trace RF energy

= Cooumanen >

—

Reception of emission
Source of emissions

Figure 2.3 RF transmission of a magnetic fieid.

sion, the antenna will be resonant for that particular frequency.

4. Distance. The rate at which the field strength drops off from the source depends
on the distance between the source and antenna. In addition, this distance also
determines whether the field created is magnetic or electric. When the distance
is electrically “close” to the loop source, the magnetic tield falls off as the
square of the distance. When the distance is electrically “far,” we observe an
electromagnetic plane wave. This plane wave falls off inversely with increasing
distance. The point where the magnetic and electric field vectors cross occurs at
approximately one-sixth of a wavelength (which is also identified as A2r). The
wavelength at this distance is the speed of light divided by the frequency. This
formula can be simplified to A = 300/f where A is in meters and f is in MHz.
This one-sixth wavelength applies to a point source, which is what we usually
assume in the EMI world. This distance can be farther for larger antennas.

For the electric source, in contrast to the closed-loop magnetic source, the electric
source is modeled by a time-varying electric dipole. This means that two separate, time-
varying point charges of opposite polarity exist in close proximity. The ends of the dipole
contain this change in electric charge. This change in electric charge is accomplished by
current flowing throughout the dipole’s length. Using the circuit described above, we can
represent the electric source by an oscillator’s output driving an unterminated antenna.
When examined in the context of low-frequency circuit theory, we discover that this cir-
cuit is not valid. We did not take into account the finite propagation velocity of the signal
in the circuit (based on the dielectric constant of the nonmagnetic material), in additicn to
the RF currents that are created herein. This is because propagation velocity is finite, not
infinite! The assumptions made are that the wire, at all points, contains the same voltage
potential and that the circuit is at equilibrium at all points instantaneously. The fields cre-
ated by this electric source are a function of four variables.

1. Current amplitudes in the loop. The fields created are proportional to the
amount of current flowing in the dipole.

2. Orientation of the dipole relative to the measuring device. This is equivalent to
the magnetic source variable described above.

3. Size of the dipole. The fields created are proportional to the length of the current
element. This is true if the length of the trace is a small fraction of a wave-
length. The larger the dipole, the lower the frequency that is observed at the ter-
minals of the antenna. For a particular physical dimension, the antenna will be
resonant for a particular frequency.

4. Distance. Electric and magnetic fields are related to each other. Both field
strengths fall off inversely with distance. In the far field. the behavior is similar to
that of the loop source. When we move in close to the point source, both magnetic
and electric fields have a greater dependence on the distance from the source.

The relationship between near-field (magnetic and electric components) and far-
field is illustrated in Fig. 2.4. All waves are a combination of both electric and magnetic
field components. We generaily call this combination of electric and magnetic field com-
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For most applications of Maxwell, noise coupling methods are represented as
K equivalent component models. For example, a time-varying electric field between two
Zi T T e DoMINANT conductors can be represented as a capacitor. A time-varying magnetic field betwegn
. these same two conductors is represented by mutual inductance. Figures 2.5a and 2..5b il-
T lustrates these two noise coupling mechanisms. A discussion of mutual inductance 1s pre-
sented in Chapter 4.
K PLANE WAVE
2 Eoe 1/r, Hos 1
= E, .
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20 Figure 2.5a Noise coupling method—electric
field. (Source: Noise Reduction Techniques in == =
= Electronics Systems. H. Ott, © 1988, Reprinted . ' alont ciru
S NEARFIELD -----memmeenenees >{<---- FARFIELD ---» by permission of John Wiley & Sons, Inc.) Physical representation Equivalent ¢
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DISTANCE FROM SCURCE NORMALIZED TO w/2r

Figure 2.4 Wave impedance versus distance from E and H dipole sources. (Source:

Noise Reduction Techniques in Electronics Systems. 2nd edition. H. O,

© 1988. Reprinted by permission of John Wiley & Sons, Inc.) )
Figure 2.5b Noise coupling method—magnetic
field. (Source: Noise Reduction Techniques in
Flectronics Svstems 2nd ed. H. O, © 1988,
Reprinted by permission of John Wiley & Sons,

ponents a Poynting vector. There is no such thing as an electric wave or magnetic wave.
The reason we see a plane wave is that to a small antenna. several wavelengths from the
source, the wavefront looks nearly plane. This appearance is due to the physical profile
that would be observed at the antenna (like ripples in a pond some distance from the
source charge). Fields propagate radially from the field point source at the velocity of
light, e =1/ Vp“e{, =3 x 10° m/s, where U, = 41 # 10~ H/m and €,=8.85 * 10> F/m. The
electric field component is measured in volts/meter, while the magnetic field component

inc.)

For this noise coupling model to be valid. the physical dimensions of the circuits

is in amps/meter. The ratio of both electric field (E) to magnetic field (H) is identified as
the impedance of free space. The point to emphasize here is that in the plane wave, the
wave impedance, Z,. the characteristic impedance of free space. is independent of the dis-
tance from the source. and does not hinge on the characteristics of the source. For a plane
wave in free space.

L “‘ 4710 TH/m
L =E/H =Ny e = I )
\ (10°"YF/m
36T (2.2
= 1207 or 277 ohms rexactly 376.99 ohms)

Energy carried in the wave front is measured in watts/meter-,

must be small compared to the wavelengths of the signals involved. When the model is
not truly valid, we can still use lumped component representation to explain EMC for the

following reasons.

1. Maxwell's equations cannot be applied directly for most real-world Si(uatim'ls
due to complicated boundary conditions. If we have no level of confndcn'ce.m
the validity of the approximation of the lumped modeling. then the model is in-
valid.

Numerical modeling does not show how the noise generated is dependent on
system parameters. Even if a modeling answer is possible, system—dependcm
parameters are not clearly known, identified. or shown, along with the explana-

(%)

tion in item 1 above.
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Why is this theory and discussion about Maxwell’s equations important for PCB design For frequencies greater than a few kHz, the value of inductive reactance typically
and layout? The answer is simple. We need to know how fields are created so that we can exceeds R; in some cases this might not happen. Current takes the path of least imped-
reduce these RF-generated fields within a PCB. This reduction applies to reducing the ance. Below a few kHz, the path of least impedance is resistance; above a few kHz, the
amount of RF current in the circuit. The RF current in the circuit directly relates to signal path of least reactance is dominant. Because most circuits operate at frequencies above a
distribution networks along with bypassing and decoupling. RF currents are ultimately few kHz, the belief that current takes the path of least resistance provides an incorrect
generated as harmonics of clock and other digital signals. Signal distribution networks concept of how current flow occurs within a transmission line structure.
must be as small as possible to minimize the loop area for the RF return currents. Bypass- Since current always takes the path of least impedance for wires carrying currents
ing and decoupling relate to the current draw that must oceur through a power distribution above 10 kHz, the impedance is equivalent to the path of least reactance. If the load im-
network, which has by definition, a large loop area for RF return currents. pedance connects to wiring, a cable, or a trace, and is much greater than the shunt capaci-
In addition to the loop areas that must be reduced, electric fields are created by un- tance of the transmission line path, inductance becomes the dominant element. If the

terminated transmission lines and excessive drive voltage. Electric fields can be reduced

N wiring conductors have approximately the same cross-sectional shape, the path of least in-
through use of proper termination, grounding, filtering, and shielding (containment).

ductance is the one with the smallest loop area.

Each and every trace has a finite impedance value. Trace inductance is only one of
the reasons why RF energy is produced within a PCB. Even the lead bond wires that con-
nect a silicon die to its mounting pads may be sufficiently long to cause RF potentials to
exist. Traces routed on a board can be highly inductive, especially traces that are electri-
cally long. Electrically long traces are those that are physically long in routed length such

2.4 MAXWELL SIMPLIFIED—FURTHER STILL

Now that the fundamental concept of Maxwell’s equations has been reviewed, how do we that the round-trip propagation delayed signal on the trace does not return to the source
relate all this physics and advanced calculus to EMC within the PCB. To acquire a full driver before the next edge-triggered event occurs when viewed in the time domain. In the
comprehension, we must “overly simplify Maxwell” as it applies to a PCB layout. In frequency domain, an electrically long transmission line (trace) exceeds approximately
order to apply Maxwell, we relate his equations to Ohm'’s law. /10 of the frequency that is present within the trace. Basically, if an RF voltage traverses
’ ' ; ; . through an impedance, we end up with RF current. It is this RF current that radiates into
Qs Law (ilme domain) Qhms Law (frequency domain) free sgpace andpcauses noncompliznce to emission requirements. These examples help us

V=I*R V,=1.,+Z to understand Maxwell’s equations and PCBs in extremely simple terms.

J it is understood that a moving electrical charge in a trace generates an electric cur-
where V is voltage, / is current, R is resistance, Z is impedance (R + jX), and the subscript rent that creates a magnetic field. Magneric fields, created by this moving electrical
rf refers to radio frequency energy. To associate Maxwell Made Simple to Ohm's Law, if charge, are also identified as magnetic lines of flux. Mag.netlg fines of flux can ea§xly be
RF current exists in a PCB trace which has a “fixed impedance value,” an RF voltage will visualized using the Right-Hand Rule, graphically shown in Fig. 2.6. To observe this rule,

be created that is proportional to the RF current. Notice that in the electromagnetics
model, R is replaced by Z, a complex number that contains both resistance (real compo-
nent) and reactance (a complex component).

. ' i . F1 Field or flux line
. lFor the 1mped§nce equauon.. various forms exist depending on whether we are ex- / (Magnetic flux)
amining plane wave impedance, circuit impedance, and the like. For wire, or a PCB trace.,
use Eq. (2.3).
{ (Current in the wire)
Z=R= X+~ =R+ jul + — (2.3
PRET Xe T =3)

where Xi = 2nfL (the component in the equation that relates only to wires or PCB traces)

Xe = 1/Qnrt
®=2nf

When a componenr has a known resistive and inductive element, such as a ferrite
bead-on-lead. a resistor, a capacitor. or other device with parasitic components, Eg. (2.4
15 applicable. as the magnitude of impedance versus frequency must be considered.

7l = VRS + X° 2.4

Figure 2.6 Rizht-hand rule
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mgke your right hand into a loose fist with your thumb pointing straight up. Current flow
is 1n the direction of the thumb (upwards), simulating current flowing in a wire or PCB
tracg. Your curved fingers encircling the wire point in the direction of the magnetic field
or lines of magnetic flux. Time-varying magnetic fields create a transverse borthogonal
electric field. RF emissions are a combination of both magnetic and electric fields. These
fields will exit the PCB structure by either radiated or conducted means. »

Notice that the magnetic field travels around a closed-loop boundary. In a PCB, RF
currents are generated by a source driver and transferred to a load through a trace. RF lzur—
rents must return to their source (Ampere’s law) through a return system. As a resuit, an
RF current loop is developed. This loop does not have to be circular and is often a cion-
voluted shape. Since this process creates a closed loop within the return system, a mag-
netic field is developed. This magnetic field creates a radiated electric field. In ’the near
field, ‘the magnetic field component will dominate, whereas in the far field the ratio of the
electric to magnetic field (wave impedance) is approximatety 1201 Q or 377 Q indepen-
dent of the source. Obviously, in the far field, magnetic fields can be measure:d using a
loop antenna and a sufficiently sensitive receiver. The reception level wil simply be
E/1207 (A/m, if E is in V/m). The same applies to electric fields, which may be observed
in the near field with appropriate test instrumentation.

Another simplified explanation of how RF exists within a PCB is depicted in Figs
2.7 and 2.8. Here we examine a typical circuit in both the time and frequency domain Ac-.
cording to Kirchhotf’s and Ampere’s laws, a closed-loop circuit must exist if the circ.uit is
to work. Kirchhoft’s voltage law states that the algebraic sum of the voltage around any
closed path in a circuit must be zero. Ampere’s law describes the magnetic induction at a
point due to given currents in terms of the current elements and their positions relative to
that point.
. ‘Without a closed-loop circuit, a signal would never travel through a transmission
line from a source to a load. When the switch is closed. the circuit is complete, and AC or
DC current flows. In the frequency domain. we observe the current as RF cnergy. There
are Hot l'wo types of currents. time domain or frequency domain. There is only one cur-
rent, which may be represented in either the time domain or frequency domain! The RF
return path from load to source must also exist, or the circuit would not work. Hence. a
PCB‘ structure must conform to Maxwell’s equations, Kirchhoff’s voltage law, and AI.H-
pere’s law.
' Maxwell, Kirchhoff, and Ampere all state that if a circuit is to function or operate as
intended. a closed-loop network must exist. Figure 2.7 illustrates a typical circuit. When d
trace goes from source to load. a return current path must also be present. as required by
both Kirchhoff and Ampere. '

Consider a typical circuit with a switch in series with a source driver (Fig. 2.8)
When the switch is closed. the circuit operates as desired; when the switch is (;penled.
nothing happens. For the time domain. the desired signal component travels from sourcc‘
to load. This signal component must have a return path 1o complete the circui. geﬁerallv

Switch .
Signal trace

Return trace through a
ground reference system Figure 2.7 Closed-loop circuit

Section 2.5 ® Concept of Flux Cancellation (Flux Minimization)

Equivalent circuit with a

Complete circuit with a ground return
poor RF return current structure.

path. Circuit works as designed.

X %

AC or DC current return path RF current return path

If a fow impedance, direct line path from load

to source does not exist, such as a slotin a
ground piane, RF currents cannot return to the
source to satisfy the circuit in an optimal

manner. This RF return path will be forced

to return through free space (377 ohms) if a solid
metallic return path is not available, causing EMI.

Break in the
RF return path

Figure 2.8 Representation of a closed-loop circuit.

through a OV (ground) return structure (Kirchhoff's law). RF current travels from source
to load and must return by the lowest impedance path possible. usually a ground trace or
ground plane (also referred to as an image plane). The RF current that exists is best de-

scribed by Ampere.

2.5 CONCEPT OF FLUX CANCELLATION (FLUX MINIMIZATION)

To review one fundamental concept regarding how EMI is created within a PCB. we ex-
amined the basic mechanism of how magnetic lines of flux are created within a transmis-
sion line. Magnetic lines of flux are created by a current flowing through an impedance.
either fixed or variable. Impedance in a network will always exist within a trace. compo-
nent bond lead wires. vias. and the like. If magnetic lines of flux exist in a PCB. detined
by Maxwell. various transmission paths for RF energy must also exist. These transmis-
sion paths may be either radiated through free space or conducted through cable inter-
connects.

To eliminate RF currents within a PCB. the concept of fluy cancedlation or flux min-
imization needs to be discussed. Although the term cancellution 1s used throughout this
chapter. we may substitute the term minimization. Because magnetic lines of tlux travel
counterclockwise within a transmission line. if we bring the RF return path parallel and
adjacent 10 its corresponding source trace. the magnetic tlux lines observed in the return
path (counterclockwise tield). related to the source path (clockwise field). wull be n the
opposite direction. When we combine a clockwise field with a counterclockwise fietd. a
cancellation effect is observed. If unwanted magnetic lines of flux between a source and
return path are canceled or minimized. then a radiated or conducted RF current cannot
exist except within the ninuscule boundary ol the trace. The concept of implementing
flux cancellation is simple. However. one must be aware of many putalls and oversights
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that may occur when implementing flux cancellation or minimization techniques. With
one small mistake, many additional problems will develop creating more work for the
EMC engineer to diagnose and debug. The easiest way to implement flux cancellation is
to use image planes.” Regardless of how well we design and lay out a PCB, magnetic and
electric fields will always be present. If we cancel out magnetic lines of flux, then EMI
cannot exist. It’s that simple! ‘

' Ho_w do we cancel or minimize magnetic lines of flux during PCB layout? This is
easier said than done. Various design and layout techniques are available to the design en-
gineer [1]. A brief summary of some of these techniques is presented below. Not all tech-
niques are involved with flux cancellation/minimization. Although the following items
have not yet been discussed, each is described in detail within various chapters of this
book. These techniques include and are not limited to those listed here.

8 Having proper stackup assignment and impedance control for multilayer boards.

& Routing a clock trace adjacent to a return path ground plane (multilayer PCB)
ground grid, or use of a ground or guard trace (single- and double-sided boards).

= CapFuring magnetic lines of flux created internal to a component’s plastic pack-
age into the OV reference system to reduce component radiation.

» Carefully choosing logic families to minimize RF spectral distribution from com-
ponent and trace radiation (use of slower edge rate devices).

" Reducirllg Rf currents on traces by reducing the RF drive voltage from clock
ge_nerauon circuits, for example, Transistor-Transistor Logic (TTL) versus Com-
plimentary Metal Oxide Semiconductor (CMOS).

® Reducing ground noise voltage in the power and ground plane structure.

. Proyiding sufficient decoupling for components that consume power when all
device pins switch simultaneously under maximum capacitive load.

® Properly terminating clock and signal traces to prevent ringing, overshoot, and
undershoot. ’

® Using data line filters and common-mode chokes on selected nets.

@ Making proper use of bypass (not decoupling) capacitors when external 1/O ca-
bles are provided.

® Providing a grounded heatsink for components that radiate large amounts of in-
ternal generated common-mode RF energy.

As seen in this list, magnetic lines of flux are only part of the reason on how EMI is

created within a PCB. Other major areas of concern are as follows.

L] Exis['encc of common-mode (CM) and differential-mode (DM) currents between
circuits and [/O cables.

% Ground loops creating a magnetic field structure.

& Component radiation.

# Impedance mismatches.

“R.F.German, H. Ou. and C. R. Paul. 1990, “Effect of an image plane on PCB radiation.” Proceedings

YT e ; . . - . :
of the IEEL Tnternational Sympostum on Electromagnetic Compatibility, New York: [EEE, pp. 284291
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Remember that the majority of EMI emissions are caused by common-mode levels. These
common-mode levels are developed as a result of minimized fields in the board or circuit
design. These areas of concern are discussed later in this chapter.

2.6 SKIN EFFECT AND LEAD INDUCTANCE

A consequence of Maxwell's third and fourth equations is skin effect related to a voltage
charge imposed on a homogeneous medium where current flows, such as a wire lead bond
from a component or a PCB trace. If voltage is maintained at a constant DC level, current
flow will be uniform throughout the transmission path. A finite period of time is required
for uniformity to occur. The current first flows on the outside edge of the conductor and
then diffuses inward.

When the source voltage is not DC, but high-frequency AC, current flow tends to be
concentrated in the outer portion of the conductor. The magnitude of this occurrence is
identitied as skin effect. Skin depth is defined as the distance to the point inside the con-
ductor at which the electromagnetic field, and hence current, is reduced to 37% of the sur-

face value.
We can define skin depth (3) by Eq. (2.5)

S [
NP SN S @5)

WO v 2mfu,o Ty ity

where ® = angular (radian) frequency (21f)
1, = material permeability (47 - 107 H/m)
6 = material conductivity (5.82 - 10’ mho/m for copper)
[ =frequency (Hertz)

Table 2.1 presents an abbreviated table of skin depth values at various frequencies
for a 1-mil thick copper substrate (1 mil = 0.001 inch = 2.54 X 107 m).

As any of the three parameters of Eq. (2.5) increases, skin depth decreases. The skin
depth of conductors at high frequencies is very thin, typically observed at 0.0066 mils or
6.6 . 107 inch (0.0017 mm) at 100 MHz. Current tends to be dominant in a strip near the

TABLE 2.1 Skin Depth tor Copper Substrate.

f d (copper)
60 Hz. 0335 m (335 mil. 8.5 mm)
100 Hz 0,260 m. 1260 mil 6.0 mm
1 kHz 0.082 in (]2 ml. 2.1 mon
10 kHz. 0.026 . (26 nul, 0.66 mm)
100 kHz 0.008 . (8 mil. 0.20 mmy)
1 MHz 0.0026 . (2.6 wil, (L06 mum)
10 MH 0.0008 . (0.8 il 0.02 mm
100 MHz 0.00026 m. 1026 mil. 0.006 mm

1 GH7 O.0000% . (00X ik, 002 mmo
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surface of the conductor at a depth of 8. When high-frequency RF currents are present,
current flow is concentrated into a narrow strip near the conductor surface, identified as
the skin.

The wire’s internal inductance equals its DC resistance independent of the wire ra-
dius up to the frequency where the wire radius is on the order of a skin depth. Below this
particular frequency, the wire's resistance increases as \/f or 10 dB/decade. Internal in-
ductance is the portion of the magnetic field internal to the wire per-unit-length where the
transverse magnetic field contributes to the per-unit-length inductance of the line. The
portion of the magnetic flux external to the transmission line contributes to a portion of
the total per-unit-length inductance of the line and is referred to as external ‘inductance.
Above this particular frequency. the wire's internal inductance decreases Vf as or =10
dB/decade.

For a solid round copper wire, the effective DC resistance is described by Eq. (2.6).
Table 2.2 provides details on some of the parameters used in Eq. (2.6). Signals may be
further attenuated by the resistance of the copper used in the conductor and by skin effect
losses resulting from the finish on the copper surface. The resistance of the copper may
reduce steady-state voltage levels below functional requirements for noise immunity. This
condition is especially true of high-frequency differential mode devices (such as Emitter
Coupled Logic [ECL}) where a voltage divider is formed by termination resistors and line
resistance.

L

Ry =—=11 (2.6)
aar

where L is the length of the wire, r, is the radius (Table 2.2). and & is conductivity. The
units must be appropriate for the equation to work. As the frequency is increased, the cur-
rent over the wire cross section will tend to crowd closer to the outer periphery of the con-
ductor. Eventually. the current will be concentrated on the wire's surface equal to the
thickness of the skin depth as described by Eq. (2.7) when the skin depth is less than the
wire radius.

. ! L
O = S (.—7)
N AT
where at various frequencies
O = skindepth
L = permeability of copper 4+ {0 H/meter)
o = the conductivity of copper (3.8 < 10 mho/incter),
. — Py
wo= 2w
A first approximation for inductance of a conductor at high frequency is
- N 4/ ~ -4
fo= 00051 = /{238 1n y ”"*\] (2.8

where [is the conductor length and « 15 the diameter in the same units tinches or centime-
ters). Because of the logarithmic relationship of the ratio /d. the reactive component of
impedance for large-diameter wires dominates the resistive component above only a few
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TABLE 2.2 Physical Characteristics of Wire

Solid Wire Stranded Wire R, —solid wire
. "
Wire Gage Diameter Dlarpeter (Q/l;);)(zé )
(AWG) (mils) (mils) @ )

28 2.6 16.0 (19x40) 62.9
15.0 (7x36)

26 159 20.0 (19x38) 396
21.0 (10x36)
19.0 (7x34)

24 20.1 24.0 (19x36) 24.8
23.0 (10x34)
24.0 (7x32)

22 25.3 30.0 (26x36) 15.6
310 (19x34)
30.0 (7x30)

20 32.0 36.0 (26x34) 9.8
37.0 (19x32)
35.0 (10x30)

18 40.3 49.0 (19x30) 6.2

47.0 (16x30)
43.0 (Tx26)

i6 50.8 59.0 (26x30) 39
60.0 (7x24)

hundred hertz. Thus, it is impractical to obtain a truly low-impedance copnectxon betweep
two points, such as grounding a circuit using only wire. Such a connection Would permit
coupling of voltages between circuits due to current flow through an appreciable amount
of common impedance.

2.7 COMMON-MODE AND DIFFERENTIAL-MODE CURRENTS

In any circuit there exist both common-mode (CM) and diff.eremial—mode (DM) curre‘nts.
Both common-mode and differential-mode currents determine Ihe_amount Qt RF c?nc‘rgy
that is propagated. There is a major difference between the t‘wo. Gaven a pair of wires or
traces and a retumn reference source, one or the other mode lel cxxsl‘. usually.bqth. (’]e_ner-
ally speaking, differential-mode signals carry data or the s.lgnal of interest (mforman‘ol\:;)é
Common mode is a side effect of differential-mode anfi is most troublesome for E

compliance. (A representation of common-mode and differential-mode currents is shown
ater in this chapter in Fig. 2.10.) .

e mCt)hmlsnL\::zimdc cu%rems. which are considerably less in magnitude than dllttereml:.g—
mode currents, can produce excessive levels of radiated electric fields. The ra@mted cmis-
sions of the differential-mode currents subtract, but do not exactly ca.nc.el, since the two
transmission paths are not 100% coincident. On the other hand. the emissions of commog:
mode currents add. In fact, it can be calculated that for a l-mlelcr legglh of cable whosc‘
wires are separated by SO mils (a typical ribbon cable), a differential-mode current of
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20 mA, or 8 A common-mode current at 30 MHz, will produce a radiated electric field
at 3 meters of 100 uV/m, which just meets the FCC Class B limit [4, 5]. This is a ratio of
2500, or 68dB, between the two modes. This small amount of common-mode current is
capable of producing significant radiated emission levels. A number of factors such as
distance to conducting planes and other structural Symmetries can create common-mode
currents. Much less common-mode current will produce the same amount of RE propa-
gated energy than a larger amount of differential-mode current because common-mode
currents do not cancel out within the RF return path.

When using simulation software to predict emissions from /O interconnects that
are driven from a PCB, differential-mode analysis is usually performed. [t is impossible to
predict radiated emissions based solely on differential-mode (transmission-line) currents.
These calculated currents can severely underpredict the radiated emissions of PCB traces,
since numerous factors and parasitic parameters are involved in the creation of common-
mode currents from differential-mode voltage sources. These parameters usually cannot
be anticipated and are present within a PCB structure dynamically in the formation of
power surges in the planes during edge-switching times.

2.7.1 Differentiai-Mode Currents

Ditferential-mode current is the component of RE energy that is present on both sig-
nal and retrn paths that are opposite to each other. If a 180° phase shift is established
precisely, RF differential-mode current will be canceled. Common-mode effects may,
however, be created as a result of ground bounce and power plane fluctuation caused by
components drawing current from a power distribution network.

Differential-mode signals

1. Convey desired information.

2. Cause minimal interference as the fields generated oppose each other and can-
cel out if properly set up.

With differential mode. a circuit device sends out a current that is received by a
load. An equal value of return current must he present. These two equal currents, travel-
ing in opposite directions, represent standard differential-mode operations. We do not
want to eliminate ditferential-mode performance. Because a circuit board can only be
made to emulate a perfect seif-shielding environment fe.g.. a coax). complete E-tield cap-
ture and H-field cancellation are not achieved. The remaining fields which are not cou-
pled to each other are the source of differential-mode EMI. In the battle to control EMI
and crosstalk in the common mode, the key is to control excess energy fields through
proper source control and caretul handling of the energy-coupling mechanisms,

2.7.2 Differential-Mode Radiation

Differential-mode radiation is caused by the flow of RF current loops within 4 svs-
tem’s structure. For a small-loop receiving antenna when operating in a field above a
ground plane (free space is not a typical environment), this RF energy is described ap-
proximately as [ 3]

Figure 2.9 Looparca hetween compouenis.

j___?__._-_—
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i N (2.9)
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scribed by Eq. (2.10).

specific specification level is de-

_ 380k (2.10)
£
Or. conversely. the maximum field strength created from a closed loop boundary area ts
A .11
380

where E = radiation limit {uV/meter) 4 N
» = distance between the loop and measuring antenna (meters)

f = frequency (MHz)

[, =current {mA)

A = loop area (cm?)

falls off inversely proportional (distance) between source and
ic current component on the PCB must be known,
n the trace and current return path.
be solved for each

In tree space, radiated energy ve
antenna. The loop area formed by a specn.
and is the total area of the specific circuit l‘oop betwee race and ¢
Equations (2.10)and (2.11) are forasingle treguency. The equd\vu:;\mw.mg[
and every loop (different toop-size area).unq for cach trelquencty. LU " Qlég.\, o have
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special attention as it relates to radiated emissions. This special attentic ay
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routing the trace stripline, changing routing topology, locating source and load compo-
nents closer to each other, or providing external shielding of the assembly (containment)

EXAMPLE

Assume' that a convoluted shape exists between two components located on a PCB as a dipole an-
Zinna without an RF current return path: A = 4 cm?, I, =5 mA, f =100 MHz. The field strength is
(._.() !J.V/n; alTIO—meter distance. Radiated emission limits for EN 55022 Class B is 30 wVim
quasi-peak). This loop area. which is a typical trace routc on many hi : / PC i i

: . saty any high-tech 5
22.6 WV/m above the limit! eiriechnology PCB designs. s

2.7.3 Common-Mode Currents

Common-mode current is the component of RF energy that is present on both signal
and return paths, usually in a common phase. The measured RF field due to coxr;mon-
mode cuqent will be the sum of the currents that exist in both the signal trace and return
tr‘ace. ThlS summation could be substantial and is the major cause of RF emissions, espe-
cxally_trom /O cables. Common-mode current is created by poor differential-mo;i’e capn-
cel!atlop. This is due to the imbalance between two transmitted signal paths. If the differ-
entlgl signals are not exactly opposite and in phase. their currents will not cz;ncel out. The
portion of RF current that is not canceled out is “common-mode™ current .

Common-mode signals .

1. are the major source of radiation

2. contain no usetul information

Common mode begins as the result of currents mixing in a shared metallic struc-
ture.‘such as power and ground planes. Typically, this happens because of the cu;rent%
flowing through unintentional paths in the planes. Common-mode currents will ()ccu}
yvhen return currents lose their pairing with their original signal path (e.g. splits or breaks
in planes) or when several signal conductors share common areas ofhtile rcium lane
Since planes have a finite impedance, these common-mode currents set up RF traﬁ%icnt.
volragcs on the pianes. These RF transients set up currents in other conductive surfa es
:\-nd stgnal lines that act as antennas to radiate EMI. The most common cause is thé cs‘t:b‘j
Iyzshmcnt of common-mode currents in conductors and shields of cables runl;inu l(; and
trom the PCB or enclosure. The key 1o prevent common-mode EMI is 16 unders;und anzi
gonlro! the paths of power supply and return currents in the board. by controlling the posi-
tion of the power and ground plancs and the currents within the planes. and ﬁ) rpv'dl’
proper RF grounding 1o the case of the system or product. N poTe

In Fig. 2,10, current source, I1, represents the flow of current from source, E. to
I‘('md, Z. Current flow, 12, is current that is observed in the return svstem u;uullv id;mi
r}ed as an image plane. ground plane. or OV refercnce. The measltrcd r.adiatedlcle 't -
field of the common-mode currents is caused hy the summed contribution of botl &' nd
[2 current produced fields. ' on ot bot Hand

\ <
EN 55000 1 . . : . .
. S5022, "Lunis and metheds of measurement of radio disturhance characternstics ot intormatior
technofory equipment.” an jnternational test specification. ) ]
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. in load = in load

Differential-mode current Common-mode current
ltotal =11-12 ltotal =1 +12

Figure 2.10  Common- and differential-mode current configurations.

With differential-mode currents. the electric field component is the difference be-
tween 11 and [2. If [1 = 12 exactly, there will be no radiation from differential-mode cur-
rents that emanate from the circuit (assuming the distance from the point of observation is
much larger than the separation between the two current-carrying conductors), hence, no
EML This occurs if the distance separation between I1 and 12 is electrically small. Design
and layout techniques for cancellation of radiation emanating from differential-mode cur-
rents are easily implemented in a PCB with an image plane or RF return path such as a
guard trace (sce Chapter 4. Section 13). On the other hand. RF fields created by common-
mode currents are harder to suppress. Common-mode currents are the main source of
EML Fields due to differential mode currents are rarely observed as a significant radiated
electromagnetic field.

An RF current return path is best achieved with a ground plane (or ground trace for
single- and double-sided boards). The RF current in the return path will couple with the
RE current in the source path (magnetic flux lines traveling in opposite direction to each
other). The flux that is coupled due to opposite fields will cancel each other out and ap-
proach zero (flux cancellation or minimization). However. if the current return path is not
provided through a path of least impedance, residual common-mode RF currents will be
developed. There will always be some common-mode currents in a PCB, for a finite dis-
tance spacing must exist between the signal trace and return path (flux cancellation almost
approaches 100%). The portion of the differential-mode return current that does not get
canceled out becomes residual RF common-mode current. This situation will occur under
many conditions, especially when a ground reference difference exists between circuits.
This includes ground bounce. trace impedance mismatches. and lack of decoupling.

It is possible to relate differential-mode voltage to common-maode currents based on
the relationship of the magnetic/closed-loop and electric field source. The relationship be-
tween magnetic/closed-loop and electric field source was discussed earlier in this chapter.

To make this differential/common-mode comparison to both magnetic/closed-toop
and electric field sources. consider a pair of parallel wires carrying a differential-mode
signal. Within this wire, RF currents flow in opposite directions (coupling occurs). As a
result. the RF fields created are contained. In reality. this coupling cannot be 100%, as a
finite distance will exist between the two wires. This finite distance is insignificant related
{0 the overall concept being discussed. This parallel wire set will act as a balanced trans-

mission line that delivers a clean differential (signal-ended) signal 10 a load.

Using this same wire pair. look at what happens when common-mode voltage is
placed on this wire. No useful information is ransmitted to the load since the wires carry



46

Chapter 2 8 EMC Inside the PCB

Trace inductance (~ 10 nH/inch)

Shielded 1/O cable

s Vem Chassis
Chassis ground = earth ground
Y

Figure 2.11  System equivalent circuit of differential- and common-mode currents

the.samf: voltage. This wire pair now functions as a driven antenna with respect to ground
This drxv.c*:n antenna radiates unwanted (or unneeded) common-mode voltage with ex-.
treme efficiency. Common-mode currents are generally observed in 1/O cables. This is
why I/O cables radiate. The mechanism of how differential-mode current‘s create
common-mode volitages is detailed in Chapter 3. An illustration of how a PCB and an in-
terconnect cable allow CM and DM current to exist is shown in Fig. 2.11.

2.7.4 Common-Mode Radiation

. Common-mode (CM) radiation is caused by unintentional voltage drops in a circuit
Whlflh cause some grounded parts of the circuit to rise above the referenced real sround po-
tc.:nnal. Cables connected to the affected ground system act as an antenna and ;ill radiate
field components of the CM potential. The far-field electric term is described by Eqg.(2.12)

E=(f1,L)/R(V/m) (2.12)
where L = uantenna length (m)
I.\.m = common-mode current (A)
t = frequency (MHz)
R = distance (m)

With a constant current and antenna length. the electric field at a prescribed distance is
peronlonal to the frequency. Unlike differential-mode radiation, which is easy to rcducé
using proper design techniques, common-mode radiation is a more difficult problem to
solve. The only variable available to the designer. if it can be determined. is the common
path impedance for the common-mode current. In order to eliminate or r;:(iuce common-

mode rudla}mn. common-mode fields must approach zero. This is achieved using a sensi-
ble grounding scheme. o

2.7.5 Conversion Between Differential and Common-Mode

Common-mode currents may be unrelated 10 the intended signal source {e.g.. they

may .bc trom other devices). There may also be a component of common-mode current
that iy refated 1o the signal current.

el
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Conversion between differential and common mode occurs when two signal traces
(or conductors), both with different impedances, exist. These impedances are dominated
at RF by stray capacitance and inductance related to the physical routing of a trace (or
interconnect cable). For the majority of layouts, the PCB designer has control over
minimizing capacitance and inductance within a network, thus keeping differential- and
common-mode currents from being created.

To illustrate this effect, Fig. 2.12 shows ditferential-mode current, /,,,. This is the
desired signal of interest across R,. Common-mode current, Jcm. will not flow through R,
directly. This common-mode current will flow through impedance Z, and Z, and will re-
turn through the return structure. Impedances Z, and Z, are not physical components. This
is the stray parasitic capacitance or parasitic transfer impedance that exists within the net-
work. This parasitic capacitance exists as a result of a trace located against an RF return
path. This parasitic capacitance includes the distance separation between the power and
ground plane, decoupling capacitors, input capacitance of devices. an interconnect cable,
or other numerous factors that are present within a product design. If Z, = Z,, no voltage
is developed across R, by 1. If any inequality results in the network (Z, # Z,), a voltage
difference will be present proportional to the difference in impedance.

vcm = Icm * Zu - [cm * Zb = Icm<Zu - Z’?) (213)

An example of how differential-mode to common-mode conversion occurs with
stray capacitance is shown in Fig. 2.12. Because of the need for balanced voltage and
ground references, circuits with high-frequency signals that tend to corrupt other signal
traces or radiate RF energy (video, high-speed data, etc.), or traces susceptible to external
influences must be balanced in such a way that stray and parasitic capacitances of each
conductor are identical.

Parasitic
capacitance

Figure 2.12  Differential to common-mode convarsion.

2.8 VELOCITY OF PROPAGATION

This section is provided as background discussion for use throughout this book. Velocity
of propagation. Vp, is the speed at which data is transmitted through a conductive
medium. In air, the velocity of propagation is the speed of light. In a dielectric material.
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the velqcity is slower (at approximately 0.6 the speed of light, depending on the €, of the
material) and is given by Eq. (2.14). ) )'

L C
P = \/—f (2.14)
where C = 3 * 10® meters per second, or about 11.81 inches/ns (30 cm/ns)
€ = relative dielectric constant (compares air to PCB material)

. The dielectric constant of various materials used to manufacture a PCB is provided
in Table 2.3. Notice that FR-4, the most common material used in the fabrication of a
FCB, has a dielectric constant, €, of 4.1 at 100 MHz. It was generally assumed that € was
in the range of 4.5 to 4.7. This higher value, used by designers for n;any years, was l;ased
on measurements taken with a 1-MHz signal at the time the original measurement was
made, and not on how the material works under actual operating conditions. l

In reality, a 1-MHz test signal is not appropriate for today's high-technology prod-
ucts. For this reason €, is higher in reference material used by designers. A more a-ccurale
vglut? of € may be determined by measuring the actual propagation delay of a signal
within a trace using a Time Domain Reflectometer (TDR). The values in Table 2.3vare
based on a typical. high-speed edge rate signal recorded on a TDR. The effective € f(;r air
=1, much lowcr than PCB material commonly used in the majority of products des;gned.

For migrostrip topology, the relative dielectric constant may be higher thm the
x}umb.er.pmwded by the manufacturer of the material. This is because part of the energy
tlow 18 in air and part in the dielectric medium. Microstrip topology and the explanati;n
for why this dielectric constant difference exists are detailed in Chavpter 6.

TABLE 2.3 Dielectric Constants and Wave Velocities of PCB Materials

Relative dielectric constant Velocity Velocity
Material €, Gin/ns) ips/in )
Alr 1.0 1.3 847
PTFE/glass
(Tetlon; 2.2 7.96 125
2.2 .96 RAN
Rogers RO 2800 K 6.94 440
7 t -
CE/Goreply
(Cyanide ester) R 6.30 1538
RER
GETEK n 622 160.6
CE/Glass 37 614 '(7'%
1628
Silicon dioxide 39 5.98 167.2
A 5.9% 7.2
BT/class 4.4} 500 169 2
Polyimide/giass 4.1 5.83 1’1‘4
[R-4 Glass 41 583 I”I’
AR PR
Glass cloth .0 +.¥2 207 4
Alumina 9.q) 93 :i;()
Vore: Values measured at TR frequencies using velocin techmigues: Vahies are not measared at | MHz which

pravides hivher €

—
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TABLE 2.4 Frequency/Wavelength Conversions

Frequency A A2m A20 Wavelength
10 MHz 30.0 m 4.8 m LSm (51t
27 MHz 1.1 m 1.8 m 0.56 m (1.8 ft)
35 MHz 857 m l4m 0.43m(l4fy)
50 MHz 6.00 m 95 cm 03m(12in)
80 MHz 375 m 60 cm 0.19m (7.5 iny
100 MHz 3.00m 48 cm 0.15m (5.9 in)
160 MHz 1.88 m 30 cm 9.4 ¢m (3.7 in.)
200 MHz 1.50 m 24 cm 7.5em (3in.)
400 MHz 75¢em 12¢m 36cm(ldin)
600 MHz S0cm 79 ¢m 25em (1.01in.)
1000 MHz 30 ¢m 4.8 cm 1.5em (0.6 in.)

2.9 CRITICAL FREQUENCY (A/20)

Critical frequency refers to a portion of the RF current waveform that subjects a product
to RF corruption. Any wavelength less than A/20 of its respective frequency may be of
concern if compliance to EMC standards is required. To determine the frequency, f, of a
signal and its related wavelength, A, use the following conversion equations.

300 984
FOMH = ) ™ A
AN(m) = :'300 (2.1%)
- f(MHz)
N
f(MHz)

Throughout this book. reference is made to critical frequencies or high-threat clock and
periodic signal traces that have a length greater than A/20. Miscellaneous frequencics and
their respective wavelength distance are summarized in Table 2.4 based on Ey. (2.15).

2.10 FUNDAMENTAL PRINCIPLES AND CONCEPTS
FOR SUPPRESSION OF RF ENERGY

2.10.1 Fundamental Principles

The fundamental principles related to radiated emissions deal with common-mode noise
created within a PCB at RF frequencies. This fundamental principle deals with energy
transferred from a source to load. Common-mode currents are gencrated everywhere
in a circuit, not necessarily in the power distribution system. Comron-mode currents by
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definition are common to both power. return. and other conductors. To close the loop for 3. Common-mode RF currents are created from the RF voltage drop between two
common-mode currents. a chassis is commonly provided. Since the movement of a devices which builds up on inadequate RF return paths between source and load
charge oceurs through an impedance (trace, cable. wire, etc.), a voltage will be developed (insufficient differential-mode cancellation of RF currents).
across this impedance is voltage wi o radis . . - .

ss this impedance. This voltage will cause radiated emissions to occur if trace stubs, 4. Radiated emissions will propagate as a result of these common-mode RF currents.
[/O cables. enclosure apertures, and slots are present.
following principles are discussed in future chapters. To summarize what is to be presented in Chapters 3 and 4.
L F_Or high-speed logic. higher frequency components will be present due to Multilayer boards provide superior signal quality and EMC performance since signal imped-
higher fundamental frequencies and shorter rise times (Chapter 3). ance control through stripline or microstrip is observed. The distribution impedance of the
2 power and ground planes must be dramatically reduced. These planes contain RF spectral cur-

To minimize the distribution of RF currents, proper layout of PCB traces, com-
ponent placement, and provisions to allow RF currents to return to their source
must be provided in an efficient manner to keep RF energy from being propa-
gated throughout the structure (Chapter 4).

rent surges caused by logic crossover, momentary shoris. and capacitive loading on signals
with wide buses. Central to the issue of microstrip (or stripline) is understanding flux cancella-
tion or flux minimization that minimizes (controls) inductance inany transmission line. Various
logic devices may be quite asymmetrical in their pull-up/pull-down current ratios.

R} 0 minimize development of common-mode RF currents, proper decoupling of Asymmetrical current draw in a PCB canses an imbalanced situation to exist. This im-
switching devices along with minimizing ground bounce and ground noise volt- balance relates to flux cancellation or minimization. Flux cancellation will occur through re-
age within a plane structure must exist (Chapter 5). turn currents present within the ground or power plane, or both, depending on stackup and

component technology. Generally. ground (negative) returns for TTL is preferred. For ECL.
positive return is preferred. This is why ECL generally runs on 25.2V; with the more positive
line at ground potential. CMOS is more vr less symmetrical so that on the average. little dif-
ference exists between the ground and voltage planes. One must look at the entire equivalent

4. To minimize propagation of RF currents, proper termination of transmission
line structures must occur. At low frequencies, RF currents are not a major
problem. At higher frequencies, RF currents will exist and radiate more readily

within the structure (Ch : "
(Chapter 8). circuir before making a judgment.

5. Provide for an optimal OV reference system. An appropriate grounding method-

ology needs to be implemented (Chapter 9). Where three or more solid planes are provided in a multilayer stackup assembly
(e.g.. one power and two ground planes). optimal flux cancellation may be achieved when
2.10.2 Fundamental Concepts the RF flux return path is adjacent to the solid return planes at a common potential
throughout the entire trace route. The reason for this statement is one of the busic funda-

One ot the fundamental concepts for suppressing RF energy within a PCB deals mental concepis of implementing flux cancellation within a PCB.
with flux cancellation or minimization. As Jdiscussed earlier. current that travels in a trace To briefly restate this important concept related to flux cancellation or minimiza-
(01 Interconnect structure) causcs magnetic lines of flux o exist. These lines of magnetic tion, it is noted that not all components behave the same way on a PCB related (o their
flux create an electric field. Both field structures allow RF energy to radiate. If we Eancel pull-up/pull-down current ratios. For example. some devices have 15 mA pull-up/65 mA
ot minimize magnetic fines of flux. RF energy wiil not be present other than within the pull-down. Other devices have 65 mA pull-up/pull-down values {or 50%). When many
houndary between the trace and image plane. Flux cancellation or minimization virtually components are provided within a PCB. asymmetrical power consumption will occur
guarantees compliance with regulatory requirements, ’ when all devices switch simultaneously. This asymmetrical condition creates an imbal-
The following two concepts must he understood 1o minimize radiated emissions. ance in the power and ground plane structure. The fundamental concept of board-level

suppression lies in flux cancellution (minimization) of RF currents within the board re-
lated to traces. components. and circuits referenced to a OV reference. Power planes. due
to this flux phase shift. may not perform as well for flux cancellation as ground planes due
to the asymmetry noted above. As a result, optimal performance may he achieved when
traces are routed adjacent 10 OV reference planes rather than adjacent to power planes.

fo Minimize common-mode currents created as a result of 4 voltase traveling
across an impedance. )

2. Minimuze the distribuuon of common-mode currents throughout the network.

Flux cancetlation or minimization within a PCB is necessary because of the follow-

my sequenee ol events
AT . 2.11 SUMMARY
I Current transients are caused by the production of high-frequency signals
tbased on a combination of periodic signals (e.g.. clocks) and nonpcriodicT sig- The key points regarding how EMC ix created within the PCB are as fotlows.
mals e high-speed data busses) demanded from the power and eround plal;e
structure. ) I Current transients exist from the production of high-frequency periodic signals.
20 RE voltage. inturn, is the product of current transients and the return path pro- 2. RF voltage drops between components are the product of currents traveling
vided 1Ohms Taw 1, through a common return impedance path.
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3. Common-mode currents are created by unbalanced differential-mode currents
which are created by an inadequate ground return/ground reference.

4. Radiated emissions observed are generally caused by common-mode currents
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It is a weli-known fact that RF energy spectra is created as a result of switching current
within a PCB. These currents are created as a byproduct of digital components. Each logic
state transition produces a transient surge within the power distribution system. Most of
the time, these logic transitions do not produce enough ground-noise voltage to be of any
functional concern. It is when the edge rate (rise and fall time) of a component becomes
extremely fast that RF energy is produced.

Transient spikes placed on a power distribution system creates ground-noise
voltage. This ground-noise voltage is first observed as differential-mode (DM) noise.
Differential-mode noise is then converted to common-mode (CM) currents. Common-
mode currents are the main cause of radiated RF energy. By minimizing production of
DM noise in the power distribution network, less CM current results.

This chapter investigates active components (digital logic) along with their relation-
ship to the creation of DM noise. Passive components were discussed in Chapter 2. In ad-
dition to the parameters and behaviors that are present within digital logic related to emis-
sions. susceptibility and self-compatibility concerns exist.

3.1 EDGE RATE

When choosing digital components for a particular application, design engineers are gen-
erally interested only in functionality and operating speed. basing their selection on the
propagation delay of the internal logic gates as published by the manufacturer. not neces-
sarily the actual edge rate of input and output signals.

As the speed of components accelerates (faster internal propagation time, increases
in DM currents, crosstalk. and ringing potentially can occur. There is an inverse relation-
ship between operating speed and EMIL Many components have internal logic gates that
operate at a faster edge rate than the propagation delay required for functionality. As a re-

n
ted
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sult, slower logic families (i

< s (internal gates) are preferred f ;
the primary function of the circuit, Figure 3 Fil!usrrates rthEMI stnee propagation delay is If timing requires fast logic families. the designer must address individually the is-
ternal switching speed of a basic inverter gate ¢ arod N relanopsmp between the in- sues of decoupling, routing, and handling of clock traces. (See Table 3.1 for details on the
gate compared to propagation delay. EMI characteristics of different logic families.)

__DO__ Fast switching times (edges) cause proportional increases in problems related to re-
rurn currents, crosstalk, ringing, and reflections, and only increased attention to meticulous

design can alleviate these problems. These problems are independent of device propagation

delay. This is because logic families have edge rates that are faster than the propagation

delay inherent in the device. Notwo logic families are the same. Even the same components

Actual propagati from different manufacturers may differ in copstmction and edge rates. Edge rate is defined
e T pagation as the rate of voltage or curre.nt ?hagge per unit time (volt_/ns or a.mpcf.res/ns.).

e through the gate When selecting a logic family, manufacturers will specify in their data book the

maximum or typical edge rate ., or t, of the clocks and 1/O pins. This specification is

usually 2-5 ns maximum. It is observed that the minimum edge rate t,, may not be pub-

Internal switching time

10% . —- of the gate (edge rate) . . N : .
@ 90% 10% 90% lished. A device with a 2 ns maximum edge rate specification may n reality be 0.5 to
trise time all b 1.0 ns. The significant contributor to the creation of RF energy is the edge rate, not actual
all time operating frequency. A 5 MHz oscillator driving a 74F04 driver (with a 1-ns edge) will

generate larger amounts of RF spectral energy over the frequency spectrum than a 100-
MHz oscillator driving a 74ALS04 (with a 4-ns edge). This one component specification
is the most frequently overlooked and forgotten parameter in printed circuit board de-
sign. However, this is the most critical aspect of which design engineers must be con-

t .
prop is the propagation delay of the device.

;\rl]ort:; i{:Aanu‘facturer may claim a rise/fall time at 2 ns max
ity, this value may be well into sub-nanosecond valueé

gu 3 Ou S prop
I . put switching time versus Opagat leia
Fi e 3.1 1 h fime versus pr gation delay, c > >

Speed is important only when the ed

that the desired signal changes logie st ge rate of a signal (rise or fall time) is fast enough Published
signal to travel the length ot‘thh gic state in the same or less time than it takes to allow the Rise/Fall Principal Typical Frequencies
= e trac A . : » ~ ‘ .
cern for EMC complion trace or wire. The actual clock frequency is a seconda fime Harmanie Observed &
Vari '‘pliance. whereas the actual edge rate is the primary conc ' fy con- {Approx. Content/ EMI (10™ harmonic)
X nous logic families are available with different design f. Y concern. Logic Famity T. /T, F=(l/m) Fou = 10%F
vary between CMOS, TTL 160 features. These features
) S, L 2O amed i , A es j
power combinations, voltags mq E(;L and include input power, package outline, speed 74L xxx 31-35 ns 10 MHz 100 MHz
Nl 2€ Sw Y NP - , . -
available with clock skew _i .mg: evels, and edge rates. Certain logic devices are now 74C xxx 25-60 ns 13 MH7. 130 MHz,
S circu S : ; <
gates while maintaining accur. [nry to slow down the internal cdges of the internal logic THHC xa Hiions 24 MHz 240 MHz
I « b' SCUra aoatt = o .
One extremely import ";elperdgdt,On delay. 74 xxx 10~12 ns 32 MHz 320 MHz
. ’ 3 ant device par: o EM (i ~
vice manufacturers is power evice parameter (for EMC) usually not specified by de he-tlop) N 2 Mhe 2oMb
power currents '1ré ['h/ el pec{k llll'”llS/’l SUFE current into the power pins Thcﬂe' k TALS xocx v 4 MHz 340 MHz
and cap'xcirmg«,‘,. ! e result of logic crossover currents. device cap‘lciti;/;e o (ip-flop, b T oM
vions. Th tance caused by surge currents from trace capacitance and load; d()yurllcads, 74H xxx 4-6ns 80 MH7 ROO MH?7
§. These surge currents mav exhibil levels anceand toadmg device junc- 3.4 ns , 0
currents that are injected | . Xhlbl‘[ 1(?\ els that are many multiples of the actual \,‘i al 745 xxx A 106 MH. L1 GHz
Seloc Y {nto a transmission line (race) 4 slgna TAHCT wxx S 64 MH. 640 MHz
Sclection of the slowest logic fami i . :
‘ _ . : 1c family possible whil Co THALS xxx 2210 ns 160 MHz. 1.6 GHz
margins minimizes EMI effects - & A : e mantaming adequate timing ~r 35 -
of standard and low-power ;t;; ‘“;:f en'han‘ces stgnal quality. We should note here that usz JACt o 00N o Gk
N A . . ¢ s - . LS} . Al M
mon in today’s marketplace Nll)ﬂ y TTL logic. (e.g.. 74LS series) is becoming less com o e e me
PR dace. - neeta iy . b - - 4 3 k) p il
usually not required whe ioreover. specialized design techniques during layout ar ‘-'-’CL o on e Lo
speed. high-technol en using stower speed logic tamilies. However t(;d 1v'; }“he ECL 100K hT 24 M Lot
' - mgh- olog o . today's high- - 5
range. for exampl %4Y\L25;duuts require use of extremely fast-edge logic in the | .5 s Bl L Mt ot
ge. xample, 74ACT . AF sorioc 1ie S5-5 ny : 3 . .
quate for replacement of 1 74‘!/:?\17‘4; series. Use of a 74HCT could be provisionally ade LVDS 0.3 .1 GHz H Gz
) « . (s af . etk v . ~ iy alc- . () 3 ns® v ~Y 3.
CMISSIONS venerates T most applications. with the added benefit of loss RE Gas v hGHY G
s generated. As a ceneral consideration itot less RF GTL + (Pentium Pro) 0.3 ns* 1.1 GHz 11 GHz

- do not use fuster devices than rhe

15 .
zonsideration, d n
cireuir actnally demands, o

tonal tindng diaeram or what the
*These are minimum cdge rate values,
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power source. [t is common to refer to OV reference as being cither the power retum

TABLE 3.2 Selected Characteristics of Logic Families
plane, image plane, or ground plane. Transition currents are the main source of differential-

Voltage Input N ‘
Logic Farnls &:vvw Capacitance D;; Z:;es TRyepinCsL:; 2‘;‘5’?‘1“ mode currents and, hence, RF energy.
: (pEy (V) Low/High) O
CMOS, 5V 5 5 - |. Examining Table 3.1, we notice that the shorter the transition time, or the faster
CMOS, 12V 5 . e 3007300 edge rate, a larger EMI spectral profile exists. EMI increases in severity with
TTL 23 3 : 300/300 frequency, f (for conducted EMI and crosstalk) and often £? (for radiated EMI).
TTL-LS 3.3 55 f))j 30/ ”_” 2. The power supply transition current demands during component switching can
HCMOS s 4 6'7 307160 be quite large. These currents have no relationship with the quiescent current
S-TTL 33 1 0.1 1607160 required to establish a 1" or “0” signal state in digital logic. For TTL and some
FAST & AS-TTL 33 45 o 15/50 CMOS technologies, inrush of surge current is created owing to partial con-
ECL. 10k 0.3 3 ;); 1730 duction overlap of the output drive transistors. During the time that the
GaAs 1 -1 0'1 " crossover between logic high and logic low occurs, the power bus is virtually
- — shorted to ground through two partially saturated transistors, as well as a cur-
rent limiting resistor. This resistor is designed to keep the inrush of surge cur-
cerned with to ensure an EM I-compliant product. The I rent to a level that prevents damage to the drive circuitry.
the slowest logic family possible.” is a result of éhe . r?que“ﬂy heard statement, “Use 3 To avoid crossover conduction currents, manufacturers are providing Schottky
being specified vr published v 4 component manufﬁﬂmxmrpum gdge rate parameter not barrier diodes to prevent the output transistors from going into excessive satura-
of digital devices are the source of most RF energy cre;rzr n th_elr data books. Edge rates tion. Other design techniques used within the fabrication of the component in-
The reason to use the slowest logic family st)ems fre W:hm 4 PCB . clude “output edge rate control.” This is accomplished by replacing one large-
domain and frequency domain. Fourie; analvsic (‘)f G An‘ ‘O"C‘it € _relaUOQShlp between time output transistor with several smaller ones. The peak current surge is still
that as the slope (edge rate) of the signal Bééom ‘vgf d edges in the time domain shows significant, along with potential on-chip problems related to functionality if the
bandwidth of RF energy is created. A dberailed disc]zzg'abterfi; greater amount of spectral component has a large number of output drivers.
sis is ;zlfes]ented in Appendix B. reussion of Fourier transforms and analy- 4. RF voltages and capacitive crosstalk can exist during the voltage swing be-
This chif{ec{{albirmfli nuf eference i [36 harmonic spectrum of digital fogic families. 5 tTV;een logl(; :gwt - log'lcdhigh‘.h' logic state from low to high o high to |
minimizing EMI emissions Wh‘]-l« o i etemining an Op.tlmul logic family to use for T e current that is require | ‘(‘)(, ‘ange OglCﬁ a,e r‘om o .vo"u‘g ’or igh to low
amining Table 2 1 1o oot ‘1 ¢ allowing for proper functionality of the dosign. In ex- is also larger than the quiescent current. This load current is calculated to be
the cdg; rate, For %;ipolasrpti‘tctfrl:u;f)l;[i:? Li[ii??‘ii:a:ndd‘t‘mll{hl? s showm as 1/mi,, with f, being [ =C v 3.1
£ the faster of the two. The ¢ uiv:;i r. ‘ L; Vi d~ m?cﬁ- e gencmlly different. with L B
the shorter (or fuster) edge ra(je‘ eit;et ?12:1\;“((:‘3] pﬁrle:?m“:] _’”‘T'dble 1 ?s.calculatcd on where C is the sum of the distributed capacitance of the load, plus the trace ca-
fall time is commonly referred to as the(“ ,do‘f‘ - ] k, Or igh-low transition). Rise and pacitance to ground. For single-sided boards, C is 0.1 t0 0.3 pF/cm. For multi-
cdge rate” and is dependent on the device {oad- layer, C is 0.3 to 2 pF/cm, and input capacitahce is as shown in Table 3.2.

ng (ou Table 3.1 consi iti
g (output) pin. Table 3.1 considers capacitive loading at approximately 20-40 pF o rep

resent reasonably fast conditions : i
v fa s and typical board layout
;[‘“hle 3.2 shows selected churacteristics of sé\ferai logic families. H it is ob e with  fano 73 e e it ot e
served tha . S iStane : i . o L e ‘ | Q | |
) xd t? i thlc output resistance. R, of the logic gate is the current limitine pa 3 pneletyer o i st o e e
Hs detines how much drive ¢ 15 ! . l oad. on the
urrent 1s ss1ble or avy it
possible under u heavy capacitive load. or the F 5 " T
L= (Tem*0.3 X 1072F /em + 555 % 100 7F/ gate) == == 4TmA - (3.2)

cguy «”(,HLL [S1QN} Ort < e & Ve 1107171 ac itput
! t .‘»h Y \._d trace al g SpLL “( esonant fre quL”LV [ vEen i sno td e ol p
B {

time of frar siond ¢ 11 G ~ tn |ll [ nc “lb“lz‘ )
. O d v < { ’ I
* Of A NNOL ae Cra current greater thdn ‘ R l 1K curre
= he pe' k u n 18 qud[lO 0 s ‘r o

3.2 INPUT POWER CONSUMPTION supply transition cprrent, For low-‘lq—high trunsili()n§. this currcntvis added t(? the quies-

cent current. For high-to-low transition, the current 15 subtracted from the quiescent cur-

rent, since the gate is sunk to ground and the capacitive charge from the load must dis-
charge into the output driver’s gate. which appears as a short to ground.

For products that are sensitive to input current draw. such as portable electronic de-

vices powered by a battery with a limited time of operation. consideration must be made

for all components specified in the Bill of Materials. This includes all second-source com-

P YWET !P[ l v SHI SN 3 ra-
{ a MV Ira 1o
noourrents (o g aule s “PU[ S dmajor contributo O Noise ¢ enera

1011 Or [h&’ '\() NV (& . ] . ¢ O Trace [ ure { nane/vro race )
I W l W {0 ced o )] ¢ (/ ( (J \/
14 = ¢

referencey. The GV roferonee roafore
Feference refers 1o the source that s at ground potential relative o i
5 al refative o the
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ponents where alternative manufacturers provide a device for a particular function, Dif-
ferent manufacturing processes allow one device to consume more input current than an-
other, cither during quiescent operation or logic switching. The measurement, or calcula-
tion of the transient output current should be made with all device pins switching
simultaneously under maximum capacitive load. This determines the worst case condi-
tions that may exist. Consideration must also be made for usage at elevated temperatures
where input current draw may be greater than that specified in its respective data sheet.

Another concern related to radiated EMI emissions is due to the difference between
manufacturers of active digital components. Although a digital device may be form, fit,
and function compatible, differences exist in the manufacturing process {and design). Not
every manufacturer designs its components in the same way; hence, design engineers
should not assume identical results from similar components related to functionality or
EMC compliance. especially if behavioral models are used for simulation purposes.

3.3 CLOCK SKEW

With increasing performance requirements in high-technology products. greater emphasis
on the design of low clock skew circuits is required. Clock skew, the difference in time
between simultaneous clock transitions within a network at various points of arrival, is a
major component constraint that forms the upper bounds of the system clock frequency.
Reduction in system clock skew improves operational performance without having 1o re-
sort to a higher speed logic device such as ECL or GaAs.

System designers want to utilize as much of the clock cycle as possible without
adding unnecessary timing guard bands. Propagation delays of peripheral logic do not
scale with frequency. As a result. when the clock period decreases, the designer has less
time to perform a specific function with more logic devices to trigger, This is often a diffi-
cuit task to achieve. A viable option is to use a special clock source that minimizes clock
uncertamty.

To Hustrate this situation. a 33-MHz component has a clock cycle of T.oe = 30 D8,
A 74FCT240. for example. has o high-low uncertainty (L 10 1) of approximately
3.3 ns. I a pin-to-pin skew of 1.7 ns exists on the part. along with the propagational defay
within the trace. we may have only 25 ns of the clock period available instead of 30 ns.
Taking this exampie o a new level. we see that & 50-MHz system has a penalty of 25%.
This atlows for a maximum of 10% of the period permitted for clock distribution.

ifuse of multileved clock drivers is required. additional clock skew mav be added o
the cireuit. This is exactly what we want 10 avoid. Use of "multi-output.” not “multilevel.”
clock shew butters is being provided to address this problem. The drawback of these de-
vices ix thal, although they meet timing requirements in the time domain, 4 large amount
of radinted RF energy will emanate from the device package when observed in the fre-
quencey daman. Fven with the best design rechnigues implemented for suppressing of RF
caergy on a PCB. reducing radiated noise from a component is difficult, if not impossible
to elinnate. exeept through containment and use of a metal case. a erounded heatsink ., or
overall svstem shielding.

An important vonsideration when designing with a clock driver circuit is that the
specificattons provided are Tor a fixed. lumped capacitive load. With various devices on
the net. the capaciance of the transimission line may be altered from optimal conditions.

>
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hence exacerbating the creation of common-mode currents and incrfaasing ground bour‘lce.
With this situation, various loads distributed over several inches of a.P‘CB trace can con-
tribute additional delay. The system designer must use caution .to minimize total syst.em
skew. In other words. changing a clock driver to a low-skew device may not solve all tim-
ing problems. In fact, an increase in RF emissions usually occurs. '

Skew is divided into three parts: duty cycle skew, output-to-outpui skew, ‘and part-
to-part skew. Depending on the specific application. each component can be of equal or
overriding importance.

3.3.1 Duty Cycle Skew

Duty cycle skew is the difference between 7., and 7., related tg ;‘)ropa‘gat.lon de'laz
between components. This is illustrated in Fig. 3.2.. Because of the dlftere‘a‘mv}e\» )m [-wl.:ir:i
> Pulse width distortion of the duty cycle is identified as pulge SkCW.‘T}‘l.lZ s’ IL\/'V~ 1sma -
cal in applications when both edges. or when the duty cycle of the clock signal. 1s imp

tant. This is generally observed in microprocessor designs {8].
3.3.2 Output-to-Output Skew

Output-to-output skew is the difference between theA propagation del\ay of all outpt}(.s
of a clock driver. This skew is dependent on the design of the component s output ‘trans::-‘
tors being identical. If the skew between all edgesis a critical parameter. we need toadd t ,\s
time parameter to the duty cycle skew to acquire total syste‘m skew. G'ene‘:rally‘.‘ O\ftputt‘-tts-
output skew is smaller than duty cycle skew for TTL and CMOS devices. Bz?‘cause of the
near zero-duty cycle skew of ditferential drivers. {e.g.. ECL or L.VDS), a single deyme
driver provides a clock signal to a load. or when multiple load.deylce§ on .1he net g]{)m Ee
clocked at exactly the same time with respect to each other. This situation is caused by the
desien of the wafer (die) internal to the component package. Bcca‘use of the mar'lu‘ractu.r‘l.ng
procgess used. this skew will be significantly less than the propagation delay that is specified
in the device's data sheet. Figure 3.3 illustrates output-to-output skew {8).

/ *J A/
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Figure 3.2 Duty ovele skew
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OutB

OutC

Output-to-output skew

Figure 3.3 Output-to-output skew

3.3.3 Part-to-Part Skew

The part-to-part skew specification
of a devicep o min?{;:tzgkg ; i;Pethll:dt‘On“S by far .the most difficult performance aspect
manufacturing proces; Bein g ‘ odt ¢ environment in which a device is located in and the
cantly greater than duty ¢ % ihed 10 manufacture the clock driver. This skew is signifi-
ronmental conditions it iz(‘s Or output-to-output skew and is based on nonvarying envi-
ascertain the Condit{(;ns i ; ;l_sable to study carefully the data sheet on devices used to
skew specified is differen tnfrw ‘d;] the part s guaranteed to function. If the part-to-part
sume that constraints mus Om the propagation delay window for the device, we can as-
$ must exist for the device's part-to-part skew SpeCiﬁcatio;, 8] as

3.4 COMPONENT PACKAGING

and creati "4 snu
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Although it may seem minuscule, the loop area of the die, its bonding wires to a
pad, and the component leads to the PCB can become significant contributors to the cre-
ation of EML This is especially true with very-large-scale integrated (VLSI) components
and heavily populated PCBs with high-speed (edge rate) parameters. With multilayer
PCB stackups, the trace radiating loops are so small that IC leads can become a large radi-
ating antenna relative to loop area and the trequency generated within the component.

A detailed discussion on how differential-mode currents produce radiated emissions
is found in Chapter 2. Differential-mode currents are set up by the existence of a loop be-
tween components and a plane on a multi-layer board. For inductance to exist, a loop
must be present. To minimize inductance, the loop area must decrease in size. This induc-
tance includes the length of the bond wires internal to components, internal bond leads for

capacitors, resistors, and other passive components. A review using Fig. 3.4 examines

how loops create radiated emissions.

Radiated emissions
\\\

Loop area

Figure 3.4 Loop area between components.

With lead-length inductance in mind, the worst type of component packaging is the
standard TTL Dual-In-Line Package (DIP) where the power and ground pins are at oppo-
site corners. This arrangement is illustrated in Fig. 3.5.

In most PCBs, primary emission sources are established from currents flowi

tween components. Radiated emissions can be modeled as a small-loop antenna carrying
g. 3.4, A small loop is one whose dimensions are smaller

at a particular frequency of interest. For most PCBs,

ng be-

interference current shown in Fi
than a quarter wavelength (Al4)
loops exist with small dimensions for frequencies up to several hundred MHz. When a di-
mension approaches A/4, RF currents within the loop will appear out of phase at & dis-
tance such that the effect causes the field strength to be reduced at any given point.
Common-mode current is more difficult to control and normally determines the
overall emissions performance. Common mode is generally observed from cables affixed
to the unit. RF energy is determined by the common-mode potential (usually ground-
is not the same as differential-mode radiated energy. Common-mode
antenna driven by ground-noise voltage. For a
a ground plane. the magnitude of the electric

noise voltage) and
current may be modeled as a monotonic
short monopole antenna of length [ over
field strength can be measured at a distance r in the far field.

To predict the maximum electric field strength from a loop over a ground plane.
Fq. (3.3) is used [4]. Ditferential-mode radiated emissions is best controlled in the design

and layout of the PCB or product.
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4 E Vec » T.o help minimize loop area. we can_select logic components (to the extent p()s§i-
! 1 E 14 ble), with power and ground pins located in the center of the package (not on opposite
2 E / ok 2 [: j 13 corners) or physically adjacent to each other. Power pins in the center provide for optimal
3 E ] 12 3 E ] i placement of dec.touplir}g cap.acitors (w}}ep these capacitors are placeg on the bottom side
4 E :] 0 - of the PCB). Th1§ conhgur.atlorll also Tmmmmes t.race.length connecngns between the de-
5nd 4 . Q 11 Vee vice and decoupling capacitor, in addition to minimizing trace length inductance from the
5 [_—_ ] 10 5 [: 10 power and ground pins internal to the silicon wafer (die) of the package. Since a via is re-
8 D ] 9 6 E :! 5 quired tq bring both power and ground to the device (when both power and ground planes
- Gnd ] 8 . are provided in a multilayer PCB stackup assignment), these same vias can also be used

! :] 8 for the local decoupling capacitor.
Typical oo Surface-mqunt technology (SMT) components havg an a!dvantage over th.rough-
ptimal hole devices by virtue of a smaller loop area related to creation of RF currents. In Fig. 3.5,

we notice that a reduction in loop area exists when the power and OV reference pins are
Figure 3.5 Component packaging related o RI . located in the center of the device instead of opposite corners. A similar reduction i.n loop

nackaging related to RF loops—DIP configuration., area also occurs on larger packaged components where the power and ground pins are
provided adjacent to each other, as illustrated in Fig. 3.6. Adjacent power and OV refer-
ence interconnect bond wires minimize loop areas for RF currents that may be developed
and allow for enhanced flux cancellation (or minimization) between power and ground. If

Typical 14 pin DIP pinout configuration

VA U( . /) volts per meter (differential-mode) RF currents exist on power input pins due to differential-mode switching currents created

/ by simultaneously switching all pins under maximum capacitive load, a more stable 0V

- , : , 1 (3.3 : ot he avail: ; : . o
E = dma 10 (] = f /)( : ) yolts per meter (common-mode) ) reference system must be d.v;ulable. RF flux will see this alternate .re.tan. path ‘(()V refer
3 ence), thus canceling out internally generated RF currents by minimizing differential-

mode ground-noise voltage.
where £ = effective radiated field (V/m) With this consideration in mind, use of surface-mount technology (SMT) compo-
i nents is preferred to through-hole in minimizing RF emissions. This characteristic differ-
ence is due to shorter lead-length inductance from the die of the component to the circuit
trace on the PCB. SMTs by virtue of package size have smaller loop areas. Internal lead-

= loop area (cm”)
= frequency (MHz)
. the source current (mA)
= length of the trace or cable (meters)
distance from the radiating element to the receiving antenn

e ey
t

a {meters)

The maximum loop area that wiil [ iel

' 0p ¢ R not result in E-field levels to excecd a specific specif;
cation level is deseribed by Eq. (3.4), o eueet a specifc specift
380 Er

i

In free »'.puccﬂ(ly'picaily described as a minimum distance from the radiatine source -1«
wavelength. A, Jivided by 2m), radiated cnergy decreases with inverse pr;> ();timum\ l&
tance between source and antenna. The loop area on the PCB must be‘knows wlimhm 'dw
total area of the circuit between the trace and RF current return path, A cmw.olutmd ‘h'me
m:lly he. present, which is at times difficult to determine for 2 single frequency )fc'“ \hdpe
using Eq. ¢2.3). The equation must be solved for cach and every loop (diffcre'x I(I '"[”_‘“
areas) u’n.d for each frequency of interest if the full protile is to be undeﬁtmsd noopmie

. Using Eq. (3.3). we can determine if a particular routing topnl(;gy .
special attention as it relates to radiated emissions. This speciil tic

VecGnd Gnd Vce

needs 1o have
attention may involve

some or all of the f ANo ro ; R S . ! . . . . . .
e he Xmllowmg. re-routing the trace stripline, changing routing topology. lo- Typical 68 pin PQFP configuration Optimal 68 pin PQFP configuration
carmg source and 1oad components closer to cach other. or providing C\[cn{ &Y. power and ground power and ground

the assermbly (containments, al shaelding of
Figure 3.6 Pinout location o larger components.
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length inductance also exists. Inductance is a component that generates RF currents. RF TABLE 3.3 Lead-Length Inductance of Various Logic Packages
currents cause RF emissions, in addition to possibly causing signal integrity problems. :
Sometimes through-hole devices are installed on sockets. Sockets add greater lead-length Package Size and Type Lead-Length Inductance
inductance and hence create greater amounts of EMI since the loop area is increased. 14 pin DIP 20-102nH
Another design feature built into components that either promote or demote creation 20 pin DIP 34137 0H
of RF currents is the manner in which IC package leads are bonded to the PCB. An exam- 40 pin DIP 4.4-217nH
ple of two different lead bond configurations is shown in Fig. 3.7. 20 pin PLCC 3.5-63nH
28 pin PLCC 3.7-78nH
) 1.7 mm (typical) 44 pin PLCC 43-6.1nH
68 pin PLCC 53-890H
14 pin SOIC 2.6-3.6nH
20 pin SOIC 49-85nH
40 pin TAB 1.2-2.5nH
Die 624 pin CBGA 05-47nH
Wire bonded to hybrid substrate { nH
|
Typical DIP (SMT) lead bonds
1.5 mm {typical) ing a state transition from a driving source. We will now examine the magnitude of these

glitches and their effects.

3.5 GROUND BOUNCE
Die

| A major concern associated with the development of RF emissions from a digital device is
Leadless ohip carrier Figure 3.7 Lead bonding to the PCB. ground bounce. Ground bounce causes RF noise (differential-mode) to be produced by the
simultaneous switching of drivers within an IC package. By examining details within the
component, we gain a better understanding of what happens within the PCB. Differential-
mode voltages ultimately result in radiated emissions because common-mode currents are
accordingly established. To better understand this phenomenon, we will examine a compo-
nent using a micromodel analysis.

A qualitative relationship exists between ground bounce and emissions at the sys-
tem level. Designers tend to limit the noise threshold below 500mV for zero-to-peak am-
plitude of ground bounce glitches. When a ground bounce glitch exceeds a threshold
level, emissions increase, along with false triggering of components on the routed net
(poor signal quality). Ground bounce is difficult to solve especially when emissions from
a product exceed regulatory requirements. Sometimes the unit ceases to function property.
When diagnosing a signal integrity problem, EMI concerns may be climinated or reduced
when the signal integrity problem is solved.

In addition. ground bounce presents a situation in which the ground reference sys-
tem is not at a constant OV reference value. Transistors within a component package will

not sense an active signal properly if the ground reference subsystem is not stable or is
nents (smaller board size). With the use of SMT components. the decoupling capacitor constantly changing.

loop area is also reduced (see Chapter 5).

A varicty of packaging configurations exist. Almost all packages when used at high
speeds suffer from problems associated with lead-length inductance, lead capacitance.
and heat dissipation. The inductance ol individual leads within a device package creates a
problem identitied as grownd bowunce. Ground bounce causes glitches in logic inputs dur-

Although the loop area appears to be extremely small, bonding wires internal to the
package, along with the external interconnect leads, allow for significant RF paths to be
developed. Multilaver boards minimize RF currents because the loop area for the traces
are small compared to the overall inductive lead-length internal to the device. In other
words, bond wires can become signiticant antennas, especially at high frequencies or with
logic devices that operate in the sub-nanosecond range. Issues with bond wires are be-
coming more common in today’s high-technology products. With this situation, the use of
DIP packaging provides for the greatest amount of RF field development, especially if a
through-hole socket is provided. Table 3.3 presents values of lead-length inductance of
various logic packages {21.

SMTs also provide superior performance over DIP components as there is approxi-
mately a 40% reduction in package size. This translates to a 64 percent reduction in the
lead length inductance in the radiating loop between the die and the mounting pad. In ad-
dition, SMTs use less board space with corresponding less trace lengths between compo-

Ground bounce develops a common-mode potential between the device die and the purent
(PCB) image plane (OV return pathj and in this mode will couple this potential to ull device
signals by superimposition. This superimposttion can occur on both the power and ground
structure. Ground hounce is directly related to the large instantaneous current flow through
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the power supply inductance and is not due to the output capacitance or inductance of the
transmission line being driven. Ground bounce is also dependent on the physical location of
the device driver as well as the number of outputs that switch at the same time with respect to
a power and ground pad on the die. Bounce is directly related to the dlidt of the owtput driver
gate (switching speed of the pre-driver within the die circuitry).

Figure 3.8 illustrates an idealized logic circuit internal to a semiconductor. We as-
sume four leads: V, , V. V.., and V_,, The device shown is a totem-pole configuration.

e out? (€

In reality, all logic device families exhibit similar ground bounce problems at high speeds

of operation. When Switch 2 closes, the load capacitor C is shorted to ground. As the volt-
age across C falls to OV, the stored charge flows back to ground, causing a massive cur-

rent surge within the ground return circuit. This current is identified as /g cnarge-

Vee
Vin Large-output drive current
-
7 Swi / Vout
&\ sw2 o
- ~
- ~
J/ * L tead.c
VT
‘ ldischarge ‘
\ ]
L
* ' Lgnd \ s
Vgb > 7
- Gnd pin inductance T —
Vgnd
i Ground plane  fregait o

Figure 3.8 Lead inductance within a component.

As the capacitor's current is replenished with voltage and then discharged again.
working against the inductance in the ground return pin, L, a voltage V', 1s induced be-
tween the system ground plane underneath the device and the ground reference internal to
the device. The magnitude of this voltage is shown in Eq. (3.5). We identify V', as the
ground bounce voltage.

\/qh - me d]dlwhurgc
- ° dt

Another explanation of how ground bounce is created has to do with when a gate
switches from one logic state to another. Both n and p transistors of the gate are on. and
current is sunk between the power and ground planes of the PCB. This current places an
additional requirement on the power distribution network which may be insufficient for
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optimal performance. This explanation of the switching of the two transistors in the gate
being in conduction is not the most acceptable one, since the resistance between the
power rail (V) to the top transistor and from the bottom transistor to ground (Gnd) limits
the current from V _ to Gnd significantly. Thus, the primary source of the ground bounce,
in the totem-pole configuration of TTL circuits, is the load capacitance discharge to
ground through the gate.

Switching elements demand an almost instantaneous change in drive current. The
inductance in the lead bonds of the component, trace inductance, and other parasitic in-
ductance causes this instantaneous drive current to occur. The power supply assembly
cannot absorb an instantaneous change of current. As a result, a voltage difference is cre-
ated between the ground and power pins of the component and the lead bond connections.
Ground bounce will appear as noise in both the component’s power and ground structure.
Under this condition, reduced noise margin is observed which may permit false triggering
of a voltage-level sensitive trace. From a functional perspective, the noise margin is usu-
ally smaller for the low-logic state than for the high-logic state. It is the low-logic state
that is of greater concern for system-level functionality.

Usually, the measured ground bounce voltage, V,, is small compared with the full-
swing output signal voltage. Ground bounce does not often affect the transmitted signal. It
does, however, interfere with reception of the signal by the load. This is because the receiver
compares its input voltage against the internal, local OV reference. This difference appears
as a (+) input connected to a (-) input. Since the internal ground carries the V,, pulse, the ac-
tual differential voltage observed at the receiver’s input is: V,, — V. This condition is rep-
resentative of TTL circuits. CMOS compares its input against a weighted average of both
power (V) and ground. ECL components compare their input against V. Although the
topology is different between logic families, the concept of ground bounce is the same. If we
simultaneously switch N outputs from a component into N corresponding capacitive loads.
we have N times as much ground current and pulse V, grows N times larger.

Fundamentally, information is processed within a digital device by variations of
voltages between logic states. Figure 3.9 illustrates a CMOS gate and associated parasitic
impedance. In the high-to-low transition state, the load capacitance, C,, 1s assumed to be
50 pF. A 5V potential across C; equates to 250 pCoulombs (Q = CV) within the capacitor.
This charge must be transferred through the device in order to bring the load to the low
state (OV potential). During this high-to-low transition, the charge stored in the capacitor
will flow from the load through the ground pin of the device. When this happens, the rate
of change of current (di/dt) develops a voltage drop across the inductance of the ground
reference pin. This internal lead and ground return inductance can cause overshoot. under-
shoot, and even ringing in high-speed logic families.

When ground bounce occurs, the waveform depicted in Fig. 3.10 is observed. The
charge that is impressed across the PCB trace results in a common-mode voltage. It is this
common-mode voltage that causes RF emissions. Because we are unable to eliminate the
transter of charge between logic state transitions, we must limit the magnitude of the RF
current peaks. This is best accomplished by having a very low-impedance path across the
power and ground structure of the PCB.

Ground bounce gets worse under the following conditions. as a result of increased
current drawn from the power distribution network.

m Capacitive loading is increased.

® [ oad resistance is decreased.
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Figure 3.9 Typical CMOS output.

8 Lead and trace inductance is increased.

® Multiple gates (devices) switch simultaneously.

th To remove grognd pounce, several techniques are commonly used. Slowing down
e outp.ut switching nmg is the preferred method. Certain components are now being pro-
vided with clock skew circuitry to slow down the edge rate, in

‘ _ : addition to providi -
ries resistor internal to the silicon die. P nease

Other .mffmufacturers use multiple ground wire bond leads internal to the devic
packagfe. This is acceptable if the wires are evenly spaced throughout the device as 1 'de
length tnductance is decreased. Spreading the ground connections throu hout the ¢ 0.
nents is better than lumping the pins together. ¢ S

When de'51gning a PCB layout, a separate ground connection should be provided for
each ground pin directly to the ground plane. Connecting two ground terminals together

and runmr}g th.em ‘through a single trace to a common grounding point (via) defeats the
purpose of having independent ground leads,

Other methods to minimize ground bounce include

Digital switching pulse \\

_/ O\

‘\/\, ~=s—— Positive bounce

Ground bounce on ground plane / — Negative bounce

Figure 3.10  Typical ground bounce waveiorm
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1. Load control—lower the capacitance and increase resistance.

2. Lavout—minimize the inductance during layout of the PCB for power and
ground, not just the output signal traces.

3. Component packaging—use devices with a ground reference pin in the center
of the device (4 nH) instead of the comers (15 nH). Surface-mount devices are
preferred to through-hole components for this reason.

The design enhancements that a component manutfacturer may use to minimize
ground bounce for their product include the following list.

1. Decrease trace inductance for both the power/ground pins.

3%

Use double bonding wires from the die to the securement pads.
Use wider mounting pads as opposed to narrow ones.
Decrease the lengths of bond wires within the package.

S

Shorten the height of the pins or lower the profile of the package plastic quad
flat pack (PQFPs have less lead-length inductance than pin grid array [PGA]
packaging).

6. Provide a high ratio of ground pads to signal pads.

7. Provide an extra ground plane inside the component’s package.

8. Provide buried substrate capacitance for application-specific integrated circuits
(ASICs).

9. Provide for an on-chip decoupling capacitor internal to the package (built-in
power and ground plane between the die and package using the securement
glue as the dielectric material).

10. Locate power and ground pins adjacent 1o cach other. preterably in the center of
the device so that inductance can cancel magnetic {lux lines and miniouze de-
velopment common-mode currents.

i1, Provide Low Inductance Capacitor Array (LICA) capacitors internal to Mulu-
Chip-Module (MCM) packaging.

12. Use low-inductance flip chip packaging.

3.6 LEAD-TO-LEAD CAPACITANCE

A factor that affects the RF emission protfile of a component. in addition to lead-length in-
ductance. is stray capacitance between adjacent pins internal to a device. Noise voltages
can couple between pins and cause functuionality concemns to exist, What really oceurs in
this situation is crosstalk. 1f a high RF spectral profile signal is created within a compo-
nent, and capacitive couphing oceurs on an adjacent pin {lead) or trace. it becomes ex-
tremely difficult to isolate and implement design enhancements for both signal integrity
or regulatory compliance issues. An illustration of capacitive coupling that occurs be-
tween component teads is shown in Fig. 311

The percentage of crosstalk that exists between two pins is described by Eq. (3.6,
Capacitive crosstalk becomes more pronounced as the rise times hecome shorter (faster
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Figure 3.11 Capacitive coupling between
component pins.

edge rate). Crosstalk is also made worse when high-impedance transmission lines are pro-
vided to the circuit. A high-impedance transmission line adds more capacitance, which
contributes 1o the overall performance of the device. A detailed discussion of crosstalk is
presented in Chapter 7, which gives us a better understanding of this equation.

zC
Crosstalk = & (3.6)
- 1090
where C,, = mutual capacitance between lines | and 2
V4 =

the parallel impedance of the trace and terminator (Z |IR,)
Tiy.90= the 10-90% edge rate of the signal on the output pin

3.7 GROUNDED HEATSINKS

Grounded heatsinks, a new concept in PCB suppression, finds use in specific applications
and for certain components. Grounded heatsinks are sometimes required when using
VLSI processors with internal clocks in the 75-MHz range and above. These CPU and
VLSI components require more extensive high-frequency decoupling and grounding than
do most other parts of a PCB.

New technology in wafer fabrication easily allows component densities to exceed 1
million transistors per die. As a result, some components consume 15 watts or more of
DC power. Certain components which exceed 15 watts of power and require separate
cooling provided by a fan built into their heatsink or by location of the device adjacent to
a fan or cooling device. Since these high-power. high-speed processors are being imple-
mented in more designs, special design techniques are now required for EMI suppression
and heat removal at the component level.

When we examine the function of a heatsink in the thermodynamic domain. we see
that removal of heat generated internal to the processor must occur. Components that dis-
sipate large amounts of heat are usually encapsulated in a ceramic case since ceramic
packaging will dissipate more heat than a plastic package. Ceramic cases also cost more.
Certain components. due to large junction temperatures between internul gates, generate
more heat than the ceramic package can dissipate; hence, a heatsink is required for ther-
mal cooling.

Having briefly discussed the tunction of heatsinks in the thermodynamic domain,
we now examine the metal heatsink in the RF domain. For proper thermal implementation
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and use of heatsinks, a thermal conductor (silicon compound or mica insulation) is pro-
vided. This compound is generally electrically nonconductive. This conductor contains
excellent thermal properties for transferring heat from the component to the heatsink. Ex-
amining metal heatsinks in the RF domain, we observe the following characteristics, illus-
trated in Fig. 3.12 and Fig. 3.13.

®» Wafer dies operating at high clock speeds generally 75 MHz and higher generate
large amounts of common-mode RF current internal within the package.

= Decoupling capacitors remove differential-mode RF current that exists between
the power and ground planes and signal pins.

m Certain ceramic packages contain solder pads on top of the package case to pro-
vide additional differential-mode power filtering required by the large power
consumption in addition to high-frequency decoupling. Decoupling capacitors
minimize ground bounce and ground-noise voltage created by the simultaneous
switching of all component pins under maximum capacitive load.

® The wafer (or die) internal to the package (Fig. 3.13) is located closer to the top
of the case (dimension “X”) than the bottom of the package (dimension “Y”).
Therefore, height separation from the die to an image plane internal to the PCB is
greater than the height of the die to the top of the package case and heatsink.
Common-mode RF currents generated internal within the wafer have no place to
couple to OV reference; hence, RF energy is radiated into free space. Differential-
mode decoupling capacitors will not remove common-mode noise created within
the component.

® Placing a metal heatsink on top of the component provides a 0V reference (image
plane) closer to the wafer than the image plane on the PCB. Tighter common-
mode RF coupling occurs between the die and heatsink than between the die and
the first image plane of the PCB.

s Common-mode coupling that occurs to the heatsink now causes this thermody-
namically required part to become a monotonic antenna, perfect for radiating RF
energy into free space.

The net resuit of using a metal heatsink is the same as placing a monotonic antenna
inside the product to radiate clock harmonics throughout the entire frequency spectrum.
To deenergize this antenna, the heatsink must be grounded. Although this concept 1s very
simple to understand. it is virtuallv ignored within the field of PCB design for RF energy
suppression.

A VLSI component can be an effective radiator of RF energy. Adding a heatsink
adds yer one more design parameter when considered in the frequency domain and not
just within the thermodynamic domain. In general. as the size of the heatsink increases,
radiation efficicncy increases. The maximum amount of radiation will occur at different
frequencies depending on the geometry of the heatsink and self-resonant frequency of the
assembly if the heatsink is a metallic structure.

Heatsinks must be grounded to the ground planes (or OV reference) of the PCB by a
metal connection on all four sides. Use of a fence (similar to a vertical bus bar) from the
PCB (o the heatsink will encapsulate the processor. This fence will create a Faraday
shield around the processor, thus preventing common-mode noise RF energy internal to
the package from radiating into free space or coupling onto nearby components, cables.
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L = Package lead inductance
C1 = Distributed capacitance from the die to the ground plane
C2 = Distributed capacitance from the heatsink to the die
C3 = Distributed capacitance from heatsink to ground plane or chassis

Typical self-resonant frequency of VLS| processors is approximately 400 to 800 MHz with heatsink.

Figure 3.12  Grounded heatsink theory of operation.
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Figure 3.13  Grounded heatsink implementation.
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peripherals, or into aperture slots. A technique for providing grounding of the heatsink is
shown in Fig. 3.14.

Reduced Instruction Set Computing (RISC) processors or VLSI components gener-
ally have a high self-resonant frequency that is a combination of the manufacturing
process and internal clock speed, in addition to the impedance present in the power planes
during maximum power consumption. As a result, VLSI components radiate RF energy
more than many other components if RF suppression techniques were not incorporated by
the component manufacturer. Any attempt to remove this self-resonant RF frequency
using standard design suppression techniques is almost impossible except through use of
the heatsink as a common-mode decoupling capacitor.

Mounting channel
for the heatsink

Thermal compound

77777

Component

: “=8——— Mounting fence
-I-lllliI|IIIIIIIlIiIII\I|IIIlIIIlIlllIl- | _i=®— Ground plane

Figure 3.14 Grounding the heatsink.

This heatsink is generally used in conjunction with both differential-mode capaci-
tors located on the top of the components’ ceramic package, if provided, in addition to the
standard differential-mode capacitors located under the component directly on the PCB.
A differential-mode decoupling capacitor connects directly between the power and
ground planes to remove switching noise from these planes. A common-mode decoupling
capacitor provides an AC shunt to remove CM noise generated internally from the die to
the ground reference system.

A grounded heatsink must always be at ground potential. The active component is
always at RF voltage potential. The thermal compound is a dielectric insulator between
two large plates. The definition of a capacitor is fulfilled. Thus, a grounded heatsink
works as one large common-mode decoupling capacitor, while optional discrete capaci-
tors located on top of the device package or directly on the PCB are used for differential-
mode decoupling. This common-mode capacitor shunts RE currents generated within the
processor to ground.

Using a grounded heatsink creates

I. A thermal device to remove heat generated internal to the package.

2. A Faraday shieid to prevent RF energy created from the clock circuitry internal
to the processor from radiating into free space or corrupting adjacent circuitry.

3. A "common-mode” decoupling capacitor that removes common-mode RF cur-
rents generated directly from the die, or the wafer, inside the package. by AC
coupling RF energy from the die to ground.

If a grounded heatsink is implemented, the grounding fingers of the fence (spring
fingers or other PCB mounting method employed) must be connected to all ground
planes, or the OV reference structure in the PCB on at least 1/4 inch (0,125 cm) centers
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around the processor. At each and every ground connection, install two sets of parallel de-
coupling capacitors, alternating between each ground pin of the fence with 0.1 pf in paral-
lel with 0.001 uf, and 0.01 pf in parallel with 100 pF. RF spectral distribution from RISC
processors and similar components generally exceed 1-GHz bandwidth. RISC or VLSI
processors also require more extensive multipoint grounding around all four sides of the
processor than most other types of components. These capacitive values complement the
approximate A/4 mechanical size of typical heatsinks, making them efficient suppressors
of EMI spectra.

3.8 POWER FILTERING FOR CLOCK SOURCES

Oscillators are one source of radiated emissions. The output of their periodic waveform is
transmitted down a PCB trace to a load. Depending on the layout of the PCB, component
placement, trace routing, decoupling, impedance control, and other items related to flux
cancellation or minimization, emissions will either exist or be a nonissue related to EMC
compliance. In addition, signal integrity concerns must be considered.

In some situations, oscillators (clock generation circuits) will inject RF currents on
to a PCB trace. This is in addition to ground bounce that occurs as a result of poor decou-
pling or power supply immunity. If the oscillator is located within a noisy environment,
additional power supply filtering will be required. The amount of this filtering is depen-
dent on how much reduction in jitter must be achieved. Jitter is a small, rapid variation in
the waveform owing to mechanical vibrations, fluctuation in supply voltages, and conirol-
system instability. Basically, clock jitter refers to any deviation of a clock’s output transi-
tion from their ideal operating condition. Trying to determine a precise value for jitter re-
duction is nearly impossible for the following reasons.

|. Different manufacturers of oscillators have different power requirements, along
with a difference in actual edge rates. Although the oscillators may have the
same frequency, not all oscillators have the same AC or DC characteristics.

2. Jitter performance is generally not provided in their respective data sheets or
application notes. Each manufacturer of oscillators will have a different jitter
requirement.

Y

RF noise in a system changes when different brands of integrated circuits are used.

To minimize ground bounce and enhance power supply noise reduction. use of a filter
circuit is required (see Fig. 3.15). These circuits will achieve a reduction of up to 20 dB in
the frequency range above 20 MHz. Use of a two-stage filter will double the attenuation.

It is mandatory to physically locate the filter circuit as close as possible to the
power input pin of the oscillator circuit to minimize RF loop currents. Depending on the
frequency of the oscillator, a current ioop could be present causing radiated emissions.
Use of surface-mount devices is preferred over through-hole devices due to less lead-
length inductance in the component package.

Two methods can be used to provide power filtering for clock sources. One in-
volves use of an RLC circuit, the other a ferrite bead and capacitor combination, dis-
cussed below.
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Figure 3.15  Sample filter circuits for oscillators.

A large inductor or capacitor value will enhance the filter’s attenuation at lower fre-
quencies if this filter method is used. For any combination of L and C. to achieve 20 dB of
attenuation, Eq. (3.7) is used.

3.2
Jroas = 7
’ VLC
where fis frequency in hertz.

If a resonance occurs in this LC circuit, reduction of the Q of the circuit may be re-
quired. This is best accomplished by use of a resistor. This resistor prevents a particular
resonance from occurring and is calculated by Eq. (3.3).

k= (o
> \/C ohms) (3.8)

With cither filter. the oscillator is forced to draw transient current from the local de-
coupling capacitor. The regular decoupling and bulk capacitors located throughout the PCB
would be unable to provide the fast-transient current required by the oscillator due to induc-
tance in the power path. This local filter would keep the current loop (power and ground)
from the power input circuit small. thus preventing this localized circuit from infecting the
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rest of the board. The path for the transient current surges would only be from the local fil-
ter capacitor to the IC’s power pin and out the IC’s ground pin back to the negative side of
the capacitor, a relatively small loop. This small-current loop description is applicable not
only for oscillators, but also for all components that require this type of filtering.

If a ferrite bead-on-lead is provided in place of the inductor, we can eliminate the
resistor. This is because the bead-on-lead at DC provides low inductance. Since the oscil-
lator or clock generation circuitry is usually above 10 MHz in today’s products, high-
frequency RF energy will be prevented from entering the system’s main power distribu-
tion network and corrupting other functional circuits. The local capacitor provides only
decoupling to recharge the power rail for the localized oscillator circuitry. This filter com-
bination minimizes power consumption surges and prevents the possibility of infecting
the entire power distribution circuit with RF energy created by the oscillator package.

Caution: Use of some ferrites in power or ground can interact with the output sig-
nal’s return image in the plane and alter signal quality.

3.9 RADIATED DESIGN CONCERNS

FOR INTEGRATED CIRCUITS

Recent advances in integrated circuit (IC) components such as microprocessors, digital
signal processors, and application-specific integrated circuits (ASICs) have become sig-
nificant sources of electromagnetic noise. In recent years, clock rates have increased from
25 and 33 MHz to 200 through 500 MHz. Along with the increase in clock rates. there is a
corresponding increase in dynamic power dissipation due to switching currents that ex-
ceed 10 watts on a typical VLSI device. Individual circuits, when isolated by themselves,
generally do not radiate enough RF energy to exceed mandated regulatory limits. The RF
energy that is created is frequently coupled into structures within a product assembly,
which will then cause EMI problems to be observed.

These structures and assemblies include cavities created by metallic enclosures,
apertures, connected cables. and the like which enhances lower-frequency emissions.
Heatsinks are a prime source of radiated RF energy. discussed earlier.

The reason why some, not all, manufacturers of components do not place a high pri-
ority on EMC or radiated noise coupling (requiring the end user to accept the responsibil-
ity of solving emissions along with ground noise or ground bounce) is based on the fol-
lowing wish-list. These noncompliant. wish-list components are designed for

I. “Infinitely” fast rise times (Zero rise times).

2. Unlimited fanout drive (unlimited power output).

With these two items, it becomes even more important to recognize that these con-
ditions exist. Not all manufacturers produce the same product, although they may be
form. fit. and function compatible. Noncompliant components must be handled with care
using the following techniques.

1. Keeping short lead-lengths (lower the output loop area).

2. Keeping clock signals away trom 1O circuitry and lines (prevents coupling).
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3. Raising the output resistance of a clock trace with a series impedance (resistor
or ferrite bead).

To address these problems of noncompliant components. EMC engineers must ad-
vance state-of-the-art principles by implementing EMI suppression techniques for ICs.
These techniques must keep up with higher speed designs. Design and cost margins play
an important part in determining how a solution will be implemented. Engineers must be
able to predict radiated emissions using specialized tools and simulation programs. The
main problem that exists with simulation analysis is finding appropriate tools, including
the development of behavioral models that reflect IC parameters (actual and parasitic)
along with proper voltage and current impulse (surge) characteristics.

Various studies have been performed to determine the difference in characteristic
radiated emissions between ICs. These differences include packaging, layout, logic fami-
lies. and different vendors for the same device. Recorded measurements show differences
of up to 10 dB between different versions of the same device. An example of this differ-
ence is seen in Table 3.4 [3].

Various efforts by numerous companies involved in simulation and modeling are
underway to calculate radiated emissions from components. These emissions are gener-
ally common-mode which makes it difficult to model. In contrast. differential-mode cur-
rents are easy to simulate and model. Efforts are in process to determine efficient methods
of measurement techniques. Until research is available, calculating radiated emissions
from ICs will remain a subject for adventurous engineers.

Radiated emissions from components can be reduced through use of the following
design techniques:

® Reduction of package size: antenna efficiency (lowers the eftective area of radiation).

8 Reduction of high-trequency energy created within the die structure.

® [solation of RF noise produced from the die to any 1C pins that connect o exter-
nal circuitry.

Selected combinations of these technigues must be used in order to reduce radiated
emissions. This includes designing the component to have interconnect pads on the sub-
strate adjacent to each other for power and ground to minimize ground bounce. Edge rate
control must be implemented on periodic clock signals {series resistance or equivalent
technique) to reduce high-frequency RF coupling onto adjacent traces or other metallic
structures, Lower impedance bond wires must also be provided.

To minimize radiated emissions from components. see Table 3.5,

TABLE 34 Radiated Emissions Between Vendors

Radiated electric field strength «dBuVimy at 3 m

Frequency Vendor A Vendor B
M MH, 2K AR
40 MH, 275 3.0
S0 MHs 230 IR0
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TABLE 3.5 Design Concerns to Reduce Radiated Emissions from Components

Reduce Radiation Efficiency

Reduce Coupling and Crosstalk Reduce High-Frequency Switching Energy

Use a smaller package size

Use a ground plane inside

the package

Use additional ground/power
leads near the clock source

Use a shielded package

Group signals and power

leads together

Use low-inductance bond wires

in the package

Use more ground pins placed
strategically around the device

Use drivers with the slowest edge
rate acceptable for proper operation
Use small distributed clock drivers
instead of a single driver

Isolate areas on the die where necessary
which contain clock logic

Use drivers with the lowest drive
voltage possible

Use split power-ground structures to isolate
clock noise

Use the slowest clock rate possible Separate areas on the die where isolation
is required

Use current limiting resistors Isolate signal leads with ground wires

Reduce die trace capacitance

Use differential clock drivers

Separate I/Q ports from clock pins

3.11 SUMMARY FOR RADIATED EMISSION
CONTROL—COMPONENT LEVEL

The following recommendations wiil help minimize the amount of RF energy that is cre-
ated from use of certain logic devices, especially digital logic.

(1]

® Select devices that consume less input current during logic transition states. Of
concern here is the maximum inrush current of all component pins switching si-
multaneously under maximum capacitive load, not the average or quiescent
value,

m Use the slowest logic possible for the function required. Although slower speed
devices are becoming more difficult to procure, a best attempt effort is required
to prevent use of sub-nanosecond devices for common logic functions.

® Select logic devices with power and ground pins located in the center of the
package, with both power and ground pins adjacent to each other.

® Use devices with metal enclosed packaging (oscillators). Ground the metal case
or package to the OV reference with as many low-impedance via connections as
possible.

8 For devices that contain ceramic packaging and a metal slug on top, provide for a
grounded heatsink. Conceptually, this can be incorporated in certain products;
however, it may be difficult, if not impossible. to implement.
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Image Planes

4.1 OVERVIEW

In any digital system, especially with high-speed components (fast edge rate), a low-
impedance (low-inductance) RF return current path must be present for optimal perfor-
mance. As examined in Chapter 2, a closed-loop network is required for reasons of func-
tionality. This closed-loop network is required for both time and frequency domain
aspects of the circuit. All components and all possible trace or wire interconnects that
exist must operate in an environment in which the RF return currents find their way back
to their source (low-impedance path).

Since RF currents must return to their source (closed-loop circuit), they will do so
using any path possible. We must control all return currents using conductive paths. An
alternate conductive return path is better than no path at all. If no conductive path exists,
free space becomes the path. Free space is exactly what we do not want as a return path
tfor RF currents, especially with regulatory compliance concems.

Examining Fig. 4.1, we see that the RF return currents do not have an optimal return
path home. Assume that the components are tied to a voltage reference source only by
traces to the power supply structure. In the time domain, functionality concerns are met,
and the circuit works. The RF return path occurs through the ground wires that provide
the OV reference to the circuit. Why should digital designers worry about EMC issues
when the circuit operates per marketing specification and logic signals travel from source
to load without functional degradation?

As discussed in Chapter 2, time and frequency domain aspects of a circuit must be
considered simultaneously. Return currents (DC voltage reference) occur through the
power and 0V reference (ground) structure of the PCB. These return currents exist in both
the time and frequency domain for each and every trace. While a single-sided PCB may
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EMI ﬁ

—

-
ESD
Clock (100 MHz)

AN~

Single-sided board

What's wrong with this circuit layout?

Figure 4.1 Typical PCB design without an RF return current system.

be a cost-effective implementation of a design (which will maximize profits), the proba-
bility is high that this simple configuration will not pass various EMC test requirements.
Adding a ground plane (two-layer board), or making the assembly a four-layer design will
enhance the overall performance of the assembly related to signal integrity and EMC
compliance. While cost is being taken out of the PCB by using a single-sided design, al-
ternative methods of EMC compliance may be required, which may include adding an ex-
pensive metal cover or metalized plastic enclosure.

In addition to maximizing radiated emissions between two components, the PCB
becomes sensitive to ESD events. A high-current pulse, along with its effective radiated
field. will see a lower impedance provided by the PCB than that observed by free space.
This radiated tield becomes impressed into the trace. Component failure may occur by
damage to the die internal to the component package. In addition, a functional glitch may
also occur, degrading the performance of the product.

High-technology CMOS products are sensitive to ESD events. This sensitivity re-
quires special handling during the assembly cycle. vet protection against ESD on the PCB
is frequently not considered. especially if cost has to be added to the board.

A good OV reference (ground) system is the foundation of any digital PCB. If the
0V reference system is poor, it becomes difficult to fix an EMI problem when one
develops. Indeed. a poor OV reference implementation may be the actual cause of the
problem. The only remedy is to redesign the board or start the design over from scratch.
Adding in two more layers to a double-sided PCB. for example. a power and ground
plane. requires only minimal work. vet will achieve improvement between 10 to 20 dB on
radiated emissions as documented in numerous EMC publications. textbooks, and techni-
cal papers (not identified) herein. (For a sample list of publications, see References at end
of this chapter and the Bibliographv.

EMI test failures can negate the cost-effectiveness of using less expensive double-
sided boards. An extra round of EMC tests (emissions and immunity), redesign and relay-
out. and a prototype build for functionality testing, tying up engineering resources and
adding many weeks of delay to the schedule. can casily result in costs exceeding tens of
thousands ot dollars. An incremental cost in adding two more layers may be cheaper than
trying to maintain a double-sided structure. Depending on the number of boards to be pro-
duced. a cost saving may occur using multilayer boards. In one experience, $50,000 was
spent 1n additional engineering resources to optimize a double-sided board—all in an ef-
fort 1o save $10.000 in production costs. Management must consider these financial val-
ues betore making a decision to remain with an ill-considered destgn.

Taking this concern to the next level, we may find an indefinite number of parallel
return paths. This is because many interconnects occur between components, along with
connection into a power distribution network. Since a large number of return paths may
be present, we can take advantage of this feature and convert “infinity” to one (s — 1),
This number one (1) is identified as an image plane. We generally refer to the OV refer-
ence structure of the PCB as a ground plane. In ECL systems, the power plane is referred
to as the OV reference. In reality, any copper laminate in a multilayer stackup provides a
return path with minimal impedance for RF return currents. Since RF retumn currents flow
on the copper laminate in the first level using skin effect, the voltage potential (e.g., +5V,
+12V, etc.) is not a major concern, except under certain operating conditions. The disad-
vantage of using a multilayer board lies in cost. For many applications, use of a multilayer
design is not economically possible. For this situation, an alternate and effective return
path for RF return currents must be established, perhaps through use of a gridded ground
system, ground traces, or other creative means, as described later.

Discussion of multilayer boards is predominant in this chapter because technology
is evolving at a rapid rate. There is practically no such thing as a slow-speed logic device
anymore. Manufacturers of components are constantly improving their yield production
using a “die shrink” process. To accomplish die shrink and increase yields, in addition to
making their circuit desirable for use in a competitive marketplace, an increase in operat-
ing speed becomes mandatory. In addition, the lithography line widths within the die be-
comes smaller, with a corresponding increase in speed and faster edge rate.

Most “component vendors” concern themselves only with profit, not with EMC
compliance. It is generally not a priority issue for these component vendors to recognize
that their customers (users) are required, by law in many cases, to have their end product
comply with emissions and immunity requirements. According to many component ven-
dors, components do not cause EMIL. Their components are always used with other com-
ponents on a PCB; hence, many vendors consider themselves exempt from regulatory
compliance concerns. A faster edge rate device will still work in slower speed products.
Why. then. should semiconductor vendors worry about retooling their equipment 1o build
a slower speed device when a faster device can be made available for less money and be
pin-for-pin compatible?

A brief discussion of single- and double-sided boards will be presented for com-
pleteness. High-technology products require use of multilaver stackups.

4.2 5/5 RULE

The 5/5 rule' indicates when use of multilayer boards becomes necessary. The rule states
that when clock speeds in excess of 5 MHz, or when rise times faster than 5 ns exist, a
multilayer board should be used as the “crossover” point. beyond which [aster edges and
higher frequencies proportionally merease the need for multilaver boards. With proper de-
sign and layout techniques. the /5 rule can be changed to use faster clock and edge rates.
only if the designer is aware of the problems that can exist when using these faster cdge
rate devices and high clock speeds. The designer must have extensive experience in de-
signing high-technology products using a simpler board stackup assignment. This is an
extremely difficult task to accomplish with minimal cost 2] .

"The 3/5 rule und definttion were first used hy Darvl Gerke and Bil Kimmel {31
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4.3 HOW IMAGE PLANES WORK

In Chapter 2, we examined the need for flux cancellation or minimization. Image planes
provide flux cancellation or minimization by allowing RF return currents to image back
along its source path differentially. Here the term differentially describes the phase rela-
tionship between the signal and its return image. A detailed discussion of common-mode
and differential-mode currents is found in Chapter 2. When an RF return path is placed in
close proximity to a wire or trace, magnetic lines of flux which are opposite in polarity
cancel each other out. We now examine the physics of this discussion.

When current travels through a PCB trace, an electromagnetic field is generated by
magnetic lines of flux created within the transmission path. Maxwell’s equations describe
the development of an electric field from magnetic lines of flux, and vice versa. Depend-
ing on the length of the routed trace, radiated emissions may be created. Traces and cop-
per planes have a finite amount of inductance. This inductance inhibits current buildup
and charge whenever a voltage is applied to the trace or transmission line.

Research has shown [6] that if a two-wire transmission line is slightly unbalanced,
the trace will radiate as an asymmetrical dipole antenna. This unbalanced structure will
create common-mode radiated emissions at levels much greater than the differential-mode
radiation that exists within the closed-loop circuit, detailed in Chapter 2.

Before examining how an image plane works within a PCB, the following briefly
summarizes the difference between various types of inductance within the board struc-
ture [2]. These are

Partial inductance: the inductance that exists in a wire or PCB trace.

Self partial inductance: the inductance from one wire segment relative to an infinite
segment.

Mutual partial inductance: the effects that one inductive segment has on a second
inductive segment.

4.3.1 Inductance

At any frequency, a conductive clement such as a wire or PCB trace exhibits induc-
tance. The distributed inductance, capacitance. and resistance of traces. vias, and planes
on a PCB must be considered at the same time as lumped parameters of all circuit compo-
nents. The most difficult paramcter to investigate or quantify 1s inductance. Unlike capac-
itance and resistance. inductance is a dynamic property of a closed-loop current path.

Inductance is defined as the ratio of total magnetic flux that couples (passes
through) a closed-loop path to the amplitude of the current that produces the magnetic
flux. Inductance is described by Eq. (4.1).

i i .
L. = 5,’ henries (4.1

!

where W = magnetic flux and 7 15 the current in the toop structure. If the wire is configured
in a closed-loop circuit, the inductance is a function of loop geometry as well as the shape
and dimensions of the wire itself.

The inductance of a wire or PCB trace is frequently overlooked when designing a
PCB. Inductance is always associated with a closed-loop circuit. To describe the cffects
of inductance on a loop circuit, we must examine the effects of parrial inductance and
mutual partial inductance.

4.3.2 Partial Inductance

Partial inductance is defined as the internal inductance of a conductor due 10 mag-
netic flux that is present within the conductor [2]. But this definition is not entirely
frue.

Inductance is defined only for closed-loop circuits. To simplify the need to study
partial inductance, we investigate separate sections of a current loop. This approach al-
lows investigation of the overall effect that a transmission path has in a circuit. To lower
the overall inductance of the circuit, or circuit geometry, it is first necessary to reduce the
inductance of the section that has the greatest amount of inductance. Reduction may occur
by shortening a routed trace length, removing vias, increasing the width of the conductor,
or other methods, including trace reorientation. Partial inductance is useful for estimating
the voltage drop across part of a circuit due to the inductance of that particular section.
Care must be taken since the voltage drop or potential difference is not uniquely defined
in the presence of time-varying fields.

The total partial inductance of a closed-loop segment is the sum of all sections. This
is shown by

n
— | — k [ (A
L =L + Lpamal segment? (R, Lpum:)l segment 2 Z Li 4.2)

r=1

1otal partial segment |

With Eq. (4.2), the staric current within each segment is identical. L, 1s the total flux of
current in the loop. With this information. we can define partial inductance for a particu-
lar segment as the ratio of flux coupling to the current within a particular segment,
Eq. (4.3).

e

/ o flux due to segment "7 that couples the loop
[ = -

“partiai seginent ]

. . . v 13
amplitude of the current in segment |

The concept of partial inductance is for a single loop. Obviously, different loops will have
different values of partial inductance.

The total internal inductance of a conductor will decrease, but the internal imped-
ance still increases with the square root of the frequency owing to skin etfect. Because of
skin effect, the inductance that exists within the center portion of the conductor plays a
minor role in the overall inductive performance of the conductor. The parameter of inter-
est is the partial inductance, which is frequency-independent. not the total inductance ot
the trace. With knowledge of frequency independent inductance. the mutual inductance
between two parallel conduciors (or o trace over image plane) can be determined by the
general equation, Eq. (4.4). A more detailed presentation of partial and mutual partial in-
ductance is provided in Eq. (4.5
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4.3.3 Mutual Partial Inductance

Mutual partial inductance {2,6,9] is the key element that allows an image plane to
provide for flux cancellation. Flux cancellation occurs by allowing magnetic lines of flux
to link and find an optimal return path for RF currents.

Self partial inductance applies to a given segment of a loop independent of the loca-
tion or orientation to any other loop segment. Given a current within a wire or trace, a
nominal rectangular loop is defined, bounded by the wire segment on one side and infin-
ity on the other side. These two perpendicular wire segments extend from the ends of the
segments into infinity. This is illustrated by Fig. 4.2. Since self partial inductance is pre-
sent between a wire segment and an infinite structure, we can develop the concept of mu-
tual partial inductance [9] .

Consider an isolated conductor (or trace), length L, carrying current /. The self par-
tial inductance of the conductor, L, is the “ratio of net magnetic flux generated by a cur-
rent / passing through the loop (or between a conductor and through infinity, beyond the
trace), divided by the current / within the wire segment” [2].

Self partial inductance is, of course, theoretically independent of the proximity to
adjacent conductors. Closely spaced conductors, however, can alter the self partial induc-
tance of one or both of the conductors. This is because one conductor will interact with
the other conductor and cause current distributions over the entire length of the conductor
to deviate from a uniform condition. This typically occurs when the ratio of wire separa-
tion to radius is less than approximately 5:1. A separation radius of 4:1 for two identical
wires means that a third wire may fit between the two original wires if the wire radius is
identical [2].

Between two conductors, mutual partial inductance exists. Mutual partial induc-
tance, M, is based on the distance spacing between parallel traces or wire segments. The
distance, s, is the ratio of “magnetic flux due to current in the first conductor that passes
between the second conductor and into infinity” to “the current in the first conductor that
produced it.” Mutual partial inductance is observed in Fig. 4.2 with the electrical
schematic detailed in Fig. 4.3. The voltage developed across the conductors from this con-
figuration is described by Eq. (4.4) {2] .

To infinity ; Ta infinity !

/

—

[wire segment2 |

| N
Wire segment Wire segment 1

Self partiai inductance Mutual partial inductance

Figure 4.2 Loop area defining selt and mutual partial inductance.
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Figure 4.3 Mutual partial inductance between
two conductors. Note: Any trace or conductor contains inductance
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With the concept of mutual partial inductance, consider the two traces in Fig. 4.3
are now carrying a signal of interest, for example, clock. The trace identified as V| is the
signal path, and the trace identified as V, is the RF current return path. Assume two con-
ductors constitute a signal path and its associated return sothat [, =/ and /, =], = —-I. If
there is no mutual coupling between two conductors, the circuit cannot function, for a
closed-loop circuit will not exist (Chapter 2). The voltage drop within the circuit of Fig.
4.3 becomes

, dl
vV, = (Lpl - Mp) ;j’[’

4.5
P 4.5)

dl
2 2 M,;) E
According to Eq. (4.5), in order to reduce the voltage drop across a conductor, we must
maximize the mutual partial inductance between that conductor and its associated conduc-
tor within the same circuit. The easiest way (0 maximize mutual partial inductance is to
provide a path for RF return current as close as possible to the signal trace. The most opti-
mal design technique is use of an RF return plane located adjacent to the signal trace with
the smallest distance spacing that is manufacturable. An alternative way to maximize mu-
tual partial inductance for single- and double-sided PCBs is to provide an RF return path
(trace) adjacent to the signal trace with a distance spacing that is as small as possible.

To view the effects of both partial and mutual partial inductance, consider two
traces or a trace over a plane. Partial inductance will always exist in a conductor (by de-
fault), and inductance will equate to an antenna at a specific resonant frequency. Mutual
partial inductance minimizes the effects of partial inductance. By locating two conductors
close together, the individual partial inductance becomes minimized, which is a desired
design requirement for EMI compliance within the boundary of an “image” between the
conductors.

To optimize mutual partial inductance, the currents in the two conductors must be
equal in magnitude and opposite in direction. This is why image planes (and ground
traces) work as well as they do. Because mutual partial inductance exists between two
parallel wires, a certain amount of inductance will be present. Table 4.1 provides details
on the mutual partial inductance between two parallel wires with various spacings [2].

Since mutual partial inductance was examined for signal traces, how does this in-
ductance relate to power and ground planes separated by a dielectric material? The mutual
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TABLE 4.1 Mutual Partial Inductance Between Two Parallel Wires

Common Length

Conductor Separation l inch 10 inches 20 inches
1/2in. (1.25 cm) 3.23nH 137.9 nH 344.9 nH
1/4 in. (0.63 cm) 6.12nH 172.4 nH 414.7 nH
1/8 in. (0.32 cm) 932 nH 207.3nH 484.8 nH
1/16 in. (0.16 cm) 127 nH 242.2nH 555.0 nH

partial inductance between planes is maximized when the distance spacing is minimized.
In addition to minimizing mutual partial inductance, interplane capacitance is increased,
which is desirable for reasons detailed in Chapter 5. When we maximize the mutual par-
tial inductance between the power and ground planes, RF signal currents that are observed

within the power distribution plane are canceled out by equal and opposite RF return cur-
rents.

4.3.4 Image Plane Implementation and Concept

A solid plane can produce common-mode radiation. Figure 4.4 illustrates what an
image plane structure looks like within a PCB assembly along with mutual partial induc-
tance. In Fig. 4.4, the majority of the RF currents within the signal trace will return on the
plane located directly below the signal trace. Within this return “image” structure, the RF
return current will encounter a finite impedance (inductance). This return current pro-
duces a voltage gradient, which is referred to as ground-noise voltage. Ground-noise volt-
age will cause a portion of the signal current to flow through the distributed capacitance
of the ground plane [6].

Common-mode currents, /. are typically several orders of magnitude less than
differential-mode currents, /,,. However. common-mode currents (/, and /_) produce

o

Signal t
Cstray gnal trace

Vs
y
— -
A
Ground plane ‘ .V

The currents in the return path may also be identified as 12.

Figure 4.4 Schematic representation of a ground plane within a PCB.
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higher emissions than those created by differential-mode currents (/, and /). This is be-
cause common-mode RF current fields are additive, whereas differential-mode fields tend
to cancel [6,7,8].

To reduce ground-noise voltage, it is necessary to increase the mutual partial induc-
tance between the trace and its nearest image plane. Doing so provides an enhanced return
path for signal return current to mirror image back to its source. We calculate ground-
noise voltage V,,, using Eq. (4.6):

1

b e

gnd e dr ¢ E (46)

where in Fig. 4.4 and Eq. (4.6)

L, = partial self-inductance of the signal trace

M, partial mutual inductance between signal trace and ground plane
L, partial self-inductance of the ground plane

M, = partial mutual inductance between ground plane and signal trace
Corav distributed stray capacitance of the ground plane

V‘W' = ground plane noise voltage

To reduce /, currents, shown in Fig. 4.4, ground-noise voltage (V) must be re-
duced. This is best accomplished by reducing the distance spacing between the signal
trace and ground plane. In most cases, there is a limitation on ground-noise reduction
since the spacing between a signal plane and image plane must be at a specific, finite dis-
tance to maintain a constant impedance of the board for functionality reasons. Hence,
there are limits to making the distance separation between the two planes any closer than
physically manufacturable. Ground-noise voltage can also be reduced by providing an ad-
ditional path for RF currents to flow through. This additional return path includes ground
traces.

Since mutual partial inductance minimizes the creation of radiated RF currents, let’s
examine how differential-mode, /. and common-mode, /. currents are affected. Use of
image planes significantly reduces these currents, as illustrated in Fig. 4.5. As discussed
in Chapter 2. and as will be reaffirmed later in this chapter, differential-mode RF currents
are canceled out when equal and opposite currents exist within the signal trace and RF re-
turn current path. [f the cancellation of currents is not 100%, the amount of current that is
left over becomes common mode. It is this common-mode current that functions as an ex-
citation source and develops the majority of EMI that propagates from a product. This is
because the leftover RF return current in the return path is added to the primary current in
the signal path. To minimize common-mode currents, we must maximize the mutual par-
tial inductance between signal trace and image plane to “capture the flux,” hence cancel-
ing unwanted RF energy.

When an RF return plane or path is provided within a PCB assembly, optimal per-
formance results when the return path is connected to a reference source. This reference
source must be connected to the reference pins of components physically located at both
the source and load ends of the transmission line [11]. For TTL and CMQOS. the power
and ground pins inside a component die (wafer) are connected to a reference source.
power and ground. Certain geometrical factors impact these connections. Only when the
RF return path is connected to the power and ground pins of a component will a real
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Figure 4.5 Use of image plane related 1o partial inductance. (Sowrce: Introduction 1o
Llectromagnetic Comparibility, Clayton Paul & 1992, Reprinted by permis
sion ol John Wilev & Sons. Inc)
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image plane exist. An isolated solid sheet of copper foil (a layer within the PCB struc-
ture), that is not connected to any reference source, will not work as an image plane under
any condition. How is the return current going to get back to the source if the return path
is broken?

An image plane containing differential-mode voltage and currents will produce
common-mode currents. Depending on the distance spacing between the trace and image
plane, differential-mode currents will be reduced by increased mutual partial inductance.
How much differential-mode current travels in the planes is dependent on the minimized
distance separation between the two conductive surfaces.

Image planes function because digital components are connected to a power and
ground plane structure. The ground connection internal to the device, connected to the
ground plane, provides for the reference to exist. This connection internal to the compo-
nent package is what makes image planes work.

When the image plane is removed, a phantom image return path is created between
a trace and plane. The RF image associated with these currents will cancel out along with
a reduction of radiated energy because each trace pair (the original current and its image)
is closely spaced. For an image plane to perform as desired, the plane should be infinite in
size and not contain disruptions, slots, or cuts [2].

4.4 GROUND AND SIGNAL LOOPS (NOT EDDY CURRENTS)

Loops are a major contributor to the propagation of RF energy. RF current will attempt to
return to 1its source through any path or medium: components, wire harnesses. ground
planes. adjacent traces, and so forth. RF current is always created between a source and
load due to the return path, where there is o voltage potential ditference between these
two points. Path inductance, however. causes magnetic coupling of RF currents to occur
between a source and victim circuit. thus increasing RF losses in the path.

One of the most important design considerations tor EMI suppression on a PCB is
ground or signal return loop control. An analysis must be made for cach and every ground
stitch connection (mechanical securement between the PCB and chassis ground) related to
RF currents generated from RF noisy electrical circuits. High-speed logic components
and oscillators should always be located as close as possible to a ground stitch connection
to minimize the formation of loops in the form of eddy currents (o the chassis ground.
This design requirement will now be examined in detail.

An example of loops that could occur in a computer with adapter cards and single-
point grounding i1s shown in Fig. 4.6. As observed. an excessive signal-return loop area is
present. Each loop will create a distinct electromagnetic field and spectra. RF currents
will create an electromagnetic radiated field at a unique frequency. depending on the
physical size of the loop. Containment measures must now be used to keep these RF cur-
rents {rom coupling to other circuits or radiating to the external environment as EMI. In-
ternally generated RF loop currents are to be avoided.

To expand on the concept of loop area shown in Fig. 4.6, we have Fig. 4.7 which
shows the loop area between two components.

To reiterate the importance of minimizing toops within a PCB structure. we exam-
ine the effects a loop has in creating EMIL This concept is important in understanding how
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Figure 4.6 Ground loops within a PCB assembly.

Power
RF energy is created within a PCB. (For a discussion of how loops create EMI within

components, refer back to Chapter 3, Section 3.4.)

With RF energy concentrated within a loop structure, how can this energy be re-
moved if a return path is not provided for the RF current? A ground connection to chassis
ground or a OV reference source assists in removing this undesirable accumulation of RF
current. also identified as loop area control.

Ground
4.4.1 Loop Area Control

Figure 4.8 illustrates how various loop areas are created within a PCB structure

using both a single- and double-sided assembly and a multilayer stackup. The electromag-
netic field induced into a loop structure by a magnetic field can be represented as a volt-
age source within that loop. This voltage source is proportional to the total areq of the
lovp. To minimize magnetic field coupling, we must minimize the loop area. The electric /
field pickup reception is also dependent on the foop area forming the receive antenna. Extremely smaft loop area

When an electric field is present, a current source is created between a two-conduc-
tor system (power and ground). Electric fields do not couple line-to-line but rather line-to-
ground, including common-mode currents. Therefore, the only loop valid for this mode of
coupling is the conductor to chassis coupling. Of course, the H-field that accompanies the
E-field also couples into wiring loops (line-to-line and line-to-ground)

Ground piane
Power plane

Figure 4.8 Loop areas that exist within a PCB. (Source: Introduction 1o Ele(‘m?mug-
neric Compatibiliry, Clavton Paul © 1992, Reprinted by permission of John
Wiley & Sons, Inc.)

It is generally overlooked during a PCB layout that loop areas may be crfeated be-
tween the power and OV reference structure. Figure 4.8 1llu5.trgtcs a poor layout in the‘ top
drawing that may be performed by a PCB designer because it is easy 10 create using Lomi
Load puter CAD software. This software permits easy routing of busses between components

Signal

Source [

. located next to each other. With a large loop area on the PCB. susceptibility to the plckyp
B of ESD-induced (or other) fields can occur. A multilayer stackup minimizes lh§ pO[ﬁI]UE.ll
] of ESD disruption, in addition to minimizing creation of a magaetic field that will be radi-
God ated into tree space.
_—

Using power and ground planes helps reduce the inductance of the power distribu-
tion svstemy‘ Lowering the characteristic impedance of the power distribution system re-

duces the voltage drop across the board. With less voltage drop. ground bounce polcnt‘lul
! is minimi n ition to lowert > characteristic impedance of the structure, we n-
<~ Figure 4.7 Loop areu between components. is minimized. In addition to lowering the characteristic imped:
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Crease the capacitance between the two parallel planes. This capacitance reduces the ef-
fects of any induced voltages. (Decoupling is discussed in Chapter 5.)

' Lgrgg loop areas may be created when signal lines travel between components. This
Is seen in Fig. 4.9. Signal lines are generally forgotten when analyzing why a PCB has ra-
diated §mission problems. Although we may have high signal integrity (time domain)
EMI stql exists (frequency domain) because signal loop areas create more problems thar;
those of the power distribution system, especially from the viewpoint of ESD. This is be-
cause an ESD event may be injected directly into the loop and into the input pins of com-
ponents. To mitigate the consequences of a harmful disruption from an ESD event, reduc-
ing loop area is the easiest technique to use. A power and ground plane dist;ibution
network provides a low-impedance path that allows transfer of the ESD energy into a OV
return re.ference plane. After all, loops are loops, and if they can emit fields, then they also
can receive fields, ,

{n addition to reducing ground-noise voltage, an image plane prevents RF ground
loops trgm being developed because RF currents tightly couple themselves to their source
tra}ce without having to find an alternate return path home. When loop control is maxi-
mized, flux cancellation is enhanced. This is one of the most important concepts of sup-

Power
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Ground Signal return loop area :
Signal line trace 4
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Ground Ioop
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Extremely small signal return loop area
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Figure 4.9 Reduction in loop aress that exist within a PCB. (Sonrce: Introduction 1o
Llectromagneric Compatibility. Clavton Paul 6 1992 Reprinted by permis

ston of John Wiley & Sons. Inc.)

pression of RF currents at the PCB level. Proper placement of an image plane adjacent to
each and every signal plane removes common-mode RF currents created by signal traces
coupling to its return path. Image planes carry large amounts of RF currents that must be
sourced to ground or OV reference potential. To help remove excess RF potentials and un-
controlled eddy currents, all ground and chassis planes, (if OV reference is used), can
be connected to chassis ground through a low-impedance ground stitch connection
[1,6,9,10,11}.

We now examine optimal spacings for creating a low-impedance ground stitch con-
nection to remove RF currents into the OV reference or return structure.

4.5 ASPECT RATIO—DISTANCE BETWEEN
GROUND CONNECTIONS

Aspect ratio is a term commonly used in the television industry to refer to the ratio of
frame width to frame height. The term also refers to the ratio of a longer dimension to a
shorter one. With these definitions, how does aspect ratio relate to EMC? When providing
ground stitch connections in a PCB using multipoint grounding to a metallic structure, we
must concern ourselves with the distance spacing in all directions of the ground stitch lo-
cation.

RF currents that exist within the power and ground plane structure will tend to
couple to other components, cables, peripherals, or other electronic items within the as-
sembly. This undesirable coupling may cause improper operation. functional signal
degradation, or EMI. When using multipoint grounding to a metal chassis, and providing
a third wire ground connection to the AC mains, RF ground loops become a major design
concern. This configuration is typical with personal computers. (An example of a single-
point ground connection for a personal computer was shown in Fig. 4.6).

Because the edge rate of components is becoming faster, multipoint grounding is
becoming a mandatory requirement, especially when I/O interconnects are provided in the
design. Once an interconnect cable is attached to a connector, the unit at the other end of
the interconnect may provide an RF path to a third wire AC ground mains connection (if
provided) to its respective power source (e.g., the negative terminal of a battery) or sim-
ply through distributive radiation RF impedance to earth or through free space. A large
ground loop on the /O interconnect can cause undesirable levels of radiated common-
mode energy. How can we minimize loops that may occur within a PCB structure? The
easiest way is to design the board with many ground stitch locations to chassis ground, if
chassis ground is provided. The question that now exists is. how far apart do we make the
ground connections from each other, assuming the design has the option of specifying this
design requirement?

The distance spacing between ground stitch locations should not exceed A/20 of the
highest frequency of concern, not just the primary frequency (including harmonics). It
many high-bandwidth components are used, multiple ground stitch locations are typically
provided. If the unit is a slow edge rate device. connections to chassis ground may be
minimized, or the distance between ground locations increased.

For example, /20 of a 64-MHz oscillator is 23.4 cm (9.2 in.). If the straight-line
distance between any two ground stitch locations to a OV reference (in etther the x- and/or
y-axis) is greater than 9.2 inches, then a potential efficient RF loop exists. This loop could
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Distance between screws (chassis ground) in any axis (x- or y-axis) should not
exceed A/20 of the highest edge rate generated within the printed circuit board.

Figure 4,10 Aspect ratio.

be the source of RF energy propagation. which could cause noncompliance with interna-
tional EMI emission limits. Unless other design measures are implemented, suppression
of RF currents caused by poor loop control is not possible and containment measures
{e.g., sheet metal) must be implemented. Sheet metal is an expensive Band-Aid that might
not even work for RF containment. An example of aspect ratio is given in Fig. 4.10 [1).

Proper placement of components is critical in any PCB layout. Most designs incor-
porate functional subsections or areas (by logical function). Grouping each functional
arca adjacent to other subscctions minimizes signal trace lengths and reflections. and
makes trace rouring easiet along with maintaining signal integrity. Vias should be avoided
where possible. for vias increase the inductance of the trace by approximately | to 3 nH
cach. Figure 4.11 illustrates the functional grouping of subsections (or areas) using a
stand-alone CPU-motherboard as an example.

Extensive use of chassis ground stitch connections is also observed in Fig, 4.11.
High-frequency designs (fast edge rates) develop very high spectral frequency profiles
and require new methodofogies for bonding ground plane(s) to chassis ground. Use of
these multipoint grounding points effectively partitions common-mode eddy currents em-
anating from varfous segments on the design from coupling into other segments. Products
with clocks above 50 MHz generally require trequenr ground stitch connections to chassis
ground 1o nunimize the effects of common-mode currents and ground loops present be-
tween functional sections. At least four ground points surround each subsection. These
ground points iHustrate best case implementation of aspect ratio. Note that a chassis bond
connection (screw or equivalent) is located on both ends of the DC power connector
ttem Py used for powering external peripheral devices. RF noise generated on either the
PCB or peripheral power subsystem must be AC shunted to chassis ground by parallel by-
pass capacitors. These capacitors minimize power-supplv-generated RE currents from
coupling into signal or data Jines. Removal of RI7 currents on the power connector will
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Figure 4.11  Muitipoint grounding—implementation of aspect ratio.

optimize signal quality for data transfer between the motherboard and external peripheral
devices in addition to reducing emissions [ 1,10},

Most PCBs can be arranged to consist of functional subsections or areas. A typical
personal computer contains the following: CPU, memory, ASICs, 1/O, bus interface, sys-
tem controllers, PCI/IDE bus, SCSI bus, peripheral interface (fixed and floppy disk dri-
ves), and other components. Associated with each subsection are different bandwidths of
RF energy. Different logic families generate RF energy across the frequency spectrum.
The higher the frequency component of the signal. the greater the bandwidth of RF spec-
tral energy. RF energy is generated from the higher frequency components and the time-
variant edges of digital and analog signals. Clock signals are the greatest contributors to
the generation of RF energy. This is because clocks are periodic signals providing coher-
ent spectral distribution (50% duty cycle) and generally have fast edge rates.

To prevent coupling between different bandwidth arcas, functional partitioning is
used. Partitioning refers to the physical separation between functional sections. Partition-
ing is product specific and may be achieved using separate PCBs._ isolation. topology lay-
out variations, or other creative means.

Proper partitioning allows for optimal functionality, ease of routing traces, and min-
imization of trace lengths. It also permits smaller loops to exist while optimizing signal
quality. The design cngineer will specity which components are associated with each
functional subsection. Use the intformation provided by the component manufacturer to
optimize component placement prior to routing any traces.

4.6 IMAGE PLANES

An image plane is a layer of copper (voltage plane, ground plane. or chassis plane) internal to
a PCB physically adjacent to a circuit or signal planc. Image planes are used to provide a low
impedance path for RF signal currents to return to their source (Hux return). thus completing
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the RF current return path and reducing EMI emissions. The term image plane was popular-
ized by the German, Ott, and Paul [7], and is now used as industry standard terminology.

RF currents must return to their source one way or another. This return path may be
a mirror image of its original trace route, through another trace located in the near vicin-
ity, a power plane, a ground plane, or a chassis plane. RF currents will capacitively (or by
mutual inductance) couple themselves to a conductive medium (e.g.. low-impedance path
such as the copper that makes up a trace or plane). If this coupling is not 100%, common-
mode RF currents can be propagated between traces and their nearest image plane. An
image plane internal to the PCB reduces ground-noise voltage in addition to allowing RF
currents to return to their source (mirror image) in a tightly coupled (nearly 100%) man-
ner. Tight coupling provides for flux cancellation, which is another reason for use of a
solid plane. Solid planes also prevent common-mode RF current from being generated in
the PCB by those traces rich in RF energy.

Figure 4.12 illustrates the concept and use of an image plane and what happens
when tight coupling does not exist between the signal trace and OV reference (ground)
plane. The voltage developed across a return conductor is referred to as ground drop. The
lower the value of ground drop between two points on a PCB return structure, the lower
the radiated emissions from the PCB.

One concern related to image planes involves the concept of skin effect. Skin effect
refers to current tlow that resides in the first skin depth of the material at high frequencies.
Current does not and cannot flow in the center of traces and wires, and is predominately ob-
served on the outer surface of the conductive media. Different materials have different skin
depth values. The skin depth of copper is extremely small, above 30 MHz. Typically, this is
observed at 6.6 * 107 (0.0017 mm) of an inch at 100 MHz. RF current present on a ground
plane cannot penetrate | oz. 0.0014” (0.036 mm) thick copper. As a result, both common-
mode and differential-mode currents flow only on the top (skin) layer of the plane. No sig-
nificant current tflows internal to the image plane or on its bottom. Placing an additional
image plane beneath this ground plane would not provide additional EMI reduction. If the
second plane is at voltage potential (the primary plane at ground potential), a decoupling ca-
pacutor will be created. These two planes can now be used as both a decoupling capacitor and
dual image planes but with some concern regarding flux cancellation (see Section 2.1} [6].

With regard to image plane theory, the material presented herein is based on a
tinite-sized plane. rypical of all PCBs. Image planes cannot be relied on for reducing cur-
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Figure 4.13  Common-mode and differential-mode currents,

rents on I/O cables because approximating finite-sized conductive planes is not atways
valid. When T/O cables are provided. the dimensions of the configuration and source im-
pedance are important parameters to remember [12].

An example of common-mode and differential-mode currents is shown in Fig. 4.13,
The measured E-field of the differential-mode current will be the difference of 11 and I12.
This difference is negligible because of a 180 degree phase difference. The measured
E-field due to common-mode current is the sum of I1 and I2. which could be substan-
tial due to the summing effect. Common-mode currents are always much smaller than
differential-mode currents.

If “three” internal signal planes (stripline configuration) are physically adjacent to
each other in a multilayer board stackup. the middle signal plane, (e.g.. the one not adja-
cent to a reference plane), will couple its RF currents to the other two signal planes, thus
causing RF energy to be transferred (by mutual inductance and capacitive coupling) to the
other two planes. After this first level of coupling, a second level of coupling occurs to the
real image or RF return plane. This coupling can cause significant crosstalk to occur.
which may include nonfunctionality. Flux cancellation performance is sometimes en-
hanced when the signal routing layer is adjacent to a ground plane, but not 10 a power
plane, as described throughout this chapter.

4.7 IMAGE PLANE VIOLATIONS

For an image plane to be effective. all signal traces must be located adjacent to a solid
plane and must not cross an isolated area of copper. Exceptions can occur using special
trace routing techniques. If a signal trace. or even a power trace (c.g., +12 V trace in a +5
V power plane) is routed within a solid plane. this solid plane becomes fragmented (split)
into smaller parts. Provisions have now been made for a ground or RF signal return loop
to be developed for RF return currents that are observed on the adjacent layer across this
violation. This RF loop occurs by not allowing RF current present in a signal trace to seek
a straight-line, low-impedance path back to its source.

Figure 4.14 illustrates a violation of the image plane concept. These planes can now
no longer function as a solid OV reference to remove common-mode RF currents. The
losses across the plane segmentations may actually produce RF fields. Vias placed in an
image plane do not degrade the imaging capabilities of the plane. except where ground
slots are provided as discussed next.
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Figure 4.14 Image plane violation with traces.

Another area of concern that lies with ground plane discontinuities is the use of
through-hole components. Excessive use of through-holes in a power or ground plane cre-
ates the Swiss Cheese Syndrome [5]. The copper area in the plane is reduced because
many holes overlap (oversized through-holes), leaving large areas of discontinuities. This
effect is observed in Fig. 4.15. The return current flows on the image plane around the
through-hole pattern. while the signal trace is on a direct line route across the discontinu-
ity. As seen in Fig. 4.15 |1], the return currents in the ground plane must travel around
slots or holes. As a result, extra trace length is present for return currents that must flow
around these slots in the image plane. This extra trace length adds more inductance in the
signal return trace, E = L(dl/dr). With additiopal inductance in the return path, there is re-
duced differential-mode coupling between signal trace and the RF current retumn path
(less flux cancellation). For through-hole components that have a space between pins
(nonoversized holes), optimal reduction of signal and return current is achieved through
less inductance in the signal return path and the existence of the solid plane.

If a signal trace is routed “around” the through-hole discontinuities (not shown in
the left side of Fig. 4.15). a constant image plane (RF return path) would be maintained
along the entire signal route. The same is true for the right side of Fig. 4.15. There are no
ground plane discontinuities and hence, shorter trace length. The longer trace route on the
left side of the figure adds more trace length inductance £ = L(dl/dt). This length can
cause reflections that affect signal integrity and functionality. and may also create a loop
for RF current. Problems arise when the signal trace travels through the middle of slotted
holes in the PCB (in an attempt to minimize trace length routing) when a solid plane does
not exist in this oversized through-hole area. When routing traces between through-hole
components, use of the 3-W Rule (defined later in this chapter) must be maintained be-
tween the trace and through-hole clearance area.

Generally. a slot in a printed circuit board with through-hole components will not
cause RF problems for the majority of signal traces that route between the through-hole
device leads. However, it can cause electromagnetic fields to be developed around the
holes. For high-speed. high-threat” signals, alternative methods of routing traces between

“High-threat refers to high-bandwidth. RF spectral components that propagates as an efectromagnetic tield
down a transition line or trace. These signals include clocks, video, address lines, analog circuits, and the like. All
of these highly sensitive circuits may either radiate RF energy. or e susceptible 0 an exteratly induced fictd dis-
turbance. requining a mandatory. low-impedance RF return path to complete the closed-loop circuit.
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through-hole component leads must be devised. For those applications wherg a trace mpst
lrave;se across a slot or partition within the PCB assembly, Fig. 4.16'prov1dcs a design
technique which allows RF return current to jump the slots using capacitors.

Capacitors provide an AC shunt for RF currents to traverse across a mpat or slqt. A
significant performance improvement of up to 20 dB hds been observed during tun)cvtlofml
testing. The capacitor must be chosen for optimal pertormance based on .the selfjrm()nanf
frequency of the component trace signal. It is cautioned, h.owev‘er. that this technique may
result in reactance-based phase shifts in the current re]allonshlps‘ bclwgen the traces and
their images. impacting the magnitude of flux cancellation or minimization.

RF current ifurn path Capacitor bridging

the moat to transfer

Figure 4.16
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4.8 LAYER JUMPING—USE OF VIAS

When routing clock or high-threat signals, it is common practice to via the trace to a rout-
ing plane (e.g., x-axis) and then via this same trace to another plane (e.g., y-axis) from
source to load. It is generally assumed that if each and every trace is routed adjacent to an
RF return path, there will be tight coupling of common-mode RF currents along the entire
trace route. In reality, this assumption is partially incorrect.

As a signal trace jumps from one layer to another, RF return current should follow the
trace route. When a trace is routed internal to a PCB between two planar structures, com-
monly identified as the power and ground planes, or two planes with the same potential, the
return current is shared between these two planes. The only time the return current can jump
between the two planes is at a location where decoupling capacitors are positioned. If both
planes are at the same potential (e.g., OV reference) the RF return current jump will occur at
avia connecting both planes to a device or component assigned to that via.

When a jump is made from a horizontal to a vertical layer, the RF return current
cannot fully make this jump. This is because a discontinuity is placed in the trace route by
the via. The return current must now find an alternate low-inductance (impedance) path to
complete its route. This alternate path may not exist in a position that is immediately adja-
cent to the location of the via used for the jump. As a resuit. RF currents on the signal
trace can couple to other circuits and pose problems as both crosstaltk and EMI. Use of
vias in a trace route will always create a concern in any high-speed, high-technology
product.

To minimize development of EMI and crosstalk due to layer jumping, the following
design techniques have been found to be effective:

I. Route all clock and high-threat signal traces on only one routing layer as the
initial approach concept. This means that both x- and y-axis routes are in the
same plane. (Nore: This technique is likely to be rejected by the PCB designer
as being unacceptable because it makes autorouting of the board nearly impos-
sible.)

. Verify that a solid RF return path is adjacent to the routing layer, with no dis-
continuities in the route created by use of vias or jumping the trace to another
routing plane.

(8%

It & via must be used tor routing a sensitive trace (high-threat or clock signal) be-
tween the horizontal and vertical routing layer, the designer should incorporate ground
vias at “each and every” via location where the signal axis jumps are executed. The
ground via is always at OV potential.

A ground via is a via that is placed directly adjacent to each signal route via trom a
horizontal to a vertical routing plane. Ground vias can be used only when there are more
than one OV reference planes internal to the PCB. This via is connected to all ground
planes (OV reference) in the board that serves as the RF return path for the signal jump
currents. This via essentially ties the OV reference planes together adjacent and paralle! to
this signal trace location. When using two ground vias per signal trace via. a continuous
RF return path will now exist for RF return current throughout its entire trace route. This
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RF return path Components
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Ground plane
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Via not

connected to power piane Ground trace

Ground trace routed adjacent to power plane
connected to main ground plane by via to
guarantee undisturbed RF return path.

Four layer PCB with trace routed on top and bottom layer

Figure 4.17 Routing a ground trace to assure a compete RF return path exists.

ground via will maintain a constant RF return path (through use of image planes) located
100% adjacent to a signal route.’

What happens when only one OV reference (ground) plane is provided and the alter-
nate plane is at voltage potential as commonly found with a four-layer PCB stackup as-
signment. To maintain a constant return path for RF currents, the OV reference plane
should be allowed to act as the primary return path. The signal trace must be routed
against this OV reference plane. When the trace must route against the power plane, use of
a ground trace is required, with the vias at both ends of the ground trace.routed parallel to
the signal trace tied to the OV reference plane. Using this configuration, we can now
maintain a constant RF return path (see Fig. 4.17).

How can we minimize use of ground vias when layer jumping is mandatory. In a
properly designed PCB, the first routed traces will be clock signals, “manual!y routed.”
Since much freedom is permitted in routing the first few traces by the PCB designer (e.g..

D CLK Gnd

Shared ground pin via
with a component to allow

RKF current to make the
layer jump adjacent to Gnd

the signal trace.

Optimal routing of the traces with sensitive

Figure 4.18 How to route the first trace within signals to prevent layer jumping and assure

a PCB.

a constant RF return path "prior" to autorouting.

"Use of ground vias was tirst identified and presented to industry by W. Michael King, Ground vias are

also described in [ and [ 13].
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all clocks and high-threat signals), the designer can route the board using the shortest
trace distance routing possible (shortest Manhattan length). making the layer jump adja-
cent to the ground pin via of any component. This layer jump will co-share this compo-
nent’s ground via. The ground via being referenced will perform the function of providing

OV reference to a component while allowing RF return current to make a layer jump as

detailed in Fig. 4.18. inductive
zone

Impedance

A

Absorption zone
(can be almost resistive)

4.9 SPLIT PLANES Resistive

zone

]

. ) Figure 4.20  Ferrite material pcrformance char-
When multilayer PCB assemblies are used, the power and ground planes are sometimes acteristics. Frequency

split on the same plane. An example is separation of analog circuitry from digital logic,
isolation of I/O interconnects (detailed under Partitioning in Section 4.10), separation of

voltage reference areas (e.g.. +5V section from a —48V partition), component isolation, ally better to isolate both Planes. If a common digitql-to—analog ‘ground reference is re-
and the need to force RF return currents to travel a designated route through the PCB. quired, and analog power is needed for de'v‘lce operation, the ferrite bead-on-lead should
This designated RF return path can be likened to a road map. We travel only on the roads be placed only across the power plane partition. )
provided in a predefined manner. Why not cause RF return currents to do the same thing, When a split plane” occurs, the common ground plane must be located “dlrectly"‘
travel a predefined road or path? under the discrete filter components. All signal traces must then be routed adjacent to this
One of the PCB designer’s primary design and layout concerns is to guarantee that solid ground plane under the filter in an area ifientified asa t.)ridge. Bridges are discxljssed
overlaps on a split plane do not occur. If an overlap on a plane is present, a finite-sized ca- later in this chapte.r. The advantage of this fleSIgn technique is to maintain the mtegrlty. of
pacitor will be created between the overlapping plane segments as seen in Fig. 4.19. This the OY reference (image) plane necessary for high-frequency EMI control and to provide
tinite-sized capacitor, C1. will allow RF energy (which is an AC waveform) to traverse an optimal RF retum path frqm load to'source. L . -
from one plane (e.g.. a noisy plane) Lo a separate. quiet, or isolated plane. The DC voltage The reason not to use inductors is easy to visualize and is best shown in Fig. 4.20.
potentials of the planes remain intact due 10 passing the DC voltage trom one isolated ur::a Ferrite material has practically zero impedance (or DC resistance) at DC voltage or signal
to another through filters. transition levels. including very low-frequency signals. It is essentially transparent to DC
1" additional high-frequency isolation is required. we can isolate one plane (power) vgltage and acts as a small inductor or resislorl having little effect at k’“” frequencies. At
or both potentials (power and ground) with ferrite bead-on-leads. not inductors. We must higher frequencies. RF currents are created within the power distribution structure, and
he careful with this technique. If both planes contain high-frequency RT noise. it is usu- the resistive characteristics of the ferrite material dominate, providing a high impedance

to the circuit. The high impedance of the material is present until the ferromagnetic prop-
erties reaches a predefined operating frequency, where the ferromagnetic material ceases

— to function as desired. Basically, a ferrite component is a large RF resistor that keeps RF

Digital }’ E%;'W Digital Fbef rite | | Analog energy from traveling between two isolated locations. An inductor, on the other hand, has
L c L o - ead a large inductive value with an inductive reactance, jooL. Inductive reactance is exactly

, I T ¢ c what we do not want within a transmission path. Parasitic capacitance will exist between
L Ground plane N Ground plane  |-/YYYV \—@E the two terminals of the inductor, plus the capacitance between the inductor windings and

OV reference. With an L and C component present within the device, a resonant circuit is

Power plane filtering method when Power plane filtering method for

a common ground plane 15 required. isolated power and ground planes created. Depending on the values of L and C. we may be allowing RF currents, at a partic-
ular frequency. to pass between the isolated areas. Once the RF currents pass through the
L Digital ] L Anaiog ] cirguit, these RF currents are now allowed‘to cause hgrmful disruption to functional cir-
I . T cuits, which were supposed to be operated from clean filtered power.
T ¢ j/(LU T c If an isolated plane contains only low-frequency circuits (analog) and another iso-
|_Groundplane 4" [ Ground plane | lated plane has high-frequency (digital) switching currents, it sometimes becomes manda-

tory to isolate both the power and ground planes between these two areas with ferrites de-

Capacitance which allows digital switching
noise to corrupt the analog ground plane

n . i . . .
. A split plane refers 10 a solid copper structure that has been segmented into two or more partitions. An
(very bad fayout technique) sphitp e pper struc onser P /

example of this split is casily seen in Fig. 4.19. The top left circuit has a continuous ground plane. The other two
Figure $.19 Vaiations on split plane conligurations. urcm‘l\' have been partitioned into separate functional ground planes: analog and digital. One split s connected
by a lerrite bead, the other totally 1solated.
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pending on the device’s function and the manufacturer's requirements for power and/or
plane isolation. This isolation technique is required only if no high-frequency energy can
be allowed to pass between the two areas. If both areas contain only low-frequency com-
ponents and there are no high-frequency RF energy threats (high-edge rate switching
noise), ferrite components are not required. A single-point connection is permissible be-
tween the two planes.

4.10 PARTITIONING

Designing 1/0 circuits involves two basic areas of concern: functional subsystems, and
quiet areas. Each is briefly discussed separately below, with more detail presented
herein.

4.10.1 Functional Subsystems

Each /0O should be considered as a different subsection on a PCB, for each may be
unique in its particular application. To prevent RF coupling between subsystems, parti-
tioning may be required. A functional subsystem is a group of components along with
their respective support circuitry. Locating components close to each other minimizes
trace length routing and optimizes functional performance. Every hardware and PCB de-
signer generally tries to group components together, but, for various reasons, it is some-
times impractical to do so. I/O subsystems must still be treated differently during layout
than any other section of the PCB. This is generally done through layout partitioning.

Layout partitioning enhances signal quality and functional integrity by preventing
high-bandwidth emitters (e.g.. backplane interconnect, video devices, data interfaces, Eth-
emet controllers, Small Computer System Interface [SCSI] devices, and central process-
ing units [CPUs]) from corrupting serial, parallel, video. audio. asynchronous/synchronous
ports, floppy controller, front panel console displays, local area and wide area networks
controllers. and so on. Each 1/O subsystem must be conceived, designed, and treated as it
the subsystems were separate PCBs,

4.10.2 Quiet Areas

Quict areas are sections that are physically isolated from digital circuitry. analog
circuitry, and power and ground planes. This isolation prevents noise sources located
elsewhere on the PCB from corrupting susceptible circuits. An example is power plane
noise from the digital section entering the power pins of analog devices {analog sec-
tion), audio components (audio section). /O filters. interconnects, and so on, detailed in
Fig. 421 ]1].

Each and every /O port (or section) must have a partitioned (quict) ground/power
plane. Lower-frequency /O ports may be bypassed with high-frequency capacitors (usu-
ally 470 pF to 1000 pF) located near the connectors.

Trace routing on the PCB must still be controlled to avoid recoupling RF currents
into the cable shield. A clean (quiet) ground must be located at the point where cables
leave the system. Both power and ground planes must be treated equally. for both planes
act as a path for RE return currents. RF return currents from switching devices to 1/0 con-
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Areas isolated

from digital section
with no copper present
on all planes.

Audio section |

Analog section

Digital section

R U O S R W S Y

I/O section
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Note: Interconnects between different sections are not shown.

Figure 4.21 Quiet areas.

trol circuitry can inject high-bandwidth switching RF noise into the /O cables and inter-

connects. _
To implement a quiet area, use of a partition is required. This quiet area may be

1. 100% isolated with I/O signals entering and exiting through an isolation trans-
former;

2. data line filtered;

3. fiitered through a high-impedance common-mode inductor: or

4. protected by a ferrite bead-on-lead component.

The main objective of partitioning is to separate dirty power and ground planes and other
functional areas from clean or quiet zones and areas.

4.11 ISOLATION AND PARTITIONING (MOATING)

Isolation and partitioning refers to the physical separation of component‘s. circuits, and
power planes from other functional devices, areas, and subsystems. Allowmg RF currents
to propagate to different parts of the board by radiated or conducnvc‘mea‘ns can cause
problems not only in terms of EMI compliance, but also with regard to functionality.
Isolation is created by an absence of copper on all planes of the board through use
of a moat. Absence of copper is created using a wide separation. typically 0.05() ingh
(50 mils) minimum from one section to another. {n other words, an isolated area s an is-
Jand on the board, similar to a castle with a moat. Only those traces required for operation
or interconnect can travel to this isolated arca. The moat serves as 4 “keep out” zone for
sienals and traces that are unrelated to the moated area or its interface. Two methods exist
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/ e |s0lation transformer
to connect traces, and power and ground planes to this island. Method 1 uses isolation
transformers, optical isolators, or common-mode data line filters to cross the moat.
Method 2 uses a bridge in the moat. Isolation is also used to separate high-frequency ~————— Moat
bandwidth components from lower bandwidth circuits, in addition to maintaining low-
EMI bandwidth 1/O in terms of the RF spectrum propagating from I/O interconnects. Data line filter (OLF)

(common-made chaoke)
4.11.1 Method 1: Isolation
/O connector

Method | involves use of an isolation transformer or optical isolator. An 1/O area
must be 100% isolated from the rest of the PCB. Only at the metal [/O connector is
RF bonding to chassis ground performed, and then only through a low-impedance, high-
quality securement path to ground. We want to keep chassis ground outside this isolated
area. The use of bypass capacitors from shield ground (or braid) of the /O cable to chas-
sts ground is sometimes needed in place of a direct connection when required by the inter-

\ Absence of
voltage and

ground planes

.L
face specification. Shield ground (or drain wire) refers to a discrete pin or wire in the in- % {to minimize
terface connector that connects the internal drain wire of the extermal 1/O cable to its coupling capacitance
mylar foil shield, also located internal to the cable. across the DLF)
Pigtails should not be used under any condition to connect the shell of the BNC

connector to chassis ground or to any other ground system. Measurements are well docu-

mented showing a 40- to 50-dB ditference between a pigtail and a 360° connection of the Ground trace, if required, 3x wider than power trace.
cable shield to the BNC connector shell in the 15- to 200-MHz region for RF emissions. Ferrite bead-on-lead to bridge power (only) into the
In addition to improvement in reducing RF emissions, a greater level of ESD immunity is moated area. Do not use an inductor.

provided due to less lead inductance that is presented to the ESD event. For most applica- Optional decoupling capacitor, usually necessary

. S . . to ground, not across the moat.

tions, the recommendation is to connect the cable shield to the BNC connector shell in a

360° fashion. This backshell then mates with a bulkhead panel containing a solid metallic Figure 4.22 - Using tsolation in moating—Method 1.
contact with chassis ground.

Common-mode data line filters may be used in conjunction with isolation transform-
ers to extend common-mode rejection. Common-mode data line filters (usually toroidal in

Connection to chassis ground Moat
construction) may be used for both analog and digital signal applications. These filters min- / "Ground stitch” 1/O connectors
imize common-mode RF currents carried on the signal traces to the /O section or cable. If ‘ . i
power and ground are required in the isolated area (e.g., +5 VDC for a keyboard or mouse), ? _ﬁlv«:c - — e i :
the moat should be crossed with a ferrite bead-on-lead for the power trace and a single solid T 7

trace three times the width of the power trace for a return. Use of a common-mode torroid in

the power and ground connections is also an acceptable method. The secondary short-circuit
tusc (required for product safety) can be located on either side of the ferrite bead, if required.

TormyyT

Sometimes, capacitive decoupling is required to remove digital noise from filtered 1/O
power. This optional decoupling capacitor can be located with one terminal of the capacitor
to the filtered side of the ferrite bead (output side) and the other terminal to the isolated
ground plane. The power [iltering components can be located across the moat at the far out-
side edge of the board. Both power and ground trace should be routed adjacent to each other
to minimize RF ground loops that can be developed between these two traces if located on
opposite sides of the moat. This 1s shown in Fig. 4.22 1] Vee

for optional power,
if required, over a
separate moat for
the power plane
(dotted line)

]/— Bridge in moat
/——- Ferrite bead-on-lead

H

}1‘ vé:
k48

4.11.2 Method 2: Bridging

VccTIT’

L

oo

Method 2 uses a bridge between a control section and an isolated area. A bridge is a
break in the moart at only one location where signal traces. power, and ground cross the
moat. This is illustrated in Fig. 4.23 [1]. Violation ot the moat by any trace not associated Figure 423 Bridging amoat -Method 2

| -
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plane along

the entire trace i
route. Correct use of moating

Figure 4.24 Violating the concept of moating.

with the I/O circuit can cause both emissions and immunity problems. RF loop currents
will be created, detailed in Fig. 4.24 {1]. RF currents must image back along their trace
route. Common-mode noise will be generated between the two separated areas. Unlike
Method I, power and ground planes are directly connected between the two areas; hence,
this method forms a partition.

The advantage of using a bridge is similar to the castle concept with a moat. Only
the signals that have a passport to cross the bridge will be allowed to pass. With the re-
quirement and need for RF retum currents to image back along the trace route, optimal
flux cancellation (minimization) will occur. This one image return path is the only path
that can be allowed to exist.

Sometimes. only the power plane is isolated, and the ground plane is fully con-
nected through the bridge. This technique is common for circuits where a common ground
plane is required, or separately filtered. where regulated power is needed. In this case, a
territe bead-on-lead is typically used to bridge the moat for the filtered power only. This
bead must be located in the bridge area and not over the moat. If analog or digital power
1s not required in the isolated area, this now unused power plane can be redefined as a sec-
ond OV (ground) plane referenced to the main ground plane. When a split plane partition
is provided, one should guarantee that the traces that cross through the bridge do so along
a solid OV reference (ground) plane, and not against the split power plane.

When using bridging. grounding both ends of the bridge to chassis or frame ground
is highly recommended if multipoint grounding is provided in the chassis and system-
level design. Grounding the entrance to the bridge performs two functions:

I. 1t removes high-frequency common-mode RF components in the power distri-
bution network {ground-noise voltage) from coupling into the partitioned
area.

2. It helps remove eddy currents (for improved ground loop control) that may be
present in the chassis or card cage. A much lower impedance path to ground is
provided for RF currents that would otherwise find their way to chassis ground
through other paths. such as RF currents in an 1/0O cable.

Grounding both ends of the bridge also increases electrostatic discharge immunity. If a
high-energy pulse is injec‘ted into the I/O connector, this energy may travel to the main
control area and cause permanent damage. This energy pulse must be sunk to chassis
ground through a very low-impedance path.

Another reason to ground both sides of a bridge is to remove RF ground-noise volt-
age created by voltage gradients that appear between the partitioned area and main control
section. If the RF common-mode noise contains high-frequency RF energy, decoupling
capacitors for the RF energy (AC waveform) should be provided at each chassis ground
stitch connection.

Figure 4.24 illustrates how traces are routed when using both digital and analog par-
titions. Since digital power plane switching noise may be injected into the analog section,
isolation or filtering may be required. All traces that travel from the digital to analog sec-
tion must be routed through the bridge. For analog power, a ferrite bead-on-lead should be
used to cross the moat. A voltage regulator may also be required. The moat for analog
power is usually 100% complete around the entire partition.

Certain analog components require analog ground to be referenced to digital ground
but only through a bridge as shown in Fig. 4.25 [1]. Many analog-to-digital and digital-to-
analog devices connect their analog ground (AGND) and digital ground (DGND) (indi-
cated on the pin designation) together within the device package. When such is the appli-
cation of a partition that is internal to the component, only one ground connection
between analog and digital ground is required during PCB layout. AGND and DGND
should be moated away from each other only when the circuit devices themselves provide
separate AGND to DGND isolation inside the device package. 1t is important that the de-
signer consult the recommendation made by the device manufacturer on how to properly
isolate or connect AGND and DGND during layout.

/—— Moat

Analog power filter /

0 -
—— \ Analag
\ Signal trace

region only

-
L
\—r- Bridge

Digital _/Bridge open

ground only large enough
to pass required traces

Note: All signal traces must pass through this region only (bridge).
No signals are to pass over a plane void region (moat).
For the analog section, the power plane is 100% moated.
If a bridge is used for ground, both digital and analog ground
will be at the same potential.

Figure 4.25  Concept of digatal and analog partitioning.
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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.
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4.13 LAYOUT CONCERNS FOR SINGLE-
AND DOUBLE-SIDED BOARDS

Special concerns exist for single- and double-sided PCB assemblies. With high-speed,
high-technology products, use of single- and double-sided assemblies presents additional
concerns relating to EMC compliance. These concerns are difficult to implement using
specialized or advanced layout design techniques. For lower technology designs that are
sensitive to cost, the use of single- or double-sided assemblies is frequently desirable.
Consideration must be made for the RF return current to complete its return home to the
source in an optimal. low-impedance manner.

One should think in terms of using transmission lines for both signal and power.
Power and return lines must be routed parallel to each other as they are distributed to the
component devices. Dedicated return traces should also be provided for high-threat traces,
clocks, and so on to minimize loop structures that radiate and pick up electromagnetic en-
ergy. In double-sided boards. loop area control is the key to signal quality and EMI per-
formance.

It is important to note. especially for EMC compliance, that there is no such thing
as a double-sided PCB. although it physically exists. When analyzing how a doubie-sided
PCB functions, refated to EMC compliance, it should be noted that for a typical PCB the
standard thickness of 0.062 inch (1.6 mm) is provided for the core material. The distance
spacing between the top layer with components and a bottom layer with a ground plane or
OV reference structure is often assumed to provide an image plane for RF return currents
created on the top layer. In reality, the distant spacing between the signal trace and image
plane is so great that flux cancellation cannot occur efficiently. Flux cancellation cannot
occur efficiently because of the lack of mutual partial inductance between the trace and
return plane. The field distribution {rom a signal trace can be small, while the distance
separation between trace and plane 1s extremely large.

The proper way to describe a double-sided PCB is to think of the board as two
single-sided designs. We must route both the top and bottom layers of the PCB using de-
sign rules and techniques apprapriate tor single-sided designs,

For example. if the width of the trace is 0.008 inch (2 mm). the field distribution at
a distance from the trace approaches 0.008 inch (2 mm). If a reference plane is greater
than 0.008 inch (2 mm), then flux cancellation occurs with less efficiency and the RF re-
turn current can travel partly through free space. This distance spacing on a double-sided
board is typically 0.062 inch (1.6 mm), which is much greater than 0.008 inch (2 mm).
This is illustrated in Fig. 4.27.

What is the implementation of a return path for RF currents on single- or double-sided
PCBs? We must remember that double-sided PCBs must be considered as two single-sided
PCBs. This is difficult to achieve with full level of success. Examples are shown below. To
atlow for return currents. we must use ground traces (guard trace) or a gridded system at OV
potential. A ground trace or gridded system provides an alternate return path for RF currents.
This alternate retusn path allows RE current to return to the source in a low-impedance man-
ner. which is not an optimal implementation since a tull return plane does not exist. For
single-sided boards. ground traces are the primary design technique that allows RF currents
to return to their source, thus controtling loop areas and, with that EMI,

For both single- and double-sided PCBs. plenty of local filtering or decoupling must
oceur for every device. Additional small high-frequency filtering to the critical signal
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Figure 4.27 Field distribution for microstrip and coplanar strips. (Source: Introduction
to Electromagnetic Comparibiliry. Clayton Paul © 1992 Reprinted by per-
mission of John Wiley & Sons, Inc.)

lines must also occur directly at the component. We do not have the benefits of a ground
plane; hence, different design techniques must be implemented.

4.13.1 Single-sided PCBs

For single-sided PCBs, there is only one conceptuai design technique that provides
for RF return currents. This technique is to use a ground trace (guard trace) that is placed
as physically close to the high-threat signal trace as possible. This is shown in Fig. 4.28.
The power and ground return traces must also be routed parallel to each other with decou-
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power trace [] - localized ground plane

= ground trace - = decoupling/bypass capacitor
= signal trace _rven_ = femite filter for power isolation
= ground trace A~ = Series terminator

t
3}

\

Parallel power and ground traces are wide strips.

Guard traces provide alternate return path for RF currents.

Series resistors dampen clock lines.

Oscillator {crystal) case grounded plus localized ground plane
Filtered power trace to critical components prevents noise corruption

Figure 4.28  Sigle-sided routing tor RE retirm currents
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pling capacitors provided for each and every component that injects switching energy into
the power distribution system.

When a gridded power and ground layout methodology is provided, care must be
taken to guarantee that the grids are tied together in as many places as possible. If a grid
system is not used, RF loop currents from components may not find a low-impedance RF
return path by any reliable means, thus exacerbating emission. By routing power and re-
turn traces together in parallel runs, a low-impedance, small loop area transmission line
structure can be created, depending on how the parallel runs are implemented during lay-
out. Signal traces referenced to the OV structure can still create significant current loops if
the distance spacing between the trace and OV reference is excessive.

A problem with single-sided PCBs centers on how traces are routed between com-
ponents when a power and ground grid exists. In almost every application, it becomes im-
practical to fully grid a single-sided board. The most optimal layout technique is to use
ground fill to substitute as an alternate return path for loop area control and reduced im-
pedance for RF return currents to travel home. This ground fill must be connected to the
0V reference point in as many places as possible.

4.13.2 Double-sided PCBs

There are two types of implementation for providing an alternate return path for RF
currents.

1. Symmetrically placed components (¢.g., memory arrays)
2. Asymmetrically placed components

4.13.3 Symmetrically Placed Components

There is one primary implementation technique for providing a low-impedance path
tor RF return currents for two-layer boards related to EMC compliance. The first is for
older technology (slow speed components). These designs usually consist of Dual-In-Line
Packages (DIPs) placed in a straight row or matrix configuration. Very few products cur-
rently use this technique or technology.

Routing horizontal traces on the solder side and vertical traces on the circuit side is
the most commonly used technique for double-sided boards. This becomes a design rule
that is usually not violated when using symmetrically placed components. The power
trace is routed on the top (or bottom) layer, while the ground trace is routed on the oppo-
site layer. All interconnects are made using plated through-holes. For areas that are not
being used for either power, ground. or signal traces, ground fill must be used to aid in
providing a low-impedance path to ground for RF return currents.

To summarize Fig. 4.29:

® [ ayer the power and ground in a grid style with the total loop area formed by
each grid square not exceeding 1.5 square inches (3.8 square cm), although faster
edge-times may demand smaller grids.

» Run power and circuit traces orthogonally to each other, power on one layer,
ground on the other layer.

w [ .ocate decoupling capucitors between the power and ground traces at all connec-
tors and at each 1C.

Power Ground Power

Ground
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1. Top of board has all vertical traces.

2. Bottom of board has all horizontal traces.

3. Feedthroughs where power and ground traces intersect.

4. Decoupling capacitors between power and ground at connectors and at each IC.

§. Signal lines follow vertical/horizontal pattern.

Figure 4.29 Two-layer PCB with power and ground grid structure.
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A power and ground grid system works because the grid structure provides a com-
mon return path for RF currents when an image plane is not present.

4.13.4 Asymmetrically Placed Components

Asymmetrically placed components are found in many current designs. This layout
design is commonly used in low-frequency analog systems—Iess than 1 kHz and nearly
all low-speed, older technology products.

® Route all power traces in a radial fashion from the power supply to all compo-
nents on the same routing layer. Minimize the total length of all traces.

® Route all ground and power traces adjacent (parallel) to each other. This mini-
mizes loop currents that may be created by high-frequency switching noise (in-
ternal to the components) from corrupting other circuits and control signals. Ide-
ally, the only time these traces should be separated by a distance not greater than
the width of any individual trace is when they must separate for connection to the
decoupling capacitor. Signal flow should parallel these ground paths.

® Prevent loop currents by not tying different branches of a tree to another branch.

In examining Fig. 4.30, observe that at low frequencies. parasitic L and C generally do not
cause problems as they do in high-frequency application. For this situation, single-point
grounding is possible.

NOTE: Power and ground traces are routed
adjacent to each other to minimize loop
currents in the power system

Decoulping capacitors x

Ground trace ,(/ ) =F]
{dashed Iin&\ /

Power trace
(Solid line)

r Power connector - s

[ /0 connector 1 \

Arrows represent signal path flow. x—

Watch out for ioops between signal flow routes.

Power and I/0 connector
acts as "hub” of the PC8

Figure 430 Two laver board with radial structure tor power routing and flow mi
granon.
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In Fig. 4.30, the following is noted. For high-frequency applications, control the
surface impedance (Z) of all signal traces and their return current path. When used in a
low-frequency application. instead of impedance control, topology layout is a primary
concern. Loop currents can be prevented from being created by not having components
tied together.

4.14 GRIDDED GROUND SYSTEM

A gridded ground system is an effective method of reducing trace inductance and allows
for an RF current return path to exist. This grid system can be incorporated within the de-
sign layout and is usually found on only single- or double-sided PCBs. When a multilayer
structure is provided, a gridded ground system is not sufficient to provide significant con-
trol of RF currents as the image planes are more efficient for flux cancellation. A gridded
ground system contains both horizontal and vertical ground paths on the PCB, shown in
Fig. 4.31. A grid size spacing of 0.5 inch (1.27 cm) is typical, although larger spacing is
acceptable depending on the edge rate of the signals and the complexity of the component
layout. A generally accepted criterion for grid spacing is one-twentieth of a wavelength,
based on the highest frequency that the grid is expected to handle. The main objective is
to limit trace inductance by limiting the space between the grids and to make the ground
grid and interconnecting elements as “fat” as possible.

A good rule of thumb is to use a grid size whose spacing allows a grid to exist be-
tween every IC on the board. This spacing provides an alternate RF return path when a
ground plane cannot be implemented. This grid could exist on single-sided boards (ex-
tremely difficult, if not impossible); however, it is more optimal to implement a grid on a
double-sided board. When using a double-sided stackup assignment, the y-axis traces are

VSignat trace

\

|~ Ground grid

e
v
— g

» RF return current

N\

Figure 4.31 Gridded ground structure.
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usually routed on the top layer, while v-axis traces are located on the bottom side. These
traces are connected together by vias wherever they jump layers. This layer jumping al-
lows ample room for necessary signal routing and interconnects. The ground grid on one
side of the PCB is connected to the ground grid on the opposite side of the board using as
many vias as possible.

The voltage developed across a return conductor is referred to as ground drop or
ground bounce. The lower the value of ground drop between two points on a PCB retumn
structure, the lower the radiated emissions from the PCB.

In studying Fig. 4.31, we notice that if the grid spacing was smaller than that pro-
vided, the RF return current would mirror image back closer to the signal trace with en-
hanced mutual partial inductance. Because there is no straight-line path, a convoluted
loop area is created which enhances creation of RF energy.

To optimize the design and layout of a PCB using a gridded ground structure, it is
imperative 1o design the grid structure before component placement occurs or signal
traces are routed. It becomes difficult to implement a gridded structure after the board is
routed. This grid adds no per-unit cost to the product. For single- and double- sided
boards, this grid structure may be the only noise suppression technique possible.

A common question regarding the grid structure is, “How wide do [ make the
traces™? The optimal answer s, “as wide as possible.” In reality, the grid can be made
with a narrow conductor, since the impedance of the traces are added together in parallel,
thus creating a total low-impedance return path. This impedance will still be higher com-
pared to that of an image plane. The only design concern is to guarantee that the width of
the traces can handle the OV return current (from the power supply. not RF return cur-
rent). Note that a grid developed from narrow traces is preferred to not having a grid at
all.

4.15 LOCALIZED GROUND PLANES

The following layout techniques allows for the capture of RF flux generated internal 1o
components and oscillators. This design concept is called a Jocalized ground plane, and it
torms a part of the partition concept.

Oscillators, crystals, and all clock support circuitry (e.g., buffers. drivers. ctc.) can
be located over a single localized ground plane. This localized ground plane 1s on the
component (top) layer of the PCB and ties directly into the main internal ground planes of
the PCB through both the oscillator ground pin and a4 minimum of two additional ground
vias. This ground plune should also be positioned next to and connected to a ground stitch
location. An example of this localized ground plane is shown in Fig, 4,32 {1].

The following are the main reasons ftor placing a localized ground plane under the
clock generation area:

® Circuitry inside the oscillator demands RE currents. If the oscillator package is a
metal can. the DC power pin is relied on for both DC voltage reference and a
path for RF currents to be sourced tor sunk) to ground from the oscillator cir-
cuitry. Depending on the type of oscillator chosen (CMOS, TTL, ECL, etc.), RE
currents created internal to the package can become so excessive that the ground
pin is unable to efficiendy source this large Lodl/dr current with low loss (£ from
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Grounding location
or point {screw)

to chassis ground
Clock-1
Clock-2
Clock-3

Series source resistive
terminators. Locate
near ground screw.

CLOCK
DRIVER

\ Vias to the ground plane
in addition to the ground
Localized ground plane pins of the devices.

Note 1: Do not run any traces on layer 1 through the localized ground plane.

Note 2: If two microstrip layers exist, do not route any traces on layer two of
the localized ground plane (route keep-out area).

Note 3: The localized ground plane is a solid copper plane without solder
mask bonded to the main ground plane(s) by vias "and" bonded
to the ground stitch location by a screw or equivatent method.

Figure 4.32 Localized ground plane.

the pin tead) to ground. As a result, the metal case becomes a monotonic antenna.
The nearest image or ground plane (internal to the PCB) is sometimes two or
more layers away and is thus inefficient as a radiated coupling path for RF cur-
rents to ground.

If the oscillator is a surface-mount device, the situation mentioned above is made
worse because SMT packages are often plastic. RF curreats created internal to
the package can radiate to free space and couple to other components. The high
impedance of the PCB material, relative to the impedance of the ground pin of
the oscillator, prevents RF currents to be sourced to ground. SMT packages wall
always radiate more RF energy thun a metalized case.

Placing a localized ground plane under the oscillator and clock circuits provides
an image plane that captures common-mode RF currents generated internal to the
oscillator and related circuitry. thus minimizing RF emissions. This localized
ground plane is also at RF hot potential. To contain differential-mode RF current
that is also sourced to the localized ground plane, multiple connections to all sys-
tem ground planes must be provided. Vias from the localized plane. on layer 1. 10
the ground planes internal to the board will provide this lower mipedance path 0
ground. To enhance performance of this localized ground plane. clock generation
circuits should also be located adjacent to a chassis ground (stitch) connection.
Connect this localized ground plane to the plated through-hole. 360° connection,
preferably not using a wagon wheel configuration. Ensure a low-impedance RE
bonding connection to ground exist. Connection through traces to a ground stitch
location can defeat a low-impedance connection. While thermal relief “wagon
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wheel” connections usually are acceptable, they also degrade the performance of
the low-impedance connection.

® When using a localized ground plane, “do not run traces through this plane”!
This violates the functionality of an image plane. If a trace travels through a lo-
calized ground plane, the potential for small ground loops or discontinuities ex-
ists. These ground loops can generale problems in the higher frequency range.
Why install a plane when you defeat its functional use by running traces through
it severing its continuity?

# Support logic circuitry (clock drivers, buffers, etc.) must be located adjacent to
the oscillator. Extend this localized ground plane to include this support circuitry.
Generally, an oscillator drives a clock buffer. This buffer is usually a super-high-
speed, fast edge rate device. Because of the functional characteristics of this dri-
ver. RF currents will be created at harmonics of the primary clock frequency.
With a large voltage swing and drive current injected onto the signal trace, both
common-mode and differential-mode RF currents will exist. These currents can
cause functionality problems and possible noncompliance to EMC requirements.

4.15.1 Digital-to-Analog Partitioning

Concerns exist for proper partitioning of digital-to-analog circuits, components, and
functional subsections. Because of the application of the circuit partition, and how the
component manufacturer designed the silicon substrate, a common ground reference
structure may or may not be required. If the vendor designed its component for filtered
analog power using a common digital/analog ground. then it is only necessary to filter the
power plane or power pin.

If the component has designed into the silicon a separate partition for a distinct digi-
tal ground and distinct analog ground. the component itself may be partitioned in the lay-
out on the PCB depending on the transfer characteristics across the device’s silicon parti-
tion. This partition is achieved through use of moating between the component pins. All
analog discrete components must reside within the anajog section as detailed in Fig. 4.33.

Within Fig. 4.33. we have two configurations, both with a localized ground plane
and moating within the multilayer stackup. We can extrapolate this localized ground
plane to be both a formal power and ground plane within a multilayer stackup assembly.
The only ditference between the localized ground plane and the internal ground plane is
that the localized plane is on the top first layer directly under the component or oscillator.

While constructing the PCB during component placement and the partitioning im-
picmentation stage, we may sometimes create a very convoluted shape that zigzags be-
tween the pins of a component if the component manufacturer did not provide an optimal
pinout configuration that allows for case of digital-to-analog partitioning.

tor both design applications, the analog power input (o the device is filtered with a
ferrite bead-on-lead und capacitors. The filtered side of the bead is located within the
“quiet” analog plane or localized ground plane. The output of the analog device. if re-
quired, is filtered with an appropriate device. This device may be another territe device or
an tnductor. based on functional application and use.

It partitioning is performed on the power and ground plane structure. the moat must
oceur on all planes present within the board stackup assignment. It becomes critical that
overlapping planes do not occur as was detailed in Fig. 419 1t i imperative to prevent
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1 = locaiized ground plane 1 = localized ground plane
2 = fitered power to iC 2 = filtered power to IC
3 = filtered power to oscillator 3 = filtered power to oscillator
4 = series damping resistor 4 = series damping resistor

5 = filtered I/O from analog section
6 = filtered PLL input to analog section

Localized ground plane with a
common digital and analog ground

Localized ground plane with separate
digital-to-analog ground structure

Figure 4.33 Localized ground plane—digital-to-analog partition. (Scurce. Designers
Guide to Electromagnetic Compatibifity, EDN. ® 1994, Cahners Publish-
ing Co. Reprinted with permission.)

capacitive coupling between noisy digital planes and quiet analog planes. thus circum-
venting possible resonances from developing common-mode noise.

4.16 SUMMARY

An image plane is a term commonly used to identify a return path for RF currents to com-
plete their journey home. This plane consists of a solid copper sheet laminated within a
multilayer PCB stackup assignment. An image plane provides a low-impedance RF trans-
mission path for magnetic lines of flux to mirror image themselves against their source
transmission Jine. The closer the distance spacing between source and return path, the
more enhanced flux cancellation becomes. Higher density PCB stackups provide approxi-
mately six to eight dB of RF suppression per image plane pair due to enhanced flux can-
cellation.

Benefits of Multilayer Boards

® One or more planes can be dedicated exclusively to power and ground. The prin-
cipal benefit is due to the presence of the first solid plane.

® A well-decoupled power distribution system exists.

8 Circuit loop arcas are reduced. thereby reducing differental-mode radiated emis-
sions and susceptibility. Reduction of ditferential-mode currents will keep
common-mode RF energy from being created.
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®= The signal and power return path (ground) will have minimal impedance levels.
® Characteristic impedance of traces is maintained throughout a trace route.
® Crosstalk will be minimized between adjacent traces.
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Bypassing
and Decoupling

Bypassing and decoupling refers to preventing energy transference from one circuit to an-
other in addition to enhancing the quality of the power distribution system. Three circuit
areas are of primary concern: power and ground planes, components, and internal power
connections.

Decoupling is a means of overcoming physical and time constraints caused by digi-
tal circuitry switching logic states. Digital logic usually involves two possible states, “0”
or *1.” Some conceptual devices may not be binary but ternary. The setting and detection
of these two states is achieved with switches internal to the component that determines
whether the device is to be at logic LOW or logic HIGH. There is a finite time period for
the device ro make this determination. Within this window. a margin of protection is pro-
vided to guarantee against false triggering. Moving the logic state near the trigger level
creates a degree of uncertainty. If we add high-frequency noise, the degree of uncertainty
increases and false triggering may occur,

Decoupling is also required to provide sutficient dynamic voltage and current for
proper operation of components during clock or data transitions when all component sig-
nal pins switch simultaneously under maximum capacitive load. Decoupling is accom-
plished by ensuring a low-impedance power source is present in both circuit traces and
power planes. Because decoupling capacitors have an increasingly low impedance at high
frequencies up to the point of self-resonance, high-frequency noise is effectively diverted
from the signal trace, while low-frequency RF energy remains relatively unaffected. Opti-
mal implementation is achieved by using bulk. bypass. and decoupling capacitors. All ca-
pacitor values must be calculated for a specific function. In addition, we must properly se-
lect the dielectric material of the capacitor and not leave it to random choice from past
usage or cxperience.

Three common uses of capacitors follow. Of course. a capacitor may also be used in
other applications such as timing. wave shaping, integration, and filtering.
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Decoupling. Removes RF energy injected into the power distribution network
from high-frequency components consuming power at the speed the device is
switching at. Decoupling capacitors also provides a localized source of DC power
for devices and components, and is particularly useful in reducing peak current
surges propagated across the board.

Bypassing. Diverts unwanted common-mode RF energy from components or ca-
bles. This is essential in creating an AC shunt to remove undesired energy from en-
tering susceptible areas in addition to providing other functions of filtering (band-
width limiting).

Bulk. Used to maintain constant DC voltage and current to components when all
signal pins switch simultaneously under maximum capacitive load. It also prevents
power dropout due to df/dr current surges generated by components.

An ideal capacitor has no losses in its conductive plates and dielectric. Current is always
present between the two parallel plates. Because of this current, an element of inductance
is 'fissomated with thg pa.rallel p!ate configuration. I.Seczfuse one plate is charging wl.ule us L - approximately 10 nH (equivalent series inductance—ESL)
adjacent counterpart is discharging, a mutual coupling factor is added to the overall induc- R = <1 ohm (equivalent series resistance—ESR)

tance of the capacitor.

Leads internal to the capacitor actually
consist of both inductance and resistance.

Figure 5.1 Physical characteristics of a capacitor with leads.

5.1 REVIEW OF RESONANCE

5.1.1 Series Resonance
All capacitors consist of an LCR circuit where L = inductance related to lead length,

R = resistance in the leads, and C = capacitance. A schematic representation of a capacitor The overall impedancehof a series RLC circuit is Z = VR™+ (X, — .Xv)hi If an
is shown in Fig. 5.1. At a calculable frequency, the series combination of L and C be- RLC circuit is to behave resistively, the value can be calculated as shown in Fig. 5.2
comes resonant, providing very low impedance and effective RF shunting at resonance. where 0).(27tf ) iS.k“OW“ as the.resonant-angular frequency.

At frequencies above self-resonance, the impedance of the capacitor becomes increas- With a series RLC circuit at resonance,

ingly inductive and bypassing or decoupling becomes less effective. Hence, bypassing

and decoupling are affected by the lead-length inductance of the capacitor (including sur- ® Impedance is at minimum.

face mount, radial, or axial styles), the trace length between the capacitor and a compo- ® [mpedance equals resistance.

nents, feed-through pads, and so forth. j ® The phase angle difference is zero.
Before discussing bypassing and decoupling of circuits on u PCB, a review of reso- !

nance is provided. Resonance occurs in a circuit when the reactive value difference be-

tween the inductive and capacitive vector is zero. This is equivalent to saying that the cir-

cuit is purely resistive in its response to AC voltage. Three types of resonance are

common:

® Current is at maximum.
8 Power transfer (IV) 1s at maximum.

m Series resonance

® Parallel resonance | X, =X;
[}

8 Paralle]l C—-series RL resonance

il

Resonant circuits are trequency selective since they pass more or less RF current at R wl,
certain frequencies than at others. A series LCR circuit will pass the selected frequency wC
(as measured across C) if R is high and the source resistance is low. If R is low and the
source resistance is high. the circuit will reject the chosen frequency. A parallel resonant , 1
circutt placed in series with the load will reject the chosen frequency | . : l W=

¢ ' ’ o - ’ o : Figure 5.2 Series resonance VLC
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® ‘lr Figure 5.3 Parallel resonance.

5.1.2 Parallel Resonance

A parallel RLC circuit behaves as shown in Fig. 5.3. The resonant frequency is the

same as for a series RLC circuit.
With a parallel RLC circuit at resonance,

Impedance is at maximum.
Impedance equals resistance.

The phase angle difference 15 zero.
Current is at minimum.

Power transfer (I1V) is at minimum.

5.1.3 Parallel C—Series RL Resonance
(Antiresonant Circuit)

Practical resonant circuits generally consist of an inductor and variable capacitor in
parailel. Since the inductor will possess some resistance. the equivalent circuit is shown in
Fig. 5.4. The resistance in the inductive brunch may be a discrete element or the internal
resistance of a nonideal inductor.

At resonance, the capacitor and inductor trade the same stored energy on alternate
half cycles. When the capacitor discharges. the inductor charges. and vice versa. At the
antiresonant frequency, the tank circuit presents a high impedance to the primary circuit
current. even though the current within the tank 1s high. Power is dissipated only in the re-
sistive portion of the network.

. The antiresonant circuit is equivalent to a parallel RLC circuit whose resistance
is O°R.

P

T —
L . \ | o

WE = e [Res wl | c

Ve T Ty ! wL] |
) ) R L

P B ¢

- w (R R K

Figure 5.4 Parailcl O senes RE resonance

1 5.2 PHYSICAL CHARACTERISTICS
C

5.2.1 Impedance

The equivalent circuit of a capacitor was shown in Fig. 5.1. The impedance of this capaci-
tor is expressed by

lz| = V‘{Rf + (217 - (5.1

)

where Z = impedance (€2}
R_= Equivalent Series Resistance—ESR (Q)
L = Equivalent Series Inductance—ESL (H)
C = capacitance (F)

[ = frequency (Hz)
From this equation, | Z| exhibits its minimum value at a resonant frequency f, such that
1
= T = (5.2)
2mVLC

In reality, the impedance equation (Eq. 5.1) reflects hidden parasitics that are present
when we take into account ESL and ESR.

Equivalent Series Resistance (ESR) is a term referring to resistive losses in a capac-
itor. This loss consists of the distributed plate resistance of the metal electrodes, the con-
tact resistance between internal electrodes, and the external termination points. Note that
skin effect at high frequencies increases this resistive value in the leads of the component.
Thus, the high-frequency “ESR” is higher in equivalence than DC “ESR.”

Equivalent Series Inductance (ESL) is the loss element that must be overcome as
current flow is constricted within a device package. The tighter the restriction. the higher
the current density and the higher the ESL. The ratio of width to length must be taken into
consideration to minimize this parasitic element,

Examining Eq. (5.1), we have a variation of the same equation with ESR and ESL,
shown in Eq. (5.3).

Z) = VIESRY + (X, — X.)°
where X, = 2nf (ESL) {
1
X = -
C2mfC

o
[~
=

i

For certain types of capacitors with regard to dielectric material, the capacitance
value varies with temperature and DC bias. Equivalent Series Resistance varies with tem-
perature, DC bias, and frequency. while Equivalent Series Inductance remains fairly un-
changed.

For an ideal planar capacitor where current untformly enters from one side and exits
from another side. inductance will be practically zero. For those cases, Z will approach R,
at high frequencies and will not exhibit an inherent resonance, which is exactly what a
power and ground plane structure within a PCB does. This is best illustrated by Fig. 5.5
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Discrete
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log|Z|

|
; ideal planar
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log f

Figure 5.5 Theoretical impedance frequency response of ideal planar capacitors.

The impedance of an “ideal” capacitor decreases with frequency at a rate of
—-20 dB/decade. Because a capacitor has inductance in its leads, this inductance prevents
the capacitor from behaving as desired, described by Eqy. (5.2).

It should be noted that long power traces in two-sided boards that are not laid out tor ideal-
ized tlux cancellation are in effect, extensions of the lead lengths of the capacitor, and this
fact seriously alters the self-resonance of the power distribution system.

Above self-resonance. the impedance of the capacitor becomes inductive and increases at
+20 dB/decade as detailed in Fig. 5.6. Above the self-resonant frequency, the capacitor
ceases to function as a capacitor. The magnitude of ESR is extremely small and, as such,
does not significantly affect the self-resonant frequency of the capacitor.

l Z4 Capacitive

c

Inductive

ESL
+20 dB/decade

| / |

Figure 5.6 Ettects of lead-length inductance within a capacnor
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The effectiveness of a capacitor in reducing power distribution noise at a particular
tfrequency of interest is illustrated by Eq. (5.4)

AV(f) = [z(f)]-AI(f) (5.4)

where AV is the allowed power supply sag; A/ is the current supplied to the device; and
f is the frequency of interest. To optimize the power distribution system by ensuring that
noise does not exceed a desired tolerance limit, /Z/ must be less than AV/AI for the re-
quired current supply. The maximum /Z/ should be estimated from the maximum
Al required. If A/ = 1A, and AV = 3.3V, the impedance of the capacitor must be less
than 0.3 Q.

In order for an ideal capacitor to work as desired, the device should have a high C in
order to provide a low impedance at a desired frequency and a low L so that the imped-
ance will not increase at higher frequencies. In addition, the capacitor must have a low R,
to obtain the least possible impedance. For this reason, power and ground planes struc-
tures are optimal in providing low-impedance decoupling within a PCB over discrete
components.

5.2.2 Energy Storage

Decoupling capacitors ideally should be able to supply all the current necessary
during a state transition of a logic device. This is described by Eq. (5.5). Use of decou-
pling capacitors on two-layer boards also reduces power supply ripple.

oo AL
A V/A:
(5.5)

20
20001 pf or 1000 pf

thatis, ———— —-
100 mv/5 ¢

where A/ = current transient
AV = allowable power supply voltage change (ripple)
Ar = switching time

Note that for AV, EMI requirements are usually more demanding than chip supply needs.

The response of a decoupling capacitor is based on a sudden change in demand for
current. It s useful to interpret the frequency domain impedance response in terms of the
capacitor’s ability to supply current. This charge transfer ability is also for the time do-
main function that the capacitor is generally selected for. The low-frequency impedance
between the power and ground planes indicates how much voltage on the board will
change when experiencing a relatively stow transient. This response 1s an indication of the
time-average voltage swing experienced during a faster transient. With low impedance.
more current is available to the components under a sudden change in voltage. High-
frequency tmpedance is an indication of how much current the board can initially supply
in responsc to a fast transient. Boards with the lowest impedance above 100 MHz can
supply the greatest amount of current (for a given voltage change) during the first few
nanoseconds of a sudden transient.
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5.2.3 Resonance

When selecting bypass and decoupling capacitors, calculate the charge and dis-
charge frequency of the capacitor based on logic family and clock speed used (self-reso-
nant frequency). One must select a capacitance value based on the reactance that the ca-
pacitor presents to the circuit. A capacitor is capacitive up to its self-resonant frequency.
Above self-resonance, the capacitor becomes inductive, which minimizes RF decoupling.
Table 5.1 illustrates the self-resonant frequency of two types of ceramic capacitors, one
with standard 0.25-inch leads and the other surface mount. The self-resonant frequency of
SMT capacitors is always higher, although this benefit can be obviated by connection in-
ductance. This higher self-resonant frequency is due to lower lead-length inductance pro-
vided by the smaller case package size and lack of long radial or axial lead lengths.

In performing SPICE testing or analysis on various package-size SMT capacitors,
all with the same capacitive value, the self-resonant frequency changed by only a few
MHz between package sizes, while keeping all other measurement constants unchanged.
SMT package sizes of 1210, 0805, and 0603 are common in today’s products using vari-
ous types of dielectric material. Only the lead inductance is different between packaging
with capacitance valve remaining constant. The dielectric material did not play a signifi-
cant part in changing the self-resonant frequency of the capacitor. The change in self-res-
onant frequency observed between different package sizes, based on lead-length induc-
tance in SMT packaging, was negligible and varied by + 2-5 MHz.

When actual testing was performed in a laboratory environment on a large sample of
capacitors, an interesting phenomenon was observed. The capacitors were self-resonant at
the frequency analyzed, as expected. Based on a large sample size, the self-resonant fre-
quency varied considerably. (There were too many plots to detail in this chapter or place
within a table.) The self-resonant frequency varied because of the tolerance rating of the ca-
pacitor. Because of the manufacturing process, capacitors are provided with a tolerance rat-
ing of generally +10%. More expensive capacitors are in the £ 2-5% range. Since the phys-
ical size of the capacitor is fixed, due to the manufacturing process used, the value of
capacitance can change owing to the thickness and variation of the dielectric material and
other parameters. With manufacturing tolerance for the capacitance part of the component,
the actual self-resonant frequency will change based on the tolerance rating of the device. If
a design requires an exact value of decoupling, the use of an expensive precision capacitor
is required. The resonance equation easily illustrates this tolerance change.

TABLE 5.1 Approximate Setf-resonant Frequencies of Capacitors (lead-length dependent)

Capacitor Through-Hole* Surface Mount**
Value (.25 leads {OROS)
Lot 2.6 MHz 5 MHz
0.1 uf 8.2 MHz 16 MHz
0.01 uf 26 MHz 50 MHz.
1000 pF 82 MHz 159 MHz
500 pb 116 MHz 225 MH»
100 pF 260 MHz 503 MHz
t0 pE %21 MHz 1.6 GHz

*For through-hole, L = 3.75 nH (15 nH per/inch).

4o surtace mouat, 2. = ¥ nil.
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Leaded capacitors are nothing more than surface-mount devices with leads at-
tached. A typical leaded capacitor has on the average approximately 2.5 nH of inductance
for every 0.10 inch of lead length above the surface of the board. Surface-mount capaci-
tors average | nH lead-length inductance.

An inductor does not change resonant response like a capacitor. Instead, the magni-
tude of impedance changes as the frequency changes. Parasitic capacitance around an in-
ductor can, however, cause parallel resonance and alter response. The higher the fre-
quency of the circuit, the greater the impedance. RF current traveling through an
impedance causes an RF voltage. As a result, RF current is created in the device as related
to Ohm’s law, V. = [ * Z . As examined above. one of the most important design con-
cerns when using capacitors for decoupling lies in lead length inductance. SMT capacitors
perform better at higher frequencies than radial or axial capacitors because of lower inter-
nal lead inductance. Table 5.2 shows the magnitude of impedance of a 15-nH inductor
versus frequency. This inductance value is caused by the lead lengths of the capacitor and
the method of placement of the capacitor on a typical PCB.

Figure 5.7 shows the self-resonant frequency of various capacitor vatues along with
different logic families. It is observed that capacitors are capacitive until they approach
self-resonance (null point) before going inductive. Above the point where capacitors go
inductive, they proportionally cease to function for RF decoupling: however, they may
still be the best source of charge for the device, even at frequencies where they are induc-
tive. This is because the internal bond wire from the capacitor’s plates to its mounting pad
(or pin) must be taken into consideration. Inductance is what causes capacitors to become
less useful at frequencies above self-resonance for decoupling purposes.

Certain logic families generate a greater spectrum of RF energy. This energy is gen-
crally higher in frequency than the self-resonant frequency range which a decoupling ca-
pacitor presents to the circuit. For example. a 0.1 pF capacitor will usually not decouple
RF currents for an “ACT or F” logic device, whereas a 0.001 pF capacitor is a more ap-
propriate choice due to the faster edge rate (0.8-2.0 ns minimum) typical of thesc higher-
speed components.

TABLE 5.2 Magnitude of Impedance
ot a t3-nt Inductor versus Frequency

Frequency z
(MHz) tohms)
0.1 0.01
0.5 0.05
1.0 0.10
1.0 1.0
200 1.9
0.0 AR
0.0 R
50.0 e
6(r0 57
70.0 0.6
80.0 7.8

900 AN
100,01 0.1
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Figure 5.7  Self-resonant frequency of capacitors versus logic families. Capacitors pro-
vided with 30-nH series inductance (irace plus lead length). (Source: H. Ott,
Noise Reduction Techniques in Electronic Systems. Copyright © 1988 John
Wiley & Sons, reprinted with permission)

We now compare the difference between through-hole and surface-mount capaci-
tors (SMT). Since SMT devices have much less lead-length inductance. the self-resonant
frequency is higher than through-hole. Figure 5.8 illustrates a plot of the self-resonant fre-
quency of various values of ceramic capacitors. All capacitors in the figure have the same
lead-length inductance for comparison purposes.

Effective capacitive decoupling is achieved when capacitors are properly placed on
the PCB. Random placement or excessive use of capacitors 1s a waste of material. Some-
times fewer capacitors strategically placed perform best for decoupling. In certain appli-
cations, two capacitors in parallel are required to provide greater spectral bandwidth of
RF suppression. These parallel capacitors must differ by two orders of magnitude or value
(e.g., 0.1 and 0.001 uF) or 100x for optimal performance. Use of parallel capacitors are
discussed later in this chapter.

5.2.4 Benefits of Power and Ground Planes

A benefit of using multilayer PCBs is the placement of the power and ground planes
adjacent to each other. The physical relationship of these two planes creates one large de-
coupling capacitor. This capacitor usually provides adequate decoupling for low-speed
(slow edge rate) designs; however, additional layers add significant cost to the PCB. If com-
ponents have signal edges (z,0r ¢,) slower than 10 ns (e.g.. standard TTL logic), use of high-

T
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Figure 5.8  Self-resonant frequency of SMT capacitors.
(ESL = 1nH)

performance, high self-resonant frequency decoupling capacitors is generally not required.
Bulk capacitors are still needed, however, to maintain proper voltage levels. For perfor-
mance reasons values such as 0.1 uF to 10 uF are appropriate for device power pins.

Another factor to consider when using power and ground planes as a primary de-
coupling capacitor is the self-resonant frequency of this built-in capacitor. If the self-reso-
nant frequency of the power and ground planes is the same as the self-resonant frequency
of the lumped total of the decoupling capacitors installed on the board, there will be a
sharp resonance where these two frequencies meet. No longer will there be a wide spec-
tral distribution of decoupling. If a clock harmonic is at the same frequency as this sharp
resonance, the board will act as if little decoupling exists. When this situation occurs, the
PCB may become an unintentional radiator with possible noncompliance with EMI re-
quirements. Should this occur, additional decoupling capacitors (with a different self-
resonant frequency) will be required to shift the resonance of the PCB’s power and
ground planes.

One simple method to change the self-resonant frequency of the power and ground
planes is to change the distance spacing between these planes. Increasing or decreasing
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the height separation or relocation within the layer stackup will change the capacitance
value of the assembly. Equations (5.7) and (5.8) provide this calculation. One disadvan-
tage of using this technique is that the impedance of the signal routing layers may also
change, which is a performance concern. Many multilayer PCBs generally have a self-
resonant frequency between 200 and 400 MHz.

In the past, slower speed logic devices fell well below the spectrum of the self-reso-
nant frequency of the PCB’s power and ground planes. Logic devices used in newer,
high-technology designs approach or exceed this critical resonant frequency. When both
the impedance of the power planes and the decoupling capacitors approach the same reso-
nant frequency, severe performance deterioration occurs. This degraded high-frequency
impedance will result in serious EMI problems. Basically, the assembled PCB becomes
an unintentional transmitter. The PCB is not really the transmitter; rather, the highly
repetitive circuits or clocks are the cause of RF energy. Decoupling will not solve this
type of problem (due to the resonance of the decoupling), requiring system-level contain-
ment measures to be employed.

5.3 CAPACITORS IN PARALLEL

It is common practice during a product design to make provisions for parallel decoupling
of capacitors with the intent of providing greater spectral distribution of performance and
minimizing ground bounce. Ground bounce is one cause of EMI created within a PCB.
When parallel decoupling is provided, one must not forget that a third capacitor exists—
the power and ground plane structure.

When DC power 1s consumed by components switching, a momentary surge occurs
in the power distribution network. Decoupling provides a localized point source charge
since a finite inductance exists within the power supply network. By keeping the voltage
level at a stable reference point. false logic switching is prevented. Decoupling capacitors
also minimize radiated emissions by providing a very small loop area for creating high
spectral content switching currents instead of having a larger loop area created between
the component and a remote power source.

Research on the effectiveness of multiple decoupling capacitors shows that parallel
decoupling may not be significantly effective and that at high frequencies, only a 6-dB
improvement may oceur over the use of a single large-value capacitor.” Although 6-dB
appears to be a small number for suppression of RF current. it may be all that is reguired
to bring a noncompliant product into compliance with international EMI specifications.
According to Paul,

Above the self-resonant frequency of the larger value capacitor where its impedance in-
creases with frequency tinductive), the impedance of the smaller capacitor is decreasing (ca-
pacitiver. At some point. the impedance of the smaller value capacitor will be smaller thun
that of the larger value capacitor and will dominate thereby giving a smaltler net impedance
than that of the larger value capacitor alone.

aul. Clavton. “Etfectiveness of Muiuple Decoupling Capacttors " IEEE Transactions on Elecoromag
netic Compatibiline. May 19092 vol EMC-34 pp. 130-133
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This 6-dB improvement is basically the result of lower lead and device-body induc-
tance provided by the capacitors in parallel. There are now two sets of parallel leads from
the internal plates of the capacitors. These two sets provide greater trace width than would
be available if only one set of leads were provided. With a wider trace width, there is less
lead-length inductance. This reduced lead-length inductance is a significant reason why
parallel decoupling capacitors work as well as they do.

Figure 5.9 shows a plot of two bypass capacitors, 0.01 uF and 100 pF, both individ-
ually and in parallel. The 0.01 UF capacitor has a self-resonant frequency at 14.85 MHz.
The 100 pF capacitor has its self-resonant frequency at 148.5 MHz. At 110 MHz, there is
a large increase in impedance due to the parallel combination. The 0.01 UF capacitor is in-
ductive, while the 100 pF capacitor is still capacitive, We have both L and C in reso-
nance—hence, an antiresonant frequency point, which is exactly what we do not want in a
PCB if compliance to EMI requirements is mandatory.

Between the self-resonant frequency of the larger value capacitor, 0.01 uF, and the self-
resonant frequency of the smaller value capacitor, 100 pF, the impedance of the larger value
capacitor is essentially inductive, whereas the impedance of the smaller value capacitor is ca-
pacitive. In this frequency range there exists a parallel resonant LC circuit and we should
therefore expect to find an infinite impedance of the paralle] combination. Around this reso-
nant point, the impedance of the parallel combination is actually larger than the impedance of
either isolated capacitor! 4, p.132]

In Fig. 5.9, observe that at 500 MHz, the impedances of the individual capacitors are vir-
tually identical. The parallel impedance is only 6-dB lower. This 6-dB improvement is
only valid over a limited frequency range from about 120 to 160 MHz.

To further examine what occurs when two capacitors are used in parallel, we look at
a Bode plot of the impedance presented by two capacitors in parallel (see Fig. 5.10).

Parallel Decoupling Capacitors
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Figure 3.9 Resonance of parallel capacitors.
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Figure 5.10 Bode plot of parallel capacitors.

For the bode plot of Fig. 5.10, the frequency responses of the magnitude at the vari-
ous break frequencies are [4]

! . 1 I
h=5/—=<fi= :

—— (5.6)
2mVIC,

?.’:'r\/FLC2 <= 217\/fd =2h

By shortening the lead-lengths of the larger value capacitor (0.01 uF), we can ob-
tain the same results by a factor of 2. For this reason a single capacitor may be more opti-
mal in a specific design than two, especially if minimal lead-length inductance exists.

To remove RF current generated by components switching all signal pins simulta-
neously (and it is desired to parallel decouple), it is common practice to place two capaci-
tors in parallel (e.g., 0.1 UF and 0.001 yF) immediately adjacent to each power pin. If par-
allel decoupling is used within a PCB layout, onc must be aware that the capacitance
values should ditfer by two orders of magnitude, or 100x. The total capacitance of parallel
capacitors is not important. Parallel reactance provided by the parailel capacitors (due to
self-resonant {requency) is the important item. (See Tables 5.1 and 5.2.)

To optimize the effects of parallel bypassing and to allow use of only one capacitor,
reduction in capacitor lead length inductance is required. A finite amount of lead length
inductance will always exist when installing the capacitor on the PCB. Note that the lead
length must also include the length of the via connecting the capacitor to the planes. The
shorter the lead length from cither singie or parallel decoupling. the greater the perfor-
mance. In addition, some manufacturers provide capacitors with significantly reduced
“body ™ inductance tnternal to the capacitor.

5.4 POWER AND GROUND PLANE CAPACITANCE

The effects of the internal power and ground planes inside the PCB are not considered in
Fig. 3.9, However. multiple bypassing effects are lustrated in Fig. 5.11. Power and
ground planes have very little lead-length inductance equivalence and no ESR (Equiva-

Section 5.4 ® Power and Ground Plane Capacitance
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lent Series Resistance). Use of power planes as a decoupling capacitor reduces RF energy
at frequencies generally in the higher frequency ranges.

On most multilayer boards, the maximum inductance of the planes between two
components is significantly less than 1 nH. Conversely, lead-length inductance (e.g., the
inductance associated with the traces connecting a component to its respective via plus
the via themselves) is typically 2.5-10 nH or greater [8].

Capacitance will always be present between a voltage and ground plane pair. De-
pending on thickness of the core, the dielectric constant, and the placement of the planes
within the board stackup, various values of internal capacitance can exist. Network analy-
sis, mathematical calculations or modeling will reveal the actual capacitance of the power
planes. This is in addition to determining the impedance of all circuit planes and the self-
resonant frequency of the total assembly as potential RF radiators. This value of capaci-
tance is easily estimated by Egs. (5.7) and (5.8). This approximation may be used just to
estimate the capacitance between planes since planes are finite, have multiple holes, vias,
and the like. Actual capacitance is generally less than the calculated value.

£gA A
C = - O = — .
4 P (5.7)
where € = permittivity of the medium between capacitor plates (F/m)
A = area of the parallel plates ( n°)
d = separation of the plates (m)
C = capacitance between the power and ground planes (pF)

Introducing relative permittivity €, of the dielectric material, and the value of the permit-
tivity of free space, €, we obtain the capacitance of the parallel-plate capacitor, namely,
the power and ground plane combination.

87
(

, A
C = 8857 " (pF) (5.8)
{

where €, = is the relative permiltivity of the medium between the plates, typically =~ 4.5
{varies for linear material. usually between | and 10)
and €, = permittivity of free space. 1/36m * 107" F/m = 8.85 * 107 F/m = 8.85 pF/m

Equations (5.7) and (5.8) show that the power and ground planes. when separated by 0.0t
inch of FR-4 material. will have a capacitance of 100 pF/in”.

Because discrete decoupling capacitors are common in multilayer PCBs, we must
question the value of these capacitors when low-frequency. slow edge rate components
are provided. generally in the frequency range below 25 MHz. Research into the effects of
power and ground planes along with discrete capacitors reveals interesting results [6].

In Fig. 5.11. the impedance of the “bare board™ closely approximates the ideal de-
coupling impedance that would result it only pure capacitance free of interconnect induc-
tance and resistance could be added. This ideal impedance is given by Z, = 1/jw(,. The
discrete capacitor becomes zero at the series resonant frequency, f,, and infinite at the par-
allet resonance f‘requency._;‘},. where 11 = number of discrete capacitors provided, C, is the
discrete capacitor, and € is the capacitance of the power and ground plane structure, con-
ditioned by the source impedance of the power supply [6].
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= —Fai1 4+ (5.9)
f 27T\//LC fp f\\/ ({vu

For frequencies below the series resonance frequency, discrete decoupling capaci-
tors behave as capacitors with an impedance of Z = 1/jwC. For frequencies near the series
resonance frequency. the impedance of the loaded PCB is actually less than that of the
ideal PCB. However, at frequencies above f,, the decoupling capacitors begin to exhibit
inductive behavior as a result of their associated interconnect inductance. Thus, the dis-
crete decoupling capacitors function as inductors at frequencies above their series reso-
nance frequency. The frequency at which the magnitude of the board impedance is the
same with or without the decoupling capacitors (where the unloaded PCB intersects that
of the loaded. nonideal PCB) is 6]

£o=fN1+ (nC,/2C) (5.10)

For frequencies above f,, the additional number of “n” decoupling capacitors pro-
vides no additional benefit (as long as the switching frequencies of the components are
within the decoupling range of the power and ground plane structure) since the bare board
impedance remains far below that of the board that is loaded with discrete capacitors. At
frequencies near the loaded board pole (parallel resonant) frequency, the magnitude of the
loaded board impedance is extremely high, and the decoupling performance of the loaded
board is far worse than that of the unloaded board (without additional decoupling capaci-
tor). The analysis clearly indicates that minimizing the series inductance of the decou-
pling capacitor connection is crucial to achieving ideal capacitor behavior over the widest
possible frequency range, which in the time domain corresponds to the ability to supply
charge rapidly. Lowering the interconnect inductance increases the series and parallel-
resonance frequency, thereby extending the range of ideal capacitor behavior [6].

Parallel resonances correspond to poles in the board impedance expression. Series
resonances are null points. When multiple capacitors are provided. the poles and zeros
will alternate so that there will be e¢xactly one parallel resonance between each pair of se-
ries resonances. A parallel resonance will always exist between two series resonances.

Although good distributive capacitance exists when using a power and ground
plane structure, adjacent close stacking of these two planes plays a critical part in the
overall PCB assembly. If two sets of power and ground planes exist, for example,
+5V/ground and +3.3V/ground. both with different dielectric spacing between the two
planes. it is possible to have multiple decoupling capacitors built internal to the board.
With proper selection of faver stackup. both high-frequency and low-frequency decou-
pling can be achicved without use of any discrete capacitors. To expand on this concept, a
technology known as buried capacitance is finding use in extremely high-technology
products that require high-trequency decoupling.

5.4.1 Buried Capacitance

Buried capacitance™ is a patented manufacturing process in which the power and
ground planes are separated by a 0.001 inch (0.25 mm) dietectric.” With this small dielec-
tric spacing, decoupling is effective up to 200-300 MHz. Above this frequency range, use

“‘Buried capacitance is a registered trademark of HADCO Corporation twhich purchased Zycon Corpora-

tion. developers of this technology
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of discrete capacitors is required to decouple components that operate above the cutoff
frequency of the buried capacitance. The important item to remember is that the closer the
distance spacing is between the power and ground planes, the berter the decoupling per-
formance. It is to be remembered that, aithough buried capacitors may eliminate the em-
ployment and cost of discrete components, use of this technology may far exceed the cost
of all discrete components that were removed.

To better understand the concept of buried capacitance, we should consider the
power and ground planes as pure capacitance at low frequencies with very little induc-
tance. These planes can be considered to be an equal-potential surface with no voltage
gradient except for a small DC voltage drop. This capacitance is calculated simply as area
divided by thickness times permittivity. For a 10-inch square board, with 2 mil FR-4 di-
electric between the power and ground planes, we have 45 nF (0.045 uF).

At some frequency, a full wave will be observed between the power and ground
planes along the edge length of the PCB. Assuming velocity of propagation to be 6 in/ns
(15.24 cm/ns), we observe that the frequency will be 600 MHz for a 10 x 10 inch board.
At this frequency, the planes are not at equal potential, for the voltage measured between
two points can differ greatly as we move the test probe around the board. A reasonable
transition frequency is one-tenth of 600 MHz or 60 MHz. Below this frequency, the
planes can be considered as pure capacitance.

Knowing the velocity of propagation and capacitance per square area, we can calcu-
late the plane inductance. For a 2-mil-thick dielectric, capacitance is 0.45 nF/inch?, veloc-
ity of propagation = 6 inch/ns, and inductance is 0.062 nH/square. This inductance is a
spreading inductance. similar in interpretation to spreading resistance, and is a very small
number. This small number is the primary reason why power planes are mainly pure
capacitance.

With inductance and capacitance, we calculate the impedance as Z, = \/L&//E ,
which 1s 0.372 ohms-inch. A plane wave traveling down a long length of a 10-inch-wide
board will see 0.372/10 = 0.0372 ohms impedance, again. a small number.

Decoupling capacitance is increased because the distance spacing between the
glanes {d) is in the denominator. Inductance is decreased because the velocity of propaga-
fion must remain constant and the total impedance is also decreased. The power and
ground planes are the means of distributing power. Reducing the dielectric thickness is ef-
fective at increasing high-frequency decoupling capacitance and transporting  high-
frequency power through a lower impedance distribution system.

5.4.2 Calculating Power and Ground Plane Capacitance

Capacitance between a power and ground plane is described by

¢ €A
o K S
bE (] ( )
where (= capacitance of parallel plates (pF)

£, = relative diclectric constant of the board material (vacuum = [. FR4

material = 4.1 to 4.7)

A = common area between the parallel plates (square inches or ¢m)

d = distance spacing between the plates (inches or cm)

A = conversion constant (0.2249 for inches, 0.884 for ¢cm)
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One caveat in implementing this technology is that the inductance caused by the an-
tipads (holes for through-vias) in the power and ground planes can minimize the theoreti-
cal effectiveness of this technique.

Because of the efficiency of the power planes as a decoupling capacitor, the use of
high self-resonant frequency decoupling capacitors may not be required for standard TTL
or slow-speed logic. This optimum etficiency exists, however, only when the power
planes are closely spaced—Iless than 0.01 inch with 0.005 inch preferred for aigh-speed
applications. If additional decoupling capacitors are not properly chosen, the power
planes will go inductive below the lower cut-in range of the higher self-resonant fre-
quency decoupling capacitor. With this gap in resonance, a pole is generated, causing un-
desirable effects on RF suppression. At this point, RF suppressicn techniques on the PCB
become ineffective, and containment measures must be used at a much greater expense.

5.5 LEAD-LENGTH INDUCTANCE

All capacitors have lead and device body inductance. Vias also add to this inductance
value. Lead inductance must be minimized at all times. When a signal trace plus lead-
length inductance is combined, a higher impedance mismatch will be present between the
component’s ground pin and the system ground plane. With trace impedance mismatch, a
voltage gradient is created between these two sources, creating RF currents. RF fields
cause RF emissions on PCBs; hence, decoupling capacitors must be designed for mini-
mum inductive lead length, including via and pin escapes (or pad connections from the
component pin to the point where the device pin connects to a via).

In a capacitor, the dielectric material determines the magnitude of the zero for the
self-resonant frequency of operation. All dielectric material is temperature sensitive. The
capacitance value of the capacitor will change in relation to the ambient temperature pro-
vided to its case package. At certain temperatures, the capacitance may change substan-
tially and may result in improper performance, or no performance at all when used as a
bypass or decoupling element. The more temperature stable the dielectric material, the
better performance of the capacitor.

In addition to the sensitivity of the diclectric material to temperature, the equivalent
series inductance (ESL} and the equivalent series resistance (ESR) must be low at the de-
sired frequency of operation. ESL acts like a parasitic inductor, whereas ESR acts like a
parasitic resistor, both in series with the capacitor. ESL is not a major factor in today’s
small SMT capacitors. Radial and axial lead devices will always have large ESL values.
Together, ESL and ESR degrade a capacitor’s effectiveness as a bypass element. When
selecting a capacitor, one should choose a capacitor family that publishes actual ESL and
ESR wvalues in their data sheet. Random selection of a standard capacitor may result in im-
proper performance if ESL and ESR are too high. Most vendors of capacitors do not pub-
lish ESL. and ESR values, so it is best to be aware of this selection parameter when choos-
ing capacitors used in high-speed. high-technology PCBs.

Because surface-mount capacitors have essentially little ESL and ESR, their use
is preferred over radial or axial types. Typically, ESL is <1.0 nH, and ESR should be
0.5 ohms or less. For decoupling capacitors, capacitance tolerance is not as important as
the temperature stability, dielectric constant, ESL. ESR. and self-resonant frequency {11
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5.6 PLACEMENT

5.6.1 Power Planes

Multlayer PCBs generally contain one or more pairs of voltage and ground planes. Power
planes tunction as a low-inductance capacitor that constrains RF currents generated trom com-
ponents and traces. Multiple chassis ground stitch connections to all ground planes minimizes
voltage gradients between board and chassis and between/among board layers. These gradi-
enis also are a major source of common-mode RF fields. This is in addition to sourcing RF cur-
rents to chassis ground. In many cases, multiple ground stitch connections are not always pos-
sible, especially in card cage designs. In such situations, care must be taken to analyze and
determine where RF loops will occur and how to optimize grounding of the power planes.

Power planes that are positioned next to ground planes provide for flux cancellation
in addition to decoupling RF currents created from power fluctuations of components and
noise injected into the power and ground planes. Components switching logic states cause
a current surge during the transition. This current surge places a strain on the power distri-
bution network. An image plane is a solid copper plane at voltage or ground potential lo-
cated adjacent to a signal routing plane. RF currents generated by traces on the signal
plane will mirror image themselves in this adjacent metal plane. This metal plane must
not be isolated from the power distribution network [9). To remove common-mode RF
currents created within a PCB, ull routing (signal) layers must be physically adjacent to
the image plane. (Refer to Chapter 4 for a detailed discussion of image planes.)

5.6.2 Decoupling Capacitors

Before determining where to locate decoupling capacitors, the physical structure of
a PCB must be understood. Figure 5.12 shows the electrical equivalent circuit ot a PCB.
In this figure. observe the loops that exist between power and ground caused by traces, IC
wire bonds. lead frames of components. socket pins. component interconnect leads, and
decoupling capacitor. The key to effective decoupling is o mimimize R, L., R, L',. R,
Ly, R LRy Ly Ry and 1. Placement of power and ground pins in the center of the
component helps reduce R, L,, R, and L’,. Basically, the impedance of the PCB struc-
ture must be minimized. The easiest way to minimize the resistive and inductive compo-
aents of the PCB 1y to provide a solid plane. To minimize the inductance trom the compo-
nent. use of SMT. ball arid arrays, and flip chips is preferred. With less lead bond fengths
[rom dic to PCB pad. overall impedance is reduced.

Figure 5.12 [1] makes clear that EMI 15 a tunction of loop geometry and frequency.
hence. the smallest closed-loop arcu is desired. We acquire this small area by placing a
local decoupling capacitor, € ,. for current storage adjacent to the power pins of the IC.
It is mandatory that the dccdupling loop impedance be much lower than the rest of the
power distribution system. This low impedance will cause the high-frequency RF energy
developed by beth traces and components 1o remain almost entirelv within this small
closed loop. Ax a result. low EMT emissions are observed.

If the impedance of the loop is smaller than the rest of the system. some fraction of
the high-frequency RE component will transter or couple to the larger loop formed by the
power distribution system. With this sitwation, RF currents are developed and. hence.,
higher EME emissions. This sttuation is best illustrated in Fig, 513,
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Figure 5.12  Equivalent circuit of a PCB.
To summarize,

The important parameter when using decoupling capacitors is to minimize lead-length induc-
tance and to locate the capacitors as close as possible to the component.

Decoupling capacitors must be provided for every device with edges faster. t.hzm
2 ns and should be provided, placement wise, for “every component.” Making provisions
for decoupling capacitors is a necessity becausc future EMI testing may %ndlcate a re-
quirement for these devices. During testing, it may be possible to determine that there
may be excess capacitors in the assembly. Having to add capacitors to an assembled
board is difficult. if not impossible. Today, CMOS. ECL, and other fast logic families re-
quire additional decoupling capacitors besides the power and ground plane structure.

If a decoupling capacitor must be provided to a through-hole device after assembly.
retrofit can be performed. Several manufacturers provide a decoupling capacitor assembly
using a flat, level construction that resides between the component and PCB. This flat

J 12-15 nH

IC t—
z Larger -
p pov?er package Q _L
distribution
1. loop T
— Decoupling l
T loop !

12-15 nH

Figure .13 Power distribution model for foop control.
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pack shares the same power and ground pins of the components. Because these capacitors
are flat in construction, lead-length inductance is much less compared to capacitors with
radial or axial leads. Since the capacitor and component share the same power and ground
pins, R,, L,, R'; and L', are also reduced. Some lead-length inductance will remain. which
cannot be removed. The most widely used board level retrofit capacitors are known as
Micro-Q™.” Other manufacturers provide similar products. An example of this type of ca-
pacitor is detailed in Fig. 5.14. Other configurations exist in pin grid array (PGA) form
factor. For PGA retrofit decoupling capacitors, unique assemblies are available based on
the particular pinout configuration of the device requiring this part.

A retrofit capacitor has a self-resonant frequency generally in the range of 10-50
MHz, depending on the capacitance of the device. Since DIP style leads are provided,
higher frequency use cannot occur owing to excessive lead-length inductance. Although
sometimes termed a “retrofit” device, the improved decoupling performance of these ca-
pacitors, compared to axial leaded capacitors on two-layer boards, makes them suitable
for initial design implementation.

Poor planning during PCB layout and component selection may require use of
Micro-Q devices. As yet, there is no equivalent retrofit for SMT packaged components.

When selecting a capacitor. we should consider not only the self-resonant frequency
but the dielectric material as well. The most commonly used material is Z5U (barium ti-
tanite ceramic). This material has a high dielectric constant. This constant allows small
capacitors to have large capacitance values with self-resonant frequencies from 1 MHz to
20 MHz, depending on design and construction. Above self-resonance, performance of
25U decreases as the loss factor of the dielectric becomes dominant, which limits its use-
fulness to approximately 50 MHz.

Constructional details
Insutator
Plate ~.
Dielectric
Plate
Insulator

Through-hole leads

1

Becoupling pack
located geneath DIP component

PCB
Figure 514 Rewohit decoupling capacitor - DIP mounting stvle.
MMILcro-0Q s a rademark of Cireuit Comiponents [ne. diormerty Rogers Comporation

Section 5.6 ® Placement 147

Another dielectric material commonly used is NPO (strontium titanite). This mater-
ia] has better high-frequency performance owing to a low dielectric constant. NPO is also
a more temperature-stable dielectric. The capacitance value (and self-resonant frequency)
is less likely to change when the capacitor is subjected 10 changes in ambient temperature
or operating conditions.

Placement of 1 nF (1000 pF) capacitors (capacitors with a very high self-resonant
frequency) on a 1-inch center grid throughout the PCB may provide additional protection
from reflections and RF currents generated by both signal traces and the power planes, es-
pecially if a high-density PCB stackup is used [7]. It’s not the exact location that counts in
the placement of these additional decoupling capacitors. A Jumped mode! analysis of the
PCB will show that the capacitors will still function as needed, regardless of where the
device is actually placed for overall decoupling performance. Depending on the resonant
structure of the board, values of the capacitors placed in the grid may be as small as 30 to
40 pF [7].

VLSI and high-speed components (e.g., F, ACT, BCT, CMOS. ECL logic familics)
may require decoupling capacitors in parallel. As slew rates of components become steeper,
a greater spectral distribution of RF currents is created. Parallel capacitors generally provide
optimal bypassing of power plane noise, in addition to removing high-frequency RF energy.
Multiple paired sets of capacitors are placed between the power and ground pins of VLS
components located around all four sides. These high-frequency decoupling capacitors are
typically rated 0.1 uF in paralle] with 0.001 pF for 50-MHz systems. Higher clock frequen-
cies use a parallel combination of 0.01 pF and 100 pF components.

While the focus in this chapter is on multilayer boards, single- and double-sided
boards also require decoupling. Figure 5.15 illustrates correct and incorrect ways of locat-
ing decoupling capacitors for a single- or double-sided assembly. When placing decou-
pling capacitors. ground loop control must be considered at all times. When using multi-
layer boards with internal power and ground planes, placement of the decoupling
capacitor may be anywhere in the vicinity of the component’s power pins [6], although
this implementation may actually cause the PCB 1o become more RF active. This require-
ment is based on whether the component has its mounting pins via straight down to the
power/ground plane, or whether a routed trace connects to the discrete capacitor. Location
of the capacitor is not critical during placement for the previous statement because of the
lumped distributed capacitance ot the power planes and because the components them-
selves must via down to the power and ground plane—the same as the decoupling capaci-
tor [6].

Another tunction of a decoupling capacitor is to provide localized energy storage,
thereby reducing power supply radiating loops. When current flows in a closed-loop cir-
cuit, the RF energy produced is proportional to JAF. where I is the current in the loop. A is
the area of the loop, and F is the frequency of the current. Because current and frequency
are predetermined by the type of logic family selected. it becomes necessary to minimize
the area of the logic current loop to reduce radiation. Minimal loop area can be accom-
plished by taking care in placement ol decoupling capacitors. A good example of a large
foop areud is shown in Fig. 5.15.

In Fig. S48,V is Ldl/dr induced noise in the ground trace flowing in the decou-
pling capacitor. This V', , now drives the ground structure of the board and contributes
to the overall common-mode voltage across the entire board. One should minimize
the ground path that is common with the board’s ground structure and the decoupling ca-
pacitor.
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Figure 5,15 Placement of decoupling capacitors—two-layer board.
5.7 SELECTION OF A DECOUPLING CAPACITOR

Clock circuit components must be given emphasis to be RF decoupled. This is due to the
switching energy generated by the component injected into the power and ground distrib-
ution system. This energy will be transferred to other circuits or subsections as common-
mode or differential-mode RF. Bulk capacitors such as tantalum and high-frequency ce-
ramic monolithic are both required. cach for a different application. Furthermore.
monolithic capacitors must have a self-resonant frequency higher than the clock harmon-
ics requiring suppression. Typically. one selects a capacitor with a self-resonant fre-
quency in the range of 10--30 MHz for circuits, with edge rates of 2 ns or less. Many
PCBs are selt-resonant in the 200400 MHz range. Proper selection of decoupling capaci-
tors, along with the self-resonant frequency of the PCB structure (acting as one large ca-
pacitor). will provide enhanced EMI suppression. Tables 5.1 and 5.2 are useful for axial
or radial lead capacitors, Surface-mount devices have a much higher self-resonant fre-
quency by approximately two orders of magnitude (or 100x) as the result of less lead-
length inductance. Aluminum electrolytic capacitors are ineffective for high-frequency
decoupling and are best suited for power supply subsystems or power line filtering.

It is common to select a decoupling capacitor for a particular applicutionj usually
the {irst harmonic ot a clock or processor. Sometimes, a capacitor is selected for the third
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or fifth harmonic since this is where the majority of RF current is produced. There also
needs to be plenty of larger discrete capacitors, bulk and decoupling. The use of common
decoupling capacitor values of 0.1 UF in parallel with 0.001 uF can be too inductive and
too slow to supply charge current at frequencies above 200-300 MHz.

When performing component placement on a PCB, one should make provisions for
adequate high-frequency RF decoupling. One should also verify that all bypass and de-
coupling capacitor chosen are selected based on intended application. This is especially
true for clock generation circuits. The self-resonant frequency must take into account all
significant clock harmonics requiring suppression. generally considered to be the fifth
harmonic of the original clock frequency. Finally, capacitive reactance (self-resonant re-
actance in ohms) of decoupling capacitors is calculated per Eq. (5.12).

X =—— (5.12)

where X_ = capacitance reactance (ohms)
f =resonant frequency (Hertz)
C = capacitance value

5.7.1 Calculating Capacitor Values (Wave-Shaping)

Capacitors can also be used to wave-shape differential-mode RF currents on indi-
vidual traces. These parts are generally used in /O circuits and connectors and are rarely
used in clock networks. The capacitor, C, alters the signal edge of the output clock line
(slew rate) by rounding the time period the signal edge takes to transition from logic state
0 to logic state 1. This is illustrated in Fig. 5.16.

In examining Fig. 5.16, we should observe the change in the slew rate (clock edge)
of the desired signal. Although the transition points remain unchanged. the time period 7,
and ¢,is different. This elongation or slowing down of the signal edge is a result of the ca-
pacitor charging and discharging. The change in transition time is described by the equa-
tions and illustration presented in Fig. 5.17. Note that a Thevenin equivalent circuit is
shown without the load. The source voltage, V,, and serics impedance are internal to the
driver or clock generation circuit. The capacitive effect on the trace, seen in the figure. is
a result of this capacitor being located in the circuit. To determine the time rate of change
of the capacitor detailed in Fig. 5.16. the equations in Fig. 5.17 are used.

When a Fourier analysis is performed on this signal edge (conversion from time 1o
frequency domain), a significant reduction of RF energy is observed along with a de-
crease in spectral RF distribution. Hence, there is improved EMI compliance. Caution is
required during the design stage 1o ensure that slower edges will not adversely affect
functional operational performance.

The capacitive value for a decoupling capacitor can be calculated in two ways. Al-
though the capacitance is calculated for optimal filtering at a particular resonant fre-
quency, use and implementation depend on installation, lead length, rrace length, and
other parasitic parameters that may change the resonant frequency of the cupacitor. The
installed value of capacitive reactance is the item of interest. Calculating the value of
capacitance will be in the ballpark and is generally accurate enough for actual implemen-
Lagion.
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T 1 T 7T T T T 7 Before calculating a decoupling capacitor value, the Thevenin impedance of the
network should be determined. This impedance value should be equal to these two resis-
tors values placed in parallel. Using a Thevenin equivalent circuit, we assume Z = 150 Q
and Z, =2.0kQ.

Typical clock signal Zs

(best case without ringing)

90%

2 i
_ Z*Z, _ 150+2000 = 1400) (5.13)

‘T Zo+z, 2150 z
10%

e S Method 1. Equation (5.14) is used to determine the capacitance value knowing
the edge rate of the clock signal.

1 I | L I i 1 i tr = leCmax =33= R/ * Cmax

0y, (5.14)

90% Coue R

Clock trace with '

capacitive loading where ¢ = edge rate of the signal (the faster of either the rising or falling edge)

total resistance within the network
maximum capacitance value to be used
= one time constant

~

=
1]

max

=0
"

10%
Note:  C in nanofarads if 7, is in nanoseconds
O B | [ C in picofarads if ¢, 1s in picoseconds

5 ns/div

‘ The capacitor must be chosen so that 7, = 3.3 = R * ( equals an acceptable rise or fall
Figure 5.16  Capacitive cffects on clock signals. ; time for proper functionality of the signal; otherwise baseline shift may occur. Baseline shift
refers to the steady-state voltage level that is identified as logic low or logic high for a partic-
ular logic family. The number 3.3 is based on the value for the time constant of a capacitor
charging based on the equation T = RC. Approximately three (3) time constants equals one
(1) rise time. Since we are interested in only one time constant for calculating capacitance

value, this value of & is 1/31,, which becomes 3.3 when incorporated within the equation.
For example, if the edge rate is 5 ns and the impedance of the circuit is 140 €2, we

can calculate the maximum value of C as

03*5 .
= = (301 nF or 10 pF (5.15)

max 140

R ;
Vb_li-/w\/\/\/—‘[*—o Signal ioad A 60-MHz clock with a period of 8.33 ns on and 8.33 ns off. R = 33 Q (typical for an
C \

T c Charging Discharging : unterminated TTL part) has an acceptable 1, =t,= 2 ns (25% of the on or off value). Therefore,

A r

R ' 33

Capacitor charging VC(U:Vb“’\’_eVRC \ Ve(t) = Voe "= ((‘ 0.3x1) C 032+ 10 ) 18 pt (5.16)
~ - - - = P J.

/

R
— —AAA Signal load (Vb [-VbYy
Iy=| L2 etk ity =1 X0 g she
: T ° )= = 0= 2 ]e

- °T |

Capacitor discharging

Method 2

B Determine highest frequency to be filtered, £, ..

® For differential pair traces, determine the maximum tolerable value of each ca-
Figure 517 Capacitor equations. pacitor to minimize signal distortion. Use Eq. (5.17).
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00
Cmm = > '
flﬂ(l’( * R[
1 5.17
S 23R,
27fmax = E
2

where C is in nanofarads and f in MHz.
To filter a 20-MHz signal with R, = 140 €, the capacitance value would be

Crin = =— —— = 0.036 nF

i = 30+ 140 or 36 pF

(5.18)

with negligible source impedance, Z .
When using bypassing capacitors. the following should be implemented:
® If degradation of the cdge rate is acceptable (generally three times the value
of C), increase the capacitance value to the next highest standard value.
Select a capacitor with proper voltage rating and dielectric constant for intended
use.
Select a capacitor with a tight tolerance level. A tolerance level of +80/-0% is
ucceptablc for power supply filtering but is inappropriate as a decoupling capaci-
tor for high-speed signals.
® install the capacitor with minimal lead-length and trace inductance.
a A\/’erify that the functionally of the circuit so that it still works with the capacitor
installed. Too large a value capacitor can cause excessive signal degradation.

|
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8 The furthest location from the input power connectors.
» High-density component placement remote from the DC input power connector.
® Adjacent to clock generation circuits and ripple sensitive devices.

When using bulk capacitors, the voltage rating should be calculated that the nomi-
nal voltage equals 50% of the capacitor’s actual voltage rating requirement to prevent the
capacitor from self-destruction if a voltage surge occurs. For example, with power at 5V,
a capacitor with a minimum 10V rating should be used.

Table 5.3 shows the typical number of capacitors required for some popular logic
families. This table is based on the maximum allowable power drop, which is equal to
25% of the noise immunity level of the circuit being decoupled. Note that for standard
CMOS logic, this table is conservative since the trace wiring to the components cannot
provide the required peak current without excessive voltage drop. The actual value of the
capacitor used will be determined based on functional application.

Memory arrays require additional bulk capacitors owing to the extra current re-
quired for proper operation during a refresh cycle. The same is true for VLSI components
with high pin counts. High-density pin grid array (PGA) modules also must have addi-
tional bulk capacitors provided, especially when all signal, address, and control pins
switch simultaneously under maximum capacitive load.

Using Eq. (5.5) to calculate the peak surge current consumed by many capacitors,
we observe that more is not necessarily better. An excessive number of capacitors could
draw a large amount of current, which places a strain on the power supply.

Selection of a capacitor based on past experience with slower speed digital logic
will generally not provide proper bypassing and decoupling when used with high-technol-
ogy, high-speed designs. Consideration of resonance, placement on the PCB, lead-length
inductance, existence of power planes, and the like must all be included when selecting a
capacitor or capacitor combination.

For bulk capacitors, the following procedures are provided to determine optimal se-
lection [2].

5.8 SELECTION OF BULK CAPACITORS

Bulk capacitors provide DC voltage and current to components when the devices are
switching all data. address. and control signals simultaneously under maximum capacitive
lf)ad_ Switching components tend to cause current fluctuations within the power distribu-
tion network. These fluctuations can cause improper performance of components owing
to voltage sags. Butk capacitors provide energy storage for circuits to maintain nplimu]
voltage and surge current requirements,

Bulk capacitors (usually tantalum diclectric) are often used in addition to higher
selt-resonant frequency decoupling capacitors to provide DC power for componcmsbzmd
power plane RF modulation. One bulk capacitor should be placed for every two LS and
VLST components in addition to the decoupling capacitors at the following i()calions:

8 Power entry connector from the power supply to the PCB.

® Power terminals on [/ connectors for daughter or adapter cards, peripheral de-
vices. and secondary circuits.

@ Adjucent to power-consuming circuits and components.

TABLE 5.3

Number of Decoupling Capavitors for Selected Logic Families

Peak Transient Current

Requirement (mA)

: Gate Number of Decoupling
' Overcurrent 1 Gate Drive Capacitors for a Fanout of
| Logic Family (mA) (mA) S Gates + 10 cm Trace Length
CMOS 1 0.2 10
TTL 16 1.7 2.6
LS-TTL 8 25 2.0
HCMOS 15 5.5 1.2
STTL 30 S 1.8
FAST 15 5.5 1.8
ECL 1 1.2 1.0

Source: Controlling Radiated Entissions by Design Reprinted by permission. Van Nostrand Remnhold.
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Method 1

1. Determine maximum current (A/) consumption anticipated on the board. As-
sume all gates switch simultaneously. Include the effect of power surges by
logic crossover (cross-conduction currents)

D

. Calculate maximum amount of power supply noise permitted (AV), Factor in a
safety margin.

3. Determine maximum common-path impedance acceptable to the circuit.

7., =AV/AI (5.19)

4. If solid planes are used. allocate the impedance, Z,, . 1o the connection between

power and ground.

5. Calculate the impedance of the interconnect cable, Ly from the power supply
to the board. Add this value to Z,, to determine the frequency below which the

power supply wiring is adequate (Z,, = Z,,, + L)
- Zlotul
= Lol 2
f 2 Lmhlc (5~())

6. It the switching frequency is below the calculated f of Eq. (5.20). the power
supplyv wiring is fine. Above f. bulk capacitors, €y, are required. Calculate the
vaiue of the bulk capacitor for an impedance Z,,, at frequency f.

. t

C bulk

Eﬁj'Z (5.21)

tolul
Method 2. A PCB has 200 CMOS gates (G), cach switching 5 pF (C) loads within
4 2-ns ume period. Power supply inductance is 80 nH.

I\/

_ .5
200(5 pF ), T 2.5 A (worst case peak surge)

A/ = (;'C-M =
As

AL = 0.2001 (from noise margin budget)

, AV 020
wa =y T 50 T 0080 .
L»Llhk‘ - H() IlH
PR AVER LY S
2wl 2wsoaH
C = : = 125 pl
2 TT/'II‘,V Zlnml -

Capacitors commonly tound on PCBs for buik purposes are generally in the range
ot 102100 pF, ' i

Capacitance required for decoupling power plane RF currents due to the switchine

energy of components can be determined by knowing the resénant frequency of the logic
TR s . S . - - - N '\ . i o

crreutts 1o be decoupled. The hardest part in calculating this resonant value is knowing the
nductance of the capacitor's Teads (ESLY. I ESL. is not known. an impedance meter or

i Section 5.9 ® Designing a Capacitor Internal to a Component’s Package
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network analyzer may be used to measure the ESL value. The drawback of using an im-
pedance meter is that low-frequency instruments may not catch higher frequency re-
sponses. ESL can be also approximated by knowing only the capacitance value and the
self-resonant frequency parasitics.

5.9 DESIGNING A CAPACITOR INTERNAL
TO A COMPONENT’S PACKAGE

Technology has progressed to the point where the majority of radiated emissions need not
be caused by poor PCB layout, trace routing, impedance mismatches, or power supply
corruption. Radiated emissions are the result of using digital components. What do we
mean by the staterment that digital components are the primary source of RF energy? The
answer is simple. RF energy is produced by the Fourier spectra created by the switching
transistors internal to the silicon wafer which is physically glued down inside a protective
enclosure. This enclosure is commonly identified as the package, which consists of either
plastic or ceramic material.

Recent advances in integrated circuit (IC) components such as microprocessors,
digital signal processors, and applications-specific integrated circuits (ASICs) have be-
come significant sources of electromagnetic noise. In recent years, clock rates have in-
creased from 25 and 33 MHz to 200 through 500 MHz and beyond. With these clock
rates, we have a resulting corresponding internal dynamic power dissipation increase due
to switching currents that may exceed 10 watts within a VLSI device.

The silicon die demands current from a power distribution network and must drive a
transmission line at certain levels of voltage and current. In addition. technology has pro-
gressed to the point where millions of transistors are provided within a single die on a
wafer. Manufacturing technology has also approached the 0.18-micron line width, which
allows for faster edge rate devices and die shrink. Die shrink is where the number of indi-
vidual components on a silicon wafer increase, thus improving the yield and total number
of devices from a single process batch. The cost of the product decreases when an in-
crease in the number of functional units occurs. Because of smaller line widths. the propa-
gation delay between the individual gates within the component package becomes shorter.
along with corresponding faster edge rates. The faster the edge rate. the greater the ability
of the device to create radiated emissions. With faster internal edges, the switching effects
can cause greater losses across the inductance internal fo the package.

With faster cdge rates. DC current is demanded from the power distribution net-
work at a quicker rate. This faster switching speed bounces the power distribution net-
work, creating an imbalance in the differential-mode current between power and ground.
With an imbalance in the differential-mode, common-mode currents are produced.
Common-mode currents arc observed during EMI tests radiating from cable assemblies.
interconnects. or PCB components.

To address component-level problems, EMC engineers and component manutactur-
ers must advance state-ol-the-art principles in implementing suppression techniques for
ICs. especially decoupling. Design and cost margins also play an important part in deter-
niining how an EMC solution will be implemented.

As presented carlier. decoupling capacitors provide an instantaneous point source of
charge to a component for the time period that the device switches. A decoupling capacitor
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Figure 5.18  Decoupling capacitor internal to a silicon package.

must not only provide a voltage charge to the device at the speed that the device is switching
gt. but it must also recharge quickly. The self-resonant value of the capacitor depends on var-
ious parameters, which include not only the capacitance value but also ESL and ESR.

. A component vendor can use various techniques to implement a decoupling capaci-
tor internal to the component package. One approach is to implement a built-in decou-
pling capacitor before affixing the silicon die into the package, as illustrated in Fig. 5.18.

Two layers of metal film, separated by a thin layer of a dielectric material, will form
a high-quality parallel plate capacitor. Since the applied voltage is extremely low, the di-
electric layer can be very thin. This thin dielectric results in adequate capacitance for a
very small area. The effective lead length approaches zero. The resonant frequency of the
parallel plate configuration will thus be very high. The cost to manufacturers toJ imple-
ment this technique will be minimal compared to the overall cost of the IC. In addition to
improved performance, the overall PCB cost may be reduced because use of discrete de-
coupling capacitors may not be required.

Another technique that will provide decoupling within a component package is by
brute force. High-density, high-technology components often feature SMT capacitors lo-
cated directly inside the device package. The use of discrete components is common in
multichip modules. Depending on the inrush peak current surge of the silicon die, an ap-
propriate capacitor is selected based on the current charge the device requires, in addition
to providing decoupling of differential-mode currents at the self-resonant frequency of the
component. Even with this internal capacitor. additional externally located discrete capac-

itors may be required. An example of how a discrete capacitor is provided in these mod-
ules is shown in Fig, 5.19,

Top-down view (top cover removed) Side view

Silicon die Decoupling capacitors

AN

E// <X

o—m L %! o

Silicon die

/ uJuqu

Pad connections to PCB

Decouping capacitors (x4)

Figure 5,19 Locating decoupling capacitors internal to multichip module packagmng.
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For a synchronous design, CMOS power dissipation is a capacitive discharge effect.
A device that consumes 2400 mW at 3.6V, running at 100 MHz, has an effective load ca-
pacitance of approximately 2000 pF, generally observed right after a clock event. If we
allow a 10% drop in voltage, this means we require 20 nF of bulk capacitance for optimal
performance. A gate capacitance of 6 to 7 uF/m? provides an area of approximately 3
square millimeters. This dimension is huge for a high density component. In addition, the
capacitive value is not very large.

CMOS gates provide distributed capacitance by their input capacitance, both by
coupling to the supply rails of the devices driving them and by the series capacitance of
their own input transistors. This internal capacitance does not come close to the required
value for functional operation. Silicon dies do not permit the extra silicon available to be
used for bulk capacitance (floor space), since deep submicron designs consume routing
space and are required to support the oxide layers of the assembly.

5.10 VIAS AND THEIR EFFECTS IN SOLID POWER PLANES

Use of vias in solid power planes will decrease the total capacitance based on the number
of vias and the amount of real estate that has been etched out from the planes. A capacitor
works by virtue of energy storage that is contained within a metallic structure. With less
metal (copper plane), the current density distribution is decreased. As a result, less area
exists to support the number of electrons that create the current density distribution. Fig-
ure 5.20 illustrates the value of capacitance between parallel power planes in two configu-
rations: solid power planes and power planes with 30% of the area removed by vias and
clearance pads.
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Figure 520 Effects of vias i power and ground planes.
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With today’s high-technology products and faster logic devices, PCB transmission line
effects become a limiting factor for proper circuit operation. A trace routed adjacent to a
reference plane forms a simple transmission line. Consider the case of a multilayer PCB.
When a trace is routed on an outer PCB layer, we have the microstrip topology, though it
may be asymmetrical in construction. When a trace is routed on an internal PCB layer, the
result is called stripline topology. Details on the effects of microstrip and stripline are pro-
vided in both Chapter 4 and this chapter.

f A transmission line is a system of conductors, such as wires, waveguides, coaxial
cables, or PCRB traces suitable for conducting electric power or signals efficiently between
two or more terminals.

l To meet the challenges of high-speed digital processing, today's multilayer PCB must

® Reduce propagation delay between devices.

® Manage transmission line reflections and crosstalk (signal integrity).
® Reduce signal losses.

® Allow for higher density interconnections.

What are the electrical propagation modes that exist within a transmission line
structure? A transmission line allows a signal to propagate from one device to another at
or near the speed of light within a medium. as modified (slowed down) by the capacitance
of the traces and by the active devices in the circuit. This signal contains some form of en-
ergy. Is this energy transmitted by electrons. line voltages and currents, or by something
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else? In a transmission line, electrons do not travel in the conventional sense. An electro-
magnetic field is the component that is present within and around a transmission line. The
energy is carried along the transmission line by an electromagnetic field.

We usually place units of measurements for intelligence that exist within transmis-
sion lines. These units are voltage and current. Volrage is a unit of measurement whose
spatial derivative describes the electrostatic force exerted on the electrons. Current is a
unit of measurement that describes how many electrons flow in a transmission line struc-
ture during a specific time period. Neither unit describes the electromagnetic field or the
electromagnetic wave present in the structure.

Typical electromagnetic fields consist of the following partial list.

AM/FM radio waves

Television waves

Light waves

Cellular telephone/pager waves
Microwave and radar transmissions

EMI/RFI created as a byproduct (unwanted energy) of digital components

All of these waves travel near the speed of light in a medium. EMI/RFI is included in this
list to show that electromagnetic energy is a waveform that may cause harmful interfer-
ence to other electronic equipment susceptible to electromagnetic disruption.

If a transmission line 1s not properly terminated, circuit functionality and EMI con-
cerns can exist. These concerns include voltage droop. ringing, overshoot, and under-
shoot. All concerns will severely compromise switching operations and system signal in-
tegrity. Transmission line effects must be considered when the round-trip propagation
delay exceeds the switching-current transition time. Faster logic devices and their corre-
sponding increase in edge rates are becoming more common in the sub-nanosecond range.
A very long trace in a PCB can become an antenna for radiating RF currents or cause
functionality problems it proper circuit design techniques are not used early in the design
cvele.

When dealing with transmission line effects, the impedance of the trace becomes an
important factor in designing a product for optimal performance. A signal that travels
down a PCB tracc will be absorbed at the far end if. and only if. the trace is terminated in
its characteristic impedance. If a proper termination is nor provided, most of the transmit-
ted signal will be reflected back in the opposite direction. If an improper termination ex-
ists. multiple reflections will occur. resulting in a longer signal-settling time because of
multiple overshoots and undershoots. This condition 1s known as ringing, and is discussed
later in this chapter.

When a high-speed etectrical signal travels through a transmission line, a propagat-
ing electromagnetic wave will move down the line (e.g.. a wire. coaxial cable. or PCB
trace ). A PCB trace Jooks very difterent to the signal source at high signal speeds than it
does at DC or at low signal speeds. The characteristic impedance of the transmission line
is identfied by the letter Z . For a lossless line. the characteristic impedance is equal to
the square root of L,C, where L is the mductance per unit length divided by C, the capaci-
tance per umt length. Impedance is also the ratio of the Hne voltage to the line current. in
analogy to Ohm’s law. When we examine Eq. (6,150 we see subscripts for the line voliage
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and the line current. The ratio of line voltage to line current is constant with respect to the
line distance .x only for a-matched termination. The (x) subscript indicates that variations
in V and / will exist along the line, except for special cases.

IL Vi
7 =4 @ = Ty 6.1
! \/Cn I(Y\) ( )

We now examine characteristic impedance. As a logic signal transitions from a low
to a high state, or vice versa, and propagates down a PCB trace, the impedance it encoun-
ters (the voltage to current ratio) is equal to a specific characteristic impedance. Once the
signal has propagated up and down, trace reflections, if any, have died or become a nonis-
sue related to signal integrity when the quiescent state is achieved. The characteristic im-
pedance of the trace now has no effect on the signal. The signal becomes DC, and the line
behaves as a typical wire.

To illustrate transmission line effects, let’s assume a PCB trace has a propagation
constant of 150 ps per inch. one way. Round-trip delay is this 300 ps per inch. If a clock
driver has an edge rate of 2 ns, the transmission line characteristics of a short PCB trace is
not a concern. This is because the signal will reflect back to the source long before the
next edge-triggered event occurs. If properly terminated, the transmitted signal will have
all possible reflections absorbed and dissipated within the network. Thus, a clean clock
signal is available for the load device, which is the requirement for optimal functionality.
If the clock trace is 10 inches in length, a serious problem could occur within the trans-
mission line (the round-trip length of the trace is now 20 inches) since the reflected signal
will return after the next edge-triggered event, causing possible functionality concerns if
the trace is tmproperly terminated.

When a clock or strobe line drives multiple integrated circuits using a single trace,
additional distributed capacitance and inductive elements are encountered because of ad-
ditional components on the net. Each IC provides several pF of input shunt capacitance.
This loading increases the capacitance value of the trace, thus increasing propagation
delay of the signal. The increase in propagation delay occurs because distributed capaci-
tance is proportional to the square root of the capacitance per unit length (Eq. 6.1). With a
2-ns and faster edge rate signal. transmission line effects become important for lead or
trace lengths of no more than a few inches.

Figure 6.1 shows conceptually what a typical transmission line looks like within a
PCB structure. The resistance. R. is omitted for simplicity.

— 71 - 3
To infinity

j——— | o |- | | - | ——]

Figure 6.1  Transmission line equivalent ctreuit within a PCB.
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6.2 TRANSMISSION LINE BASICS

How can a transmission line cause problems? Problems occur when a signal on a PCB
trace encounters an impedance discontinuity or a change in geometry. We can consider
transmission line effects as Ohm’s law for high-speed, edge rate signals. When the output
driver changes logic state, the voltage to current ratio in the structure will equal the char-
acteristic impedance, Z , of the trace. As long as the impedance within the transmission
line does not change, the signal smoothly propagates without changing the shape of the
signal. If the end of the transmission line is open (infinite impedance), the current must go
to zero. At the end of the trace, the voltage to current ratio inverts, and to satisfy Ohm's
law, a reflected wave that is equal, but opposite in polarity (phase relationship), is created
to cancel the current that exists within the trace. The reflected wave returns to the source
driver. If the driver impedance does not match the transmission line impedance, another
reflected wave will be created and be re-reflected when the signal reaches the source dri-
ver. This process keeps happening until all the energy in the signal is absorbed within the
network. A descriptive example of this reflection is shown in Fig. 6.2.

The voltage that is reflected at the end of the transmission line will be greater than
the initial voltage if the termination impedance is greater than the line impedance. The
voltage level will be less than the initial voltage if the termination impedance is less than
the line impedance. The amplitude ot the reflected voltage at the end of the transmission
line is calculated by Eq. (6.2).

Vo= V_(RLM,WZQ,) =pV (6.2)
r ! R[ + Z‘I ! et

where V, is the reflected voltage at the far end, V| is the initial voltage, R, is the termina-
tion impedance, Z, is the characteristic line impedance of the trace, and p is the reflection

PC trace = 90 ohms Open,
Infinite R
VSOU(CQ
Far end
1%  e——

Source L__F'—
2V
{Reflections at source)
Far end ————

T 2T 3T 47

The top trace is the signal from the source driver.
The bottom trace iliustrates the reflected waveform observed at the
source if a mismatch exists within the transmission line structure.

Figure 6.2 Reflections in a transmission fine.

coefficient. This equation identifies how much voltage gets reflected by the impedance
mismatch. Notice that if R = Z , the reflection coefficient p = 0. There is no reflection and
the voltage level does not change. If R, = oo, p = +1. This means that 100% of the voltage
is reflected. This voltage will be double in value since the actual measured voltage is the
sum of the initial voltage plus the reflected voltage. If R, = 0, a short circuit exists,
p = —1, and the voltage goes to zero. The greater the mismatch, the greater the re-
flected voltage. If both sides of the transmission line have mismatches, ringing will be
created.

A circuit can be treated as a collection of lumped elements with capacitive and in-
ductive components. This condition occurs when a signal path segment is small compared
to the wavelength of a signal’s highest frequency spectral component propagating down
the trace. As the signal frequency increases. the circuit must be treated as a distributed
transmission line. For this situation, controlled impedance, matched termination, and ra-
diated emission effects must be considered.

6.3 TRANSMISSION LINE EFFECTS

For a high-speed transmission line, a fundamental concept exists called the electrically
long trace. This means that as the length of the trace becomes greater than A/20 (wave-
length/20) of the signal (frequency domain), or the propagation delay becomes greater
than rise time/4 (time domain), functionality concerns exist. The edge rate refers to a sig-
nal that changes togic in the period of dV/dr. We use the symbol ¢, o identify edge rate.
When using A/20 and /,/4 in the following discussions, we get roughly, but not exactly,
the same tine length. Depending on application. use of A/20 or 1./4 may provide a more
accurate answer.

If the one-way “propagation time™ distance from transmitter to receiver exceeds
A/20 (frequency domain) or the propagation delay is equal to or shorter than the propaga-
tion time of the trace with round-tnp reflection, the PCB trace should be treated as a trans-
mission line. These parameters are conservative. These traces may not fall within the
electrically long trace requirement if the trace approximately equals these dimensions.

For a 1-ns edge rate signal. impedance matching may be required when the trans-
mission line exceeds 9 ¢m (3.5 in.). Assuming a velocity of propagation, V, that is 60%
the speed of light (¢ = 3 % 10° m/s or ,= 18 10% m/s), a line length greater than 9 ¢m
must be treated as a transmission line which must include some type of termination. To
determine this maximum line length. Eq. (6.3} is provided using the time domain anatysis
presented carlier.

[ = (1,/2) "V (one waypropagation travel)

= (1%10 "sec/2)* 1.8 10" m/sec (6.3)

{ = 0.09m (Y cmor 3.5in.)

where (= trace length (of the transmission line)
V= velocity of propagation (60% the speed of light)
t, = edge transition rate of the signal



164

Chapter 6 ® Transmission Lines

With =9 cm (3.5 in.), any trace longer than 9 cm for a I-ns edge rate transition is con-
sidered to be electrically long. This value is for a signal that propagates in free space and not
for a microstrip or stripline structure. A PCB will cause the propagated signal to travel at a
much slower speed due to the dielectric constant of the core or prepreg material.

The length of a signal path, compared to the shortest wavelength of the signal trace,
determines whether the circuit should be treated as a lumped or distributed configuration,
If the one-way path length of the trace is less than A/20, a low-frequency lumped circuit
can be assumed. If the path length is greater than /20, we can assume that a high-
frequency distributed circuit is present. With a distributed circuit, the characteristic im-
pedance of the trace must be controlled and a matched termination is required for good
signal integrity.

A frequently asked question is, When does impedance matching require Z, = Z_ or
Z, = Z,?For Fig. 6.3, is it necessary to match both the source driver and load of a trans-
mission line. If the signal flow is bidirectional, as found on bus structures, both ends must
be terminated. For a single-ended circuit {e.g., a clock signal from an oscillator to a load),
only one end of the trace requires termination. A decision must be made as to whether to
terminate at the source or load end of the circuit. Termination methods and their applica-
tions are discussed in Chapter 8. Which end to terminate depends on several factors
(again, discussed in Chapter 8).

Source Load

—

Line

Z, Z

Dowe match Z, = Z,0r Z,=2,

Figure 6.3 Impedance marching requirements of a circuit.

If the load value of Z, is fixed, the transmission line is usually designed to match
the load impedance, Z, = Z;. This transmission line connection occurs when preexisting
equipment and the transmission line must be matched. If the load impedance is not known
{which is often the case) or not predetermined, the optimal value for Z, must be chosen so
that the load s matched to the line (Z, = Z,). If Z, is not known, termination pads to ex-
perimentally determine the correct component values for impedance matching should be
provided on the PCB during layout.

To examine trace impedance in more detail, Fig. 6.4 illustrates a simple configura-
tion. For a voltage pulse of amplitude V, driving a transmission line, Z,, we have a drive

current of [/ = V/Z . Assuming V = 5V, and Z, = 5 ) (an unrealistic value), we observe

— |
V pulse
Z{J
~ Figure 6.4 Simplificd network {or drive cur-
I=Viz, rents.
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that the drive current would be 1A, If Z, is now 50 €, a drive current of 100 mA is re-
quired. It is not advisable (for both functional purposes; power supply loading and EMI)
to use source drivers with 100-mA drive capabilities for an application that generally re-
quires only a few milllamps of drive current. For this reason, most components are de-
signed to drive a minimal trace impedance of 30-65 Q.

The propagation speed of a signal within a medium is finite. The propagation delay
per unit length. 8, is equal to the square root of the inductance per unit length, L , times
the capacitance per unit length, C . A typical PCB trace (with a dielectric constant of 4.6)
has a propagation delay of 1.72 ns/ft (0.36 ns/cm or 0.143 ns/in.).

8= VLC (6.4)

(2l

6.4 CREATING TRANSMISSION LINES IN A MULTILAYER PCB

Different logic families have different characteristic source impedance. Emitter-coupled
logic (ECL) has a source and load impedance of 50 €2. Transistor-transistor logic (TTL)
has a source impedance range of 70 to 100 Q. If a transmission line is to be created within
a PCB, the engineer must seek to match the source impedance of the logic tamily being
used.

Most high-speed traces must be impedance controlled. Calculations to determine
proper trace width and separation to the nearest reference plane must occur. Board manu-
tacturers and CAD programs can easily perform these calculations. It necessary. board
fabricators can be consulted for assistance in designing the PCB, or a computer applica-
tion program can be used to determine the most effective approach relative to trace width
and distance spucing between planes for optimal performance. These approximate formu-
las may not be fully accurate because of manufacturing tolerances during the fabrication
process. These formulas were simplified from exact models! Stock material may have a
different thickness value and a different dielectric constant. The finished etched trace
width may be different from a desired design requirement. or any number of manufactur-
ing issues may exist. The board vendors know what the real variables are during construc-
tion and assembly. These vendors should be asked to provide the real or actual dielectric
constant value, as well as the finished etched trace width tor both base and crest dimen-
sions. as shown in Fig. 6.5,

Finished
crest width i
Copper thickness
4 Core material

[

|
t<—— Base width ———

Figure 6.5 bmnshed mace width dunensions atter etchimye
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6.5 RELATIVE PERMITTIVITY (DIELECTRIC CONSTANT) TABLE 6.1 Propagation Delay in Various Transmission Media

Before giving a detailed description of how transmission lines are created within the PCB,
we must examine the importance of the electrical parameter € , also identified as relative
permittivity or dielectric constani.

The relative dielectric constant €, is a measure of the amount of energy stored in the
dielectric insulators per unit electric field, and hence a measure of the capacitance be-
tween a pair of conductors (trace-air, trace-trace, wire-wire, trace-wire, etc.) in the vicin-
ity of the dielectric insulator compared to the capacitance of the same conductor pair in a
vacuum. The relative dielectric constant of vacuum is 1.0. All materials have a dielectric
constant greater than one. The larger the number, the more energy stored per unit insula-
tor volume. The higher the capacitance, the slower the wave travels down the transmis-
sion line. The relationship between the capacitance and propagation speed was presented
in Eq. (6.4).

Electromagnetic waves propagate at a speed that is dependent on the electrical
properties of the surrounding medium. Propagation delay is typically measured in units of
picoseconds/inch. Propagation delay is the inverse of velocity of propagation (the speed at
which data is transmitted through conductors in a PCB), as presented in Chapter 2. The
dielectric constant varies with several material parameters. Factors that influence the rela-
tive permittivity of a given material include the electrical frequency, temperature, extent
of water absorption (also forming a dissipative loss), and the electrical characterization
technique. In addition, if the PCB material is a composite of two or more laminates, the
value of £, may vary significantly as the relative amount of resin and glass of the compos-
ite is varied [8].

In air, or vacuum, the velocity of propagation is the speed of light. In a dielectric
material, the velocity of propagation is slower (approximately 0.6 times the speed of light
for common PCB laminates). Both velocity of propagation and the effective dielectric
constant are given by Eq. (6.5).

v, = \72 {velocity of propagation)

ch2 (6.5)
g, = (* ) (dielectric constant)

”

where C = 3 * 10® meters per second, or about 30 cm/ns (12 in./ns)
¢, = effective dielectric constant
V, = velocity of propagation

The effective relative permittivity €’,. is the relative permittivity that is experienced
by an electrical signal transmitted along a conductive path. Effective relativity permittiv-
ity can be determined by using a Time Domain Reflectometer (TDR) or by measuring the
propagation delay for a known length line and calculating the value.

The propagation delay and diclectric constant of common PCB base materials are
presented in Table 6.}. Coaxial cables often use a dielectric insulator to reduce the etfec-
tive dielectric insulator inside the cable to improve performance. This dielectric insulator
lowers the propagation delay while simultaneously lowering the dielectric losses.

Medium Propagation Delay (ps/in) Relative Dielectric Constant
Air 85 1.0
FR-4 (PCB), microstrip 141-167 2.8-45
FR-4 (PCB), stripline 180 45
Alumina (PCB), stripline 240-270 8-10
Coax (65% velocity) 129 23
Coax (75% velocity) 113 1.8

FR-4, currently the most common material used in the fabrication of a PCB, has a
dielectric constant that varies with the frequency of the signal within the material, Most
engineers generally assume that €, is in the range of 4.5 to 4.7. These values, referenced
by designers, have been published in various technical reference manuals for many years
and are based on measurements taken with a [-MHz reference signal. Measurements were
not made on FR-4 material under actual operating conditions. especially with today’s
high-speed designs. What worked over 20 years ago is insufficient for twenty-first-
century products. Knowledge of the correct value of €, for FR-4 must now be introduced.
A more accurate value of €, is determined by measuring the actual propagation delay of a
signal in a trace using a TDR. The values in Table 6.2 are based on a typical, high-speed
edge rate signal.

Figure 6.6 shows the “real” value of €, for FR-4 material based on research by the
Institute for Interconnecting and Packaging Electronics Circuits Organization (IPC). This
chart has been published in document IPC-2141, Controlled Impedance Circuit Boards
and High Speed Logic Design.

TABLE 6.2 Dielectric Constants and Wave Velocities of PCB Materials

€, Velocity Velocity
Materiat (at 30 MHz) (inches/ns) (ps/inch)
Alr 1.0 11.76 85.0
PTFE/glass (Teflon)y™ 22 7.95 125.8
RO 2800 24 6.95 1439
CE/custom ply (Cyanide ester) 3.0 6.86 145.8
BT/custom ply (Beta-Triazine) 3.3 6.50 153.8
CE/glass 37 6.12 163.4
Silicon dioxide 39 5.97 167.5
BT/glass 4.0 5.88 170.1
Polyimide/glass 4.1 5.82 1718
FR-4 glass 4.5 5.87 170.4
Glass cloth 6.0 4.70 212.8
Alumina 9.0 3.90 256.4

Note: Values measured at TDR frequencies using velocity technigues. Values were not measured at 1 MHz,
which provides faster velocity values. Units for velocity are ditterent due to scaling and are presented in this for-
mat for ease of presentation.

Source: {PC-2141, Controlled Impedance Circuit Boards and High Speed Logic Design. Institute for Intercon-
necting and Packaging Electronics Design. & 1996, Reprinted with permission.
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&r versus frequency, FR-4 material
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Figure 6.6  Actual dielectric constant values for FR-4 materials. (Source: 1PC-2141,
Controlled Impedance Circuit Boards und High Speed Logic Desien, Insti-
tute for Interconnecting and Packaging Electronics Circuits. © 1996,
Reprinted with permission.)

Figure 6.6 shows the frequency range from 100 kHz 10 10 GHz for FR-4 laminate
with a glass-to-resin ratio ot approximately 40:60 by weight. The value of €, for this lami-
nate ratio varies from about 4.7 to 4.0 over this trequency range. This change in the mag-
nitude of g, is due principally to the frequency response of the resin and is reduced if the
proportion of the glass ratio in the composite ts increased. In addition. the frequency re-
sponse will also be changed if un alternative resin system is selected. Material suppliers
tvpically quote values of diclectric properties determined at | MHz. not at actual system
frequencies that now castly exceed 100 MHz |9].

If a TDR is used [or measuring the velocity of propagation. it is appropriate to use a
frequency corresponding to the actual operating conditions of the PCB for comparing di-
clectric purameters. The TDR is a wideband measurement technique using time domain
analysis. The location of the TDR on the trace being measured may attect measurernent
values. TPC-2141 provides an excellent discussion of how to use a TDR for propagational
defay measurements {91

The diclectric constant of various materials used to manufacture a PCB is provided
in Table 6.2. These values are based on measurements using a TDR, and are not based on
published. limited-basis reference information.

For microstrip topology. the dielectric constant is usually lower than the number
provided by the manufacturer of the material. The reason is that part of the energy tlow is
in air or soldermask, and part of the energy flows within the dielectric medium. As a re-
sult, the signal will propagate faster down the trace than for the stripline contiguration.

When a stripline conductor is surrounded by o single dielectric that exiends 1o the
reference planes. the value of €7 mav be equated to that of £, for the dielectric measured
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under appropriate operating conditions. If more than one dielectric exists between the
conductor and reference plane, the value of €', is determined from a weighted sum of val-
ues of g, for all contributing dielectrics. Use of an electromagnetic field solver is required
for a more accurate €', value [16, 17, 18]. For purposes of evaluating the electrical charac-
teristics of PCB, a composite such as a reinforced laminate, with a specific ratio of com-
pounds, is usually regarded as a homogeneous dielectric with an associated relative per-
mittivity.

For microstrip with a compound dielectric medium consisting of board material and
air, Kaupp [14] derived an empirical relationship that gives the effective relative permit-
tivity as a function of board material. Use of electromagnetic field solver is required for a
more accurate answer [16].

£, =0475¢,+ 0.67 for2<€g, <6 (6.6)

In this expression, €, relates to values determined at 25 MHz.

Trace geometries also affect the electromagnetic field within a PCB structure.
These geometries determine if the electromagnetic field is radiated into free space or if it
will stay internal to the assembly. If the electric field stays local to, or in the board, the ef-
fective dielectric constant becomes greater and signals propagate more slowly. The di-
electric constant value will change internal to the board based on where the electric field
shares its electrons. For microstrip (see Section 6.6.1) the electric field shares its electrons
with free space, whereas stripline configurations capture free electrons. Microstrip per-
mits faster transitions of electromagnetic waves. These electric fields are associated with
capacitive coupling (Chapter 2) owing to the field structure within the PCB. The greater
the capacitive coupling between a trace and its reference plane, the slower the propagation
of the electromagnetic wave.

6.5.1 How Losses Occur Within a Dielectric

When we speak about losses within a dielectric structure. the term lossy dieleciric
implies an energy loss or joule heating in the dielectric material. How does this energy
loss or joule heating occur? An examination of the atomic mechanism of diclectric behav-
ior reveals the causes of heating.

A dielectric material 1s any substance that resists the penetration of an electric field
into its interior. Consider one plate of a dielectric within which we attempt to establish an
electric field by piling negative charges along one side and positive charges along the
other. The dielectric will resist the electric field by producing opposite charges at its sur-
faces wherever the charges appear. The more charge provided, the more the dielectric will
counter with opposing charges. The effect of this action is to cancel out some of the elec-
tric fields that would otherwise have been produced inside the dielectric. The dielectric
constant of a material is defined by the magnitude of this reduction. This magnitude is the
ratio of the field which would have been produced without these opposing charges to the
field which is actually produced. For example. if only one-third of the expected field oc-
curs within the dielectric, its dielectric constant is 2. The dielectric constant of a vacuum

is 1.
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A dielectric behaves similar to a capacitor. As we pile charges onto one end and
take them out of the other, the dielectric inside the capacitor is busy piling up canceling
charges right next to the ones we put in. This process is performed at both ends of the ca-
pacitor and prevents a voltage potential from being established across the capacitor. To
the outside observer it appears that the capacitor is “gobbling up” the charges (storing
them).

From an atomic viewpoini, how does a dielectric do this? All substances consist of
atoms, which in turn contain a positively charged nucleus and an equally (but negatively)
charged circle of electrons. In a conductor, electrons are free to swim about (almost like a
fluid) within the crystal lattice. In a dielectric, however, the electrons are bound to the nu-
clei. In the presence of an electric field, the electrons may shift slightly to one side (this is
an extreme simplification of quantum mechanics). This tiny amount of shifting, though
very small in comparison to the size of the atom, takes piace for every atom within the di-
electric. This shifting creates the effect of a bulk displacement of all positive charges to-
ward the negative pole of the applied field and vice versa for the negative charge. The
total amount of charge in any common substance is astounding but we are unaware of it
because the positive and negative charges are always in near perfect balance. Because of
this balance. even an exceedingly slight shift can cause a significant total effect 1o be ob-
served.

This shifting effect is similar to a team sport in which the ball is reversed on the
field. Every player takes two or three steps to the side. The net effect is the same as if a
single player were moved from one side of the field to the other. The same thing happens
in a dielectric. The net effect of shifting electrons is the same as if some charges were
transferred from one side of the material to the other (positive charges appears on one sur-
face, negative on the other). This shifting is called polarization.

How does “loss™ come into all this, and what does it have to do with the resonant
frequency of polarization? It all has to do with time delay. When a field is applied, the
aforementioned shifting cannot occur instantaneously: there must be some time delay.
This time delay occurs at the resonant frequency of polarization. If we apply a rapidly re-
versing field to a dielectric, a phase lag will take place between the applied field and the
resutting polarization field. As the frequency of the applied field is increased, the absolute
lag is constant: therefore, the phase lag increases. When the phase lag reaches 1/2 (90 de-
grees) we are at resonance.

There 15 a frequency-dependent phase lag between the applicd electric field and po-
lanizatton. This polarization is the mechantsm by which a diclectric resists the application
of the electric ticld. This cancellation gives the appearance that the dielectric is “gobbling
up’ charge (e.g.. drawing cxcess current). Thus, a frequency-dependent phase lag will
aceur between the applied electrie field and the resulting current flowing to establish
those fields.

For a molecular explanation of’ what is going on, we can imagine a dielectric sample
to which we apply one half cycle of i very high-frequency electric field (single short elec-
tric pulse). As soon as the pulse arrives, the electrons begin shitting over toward the posi-
tive side ot the fickd. Since the puise is so short. the electrie field disappears by the time
the electrons have started moving. We now have many electrons that have acquired ki-
netic energy. This energy has to go somewhere. As the electrons move around to return to
thewr normal equitibrium state, some of the energy stored in the polarizaton field is trans-
ferred anto the crvstal fatice as vibrational energy (heat). This all happens because the
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pulse was so short that the electrons couldn’t track it fast enough (phase lag). If the elec-
tric field were continuously oscillating instead of a single pulse, this effect would occur
continuously. The shifting of the electrons would be out of phase with the applied electric
field. 1t basically comes down to energy being pumped into the time-varying electric field
between the atoms. This energy must eventually be dissipated into the crystal lattice,
causing heating.

6.6 ROUTING TOPOLOGIES

Figure

Several techniques are available for creating a transmission line structure in a multilayer
PCB. Two basic topologies are used. each of which has two configurations: microstrip
(single and embedded) and stripline (single and dual).

Note: None of the equations provided in the next section for microstrip and
stripline 1s applicable to PCBs constructed of two or more dielectric materials, excluding
air, for example, or fabricated with more than one type of laminate. All equations are ex-
tracted from IPC-D-317A, Design Guidelines for Electronic Packaging Utilizing High-
Speed Technigues [8].'

6.6.1 Microstrip Topology

Microstrip topology is a popular method used to provide trace-controlled imped-
ance on a PCB for digital circuits. Microstrip lines are exposed to both air and a dielectric
material referenced to a planar structure. The approximate formula for surface microstrip
impedance is provided in Eq. (6.7) for the configuration ot IFig 6.7. The intrinsic line ca-
pacitance is shown in Eq. (6.8).

4

Dielectric material H

T
i

6.7 Surface mucrostrip topologs

"Within the IPC standards. tvpoeraphical and mathemancal errors exist in the section retated 1o snpedance. Betore
applying equations detited withim IPC-H- 2170 stdy and rdentify all errors before Tterad use. Equanons presented herein
en verttied for acouracy

have he
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where Z, = characteristic impedance (ohms)
W = width of the trace (inches)
= thickness of the trace (inches)
H = distance between signal trace and reference plane (inches)
C, = intrinsic capacitance of the trace (pF/inch)
€, = dielectric constant of the planar material

Equation (6.7) is typically accurate to + 5% when the ratio of W to H is 0.6 or less. When
the ratio of W to H is between 0.6 and 2.0, accuracy typically drops + 20%.

When measuring (or calculating trace impedance), the width of the line should tech-
nically be measured at the middle of the trace thickness. Depending on the manufactur-
ing process. the finished line width after etching may be different from that specified
(Fig. 6.5). The width of the copper on the top of the trace may be etched away, thus mak-
ing the trace width smaller than desired. Using the average between top and bottom of the
trace thickness, we find that a more typical, accurate impedance number is possible. With
respect to the measurement of a trace’s width, with an /n (natural logarithm) expression,
how much significance should we give to accuracy of trace impedance for the majority of
designs? Most manufacturing tolerances are well within 10% of desired impedance.

The propagation delay of a signal routed microstrip is described by Eq. (6.9) which
has a variable of only €,. This equation states that the speed of a signal within a trace is re-
lated only to the effective permittivity of the dielectric material. Kaupp derived this equa-
tion for the propagation delay function under the square root radical [14 |.

= 1.017V0475¢, + 0.67  (ns/ft)

or (6.9)

= 85\V0.475¢, + 0.67 (ps/in.)

/)d

6.6.2 Embedded Microstrip Topology

The embedded microstrip is a modified version of standard microstrip. The differ-
ence lies i providing a dielectric material on the top surface of the copper trace. This ma-
terial may inctude another routing layer (core or prepreg material). If the embedded trace
is surrounded by a material, such as soldermask. conformal coating, potting. or other ma-
terial containing the same dielectric constant. with a thickness of 0.008 10 0.010 inch (8 10
10 mils) placed on top of the trace, air or the environment will have little effect on imped-
ance calculations. Another way to view embedded microstrip is to compare it to a single.
asymmetric stripline with one plane infinitely far away.
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Coated microstrip uses the same conductor geometry as the uncoated except that the
effective relative permittivity will be higher. Coated microstrip refers to placing a sub-
strate on the outer microstrip layer. This substrate can be soldermask, conformal coating,
or another material, including another microstrip layer. The dielectric on top of the trace
may be asymmetrical to the host material. The difference between coated and uncoated
microstrip is that the conductors on the top layer are fully enclosed by a dielectric sub-
strate, The equations for embedded microstrip are the same as those for uncoated mi-
crostrip with a modified permittivity, £’,. If the dielectric thickness above the conductor is
more than a few thousandths of an inch. €, will need to be determined either by experi-
mentation or by use of an electromagnetic field solver. For “very thin” coatings, such as
soldermask or conformal coating, the effect is negligible. Masks and coatings may drop
the impedance of the trace by several ohms.

The approximate formula for embedded microstrip impedance is provided by Eq.
(6.10). For embedded microstrip. particularly those with asymmetrical dielectric heights,
knowledge of the base and crown widths after etching will improve accuracy. These formu-
las are reasonable as long as the thickness of the upper dielectric material (B — (T + H)] is
greater than 0.004 inch (0.001 mm). If the coating is thin. or if the relative dielectric coefti-
cient of the coating is different (e.g., conformal coating). the impedance will typically be
between those calculated between microstrip and embedded microstrip.

Embedded microstrip is described in Eq. (6.10) for the configuration shown in
Fig. 6.8. The intrinsic capacitance of the trace is defined in Eq. (6.11).

L L
Dielectric material #1

Dielectric material #2

TT

Figure 6.8  Embedded microstrip NOTE: Thickness of the dielectric material may asymmetricai.

Z,;( 87 :] /”( S598H Q
\ rar) o w7,
_— 6.10)
where: e =g 4 Foe J‘L
(140 &)
C.-  / 598H \ ptinch 6.11)
s - T)
where /7 = characteristic impedance (ohms)
¢ = intnnsic capacitance of the trace (pF/inch)
W = width of the trace tinches)
T = thickness of the trace (inches)
H = distance between signal trace and reterence plane tinches)
B = overall distance of both diclectrics tinches)
¢ = diefectric constant of the plunar material
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The propagation delay of a signal-routed embedded microstrip is given in Eq. (6.12). For
a typical embedded microstrip, with FR-4 material and a dielectric constant that is 4.1,
propagation delay is 0.35 ns/cm or 1.65 ns/ft (0.137 ns/in.). This propagation delay is the
same as single stripline, discussed next, except with a modified €,

1017 Ve, (ns/f)

I

-
or

pd 85 \/g: (pS/ln)

i

where
- 138)
g, = ar(l —e ) (6.12)
0.1 <W/H<30
l<e, <15

6.6.3 Single Stripline Topology

Stripline refers to a trace that is located between two planar conductive structures
with a dielectric material completely surrounding the trace (Fig. 6.9). As a result, stripline
traces, routed internal to the board, are not exposed to the external environment.

Routing stripline traces compared to microstrip has several advantages, namely, it
captures fields and minimizes crosstalk, and it also provides an RF current reference re-
turn plane for magnetic field flux cancellation. Any radiated emissions that may occur
from a routed trace will be captured by the reference plane and be prevented from radiat-
ing to the outside environment, provided the correct routing rules (e.g., the 3-W rule) are
followed: see Chapter 7.7. Radiated emissions will still exist from components located on
the outside layers of the board and their bond lead wires. not from the traces themselves
buried within the PCB.

When measuring (or calculating) trace impedance, the microstrip section should be
consulted for a discussion ot why we should measure trace impedance of the line at the
middle of the trace thickness after etching.

The approximate formula for single stripline impedance is provided in Eg. (6.13)
for the illustration in Fig. 6.9. Intrinsic capacitance is presented in Eq. (6.14). Note that
Eq. (6.14) is based on variables chosen for an optimal value. In actual board construction.
the impedance may vary by as much as + 5%.

jo— w —
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Dielectric material
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1
i

Figure 6.9  Single stripline topology.
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1.41e
C,=——>—- pF/inch 6.14
) | 51 | pF/inc (6.14)
"osw + T
where Z, = characteristic impedance (ohms)

W = width of the trace (inches)

T = thickness of the trace (inches)

B = distance between both reference planes (inches)

h = distance between signal plane and reference plane (inches)
C, = intrinsic capacitance of the trace (pF/inch)

g, = dielectric constant of the planar material

Wi(H -T)<0.35

T/H < 0.25

The propagation delay of signal stripline is described by Eq. (6.13), which has only
g, as a variable.

t.=1017Ve (ns/ft)

pd T [
or (6.15)
ty=85Ve,  (ps/in.)

6.6.4 Dual Stripline Topology

A variation on the single stripline is the dual stripline, which increases coupling be-
tween the circuit plane and the nearest reference plane. When the circuit is placed approx-
imately in the middle one-third of the interplane region. the error caused by assuming the
circuit to be centered will be quite small.

The approximate formula for dual stripline impedance provided in Eq. (6.16) is for
the illustration of Fig. 6.10. This equation is a modified version of that used for a single
stripline. Note that the same approximation reason as dual stripline is used to compute Z .

w
LA _L

n H
- -— | signal plane (x-axis)
—L Dielectric material
T

D
- Signal plane (y-axis)
LT

X

Figure 6.10 Dual stripline topology.
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where Z, = characteristic impedance (ohms)
W = width of the trace (inches)
T = thickness of the trace (inches)
D = distance between signal plane (inches)
H = dielectric thickness between signal plane and reference plane
C, = intrinsic capacitance of the trace (pF/inch)
g, = dielectric constant of the planar material
WItH — T)<0.35
T/H <0.25

Equation (6.16) can be applied to asymmetrical (single) stripline configuration
when the trace is not centered equally between the two reference planes. In this situation,
H is the distance from the center of the line to the nearest reference plane. The letter D
would become the distance from the center of the line being evaluated to the other refer-
ence plane.

The propagation delay for the dual stripline configuration is the same as that for the
single stripline, since both configurations are embedded in a homogeneous dielectric ma-
terial.

e = 1.017 \/E, (ns/ft)
or (6.18)

N
I

85Ve,  (ps/in.)

I

Lt

Note:  When using the dual stripline. both routing layers must be routed ortho-
gonal to each other. This means that one routing layer is provided for 1-axis trace routing,
while the other layer is used for v-axis traces. Routing these layers at 90 degree angles
prevents crosstalk from occurring between the two routing planes with wide busses or
with high-frequency traces causing data corruption to the alternate routing layer.

The actual operating impedance of a line can be significantly influenced (e.g., = 30%) by
multiple high-density crossovers of vrthogonally routed traces, increasing the loading on
the net and reducing the impedance of the transmission line. This impedance change occurs
because these routed traces include a loaded impedance to the image plane, along with ca-
pacitance to the signal trace under observation. This is best illustrated by Fig. 6.11.

(/ /24 Image plane

Dielectric material

) Signal trace layer

—J_CQ _LCS J_m S lfn under evaluation

Dnelecmc High-density
materlal

orthogonally routed traces
2 To Ta T= T

7 71 Image plane

Dual stripline (two routing layers) and reference image planes

Figure 6.11 Impedance intluences on dual stnipline routing planes.
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6.6.5 Differential Microstrip and Stripline

Differential traces have conductors routed adjacent to each other throughout the en-
tire trace route. The impedance for differentially routed traces is not the same as a single-
ended routed trace unless the position of the images obeys the /0-W rule. The 10-W rule
refers to the distance separation between the two traces measured at 10 times the width (of
an individual trace) from the centerline of one trace to the centerline of the other. For this
configuration, sometimes only line-to-ground (or reference plane) impedance is consid-
ered as if the traces were routed single-ended. The concern should also be with the line-
to-line impedance between the two traces operating in differential mode.

For Fig. 6.12, differential traces are shown. If the configuration is microstrip, the
upper reference plane is not provided. For stripline, both reference planes are provided,
with equal center spacing between the parallel traces and the two planes.

When calculating differential Z, (Z,,), trace width W should be adjusted to alter Z.
The user should not adjust D, which should be the minimal spacing specified by the PCB
vendor [15].

DR

w D je— W —wie— D
L H 7772220277727
M. EE. AN AN
Dielectric material T r}: Dielectric material
220222022 e H Wizzzzzzzzzzzzz2z2z222722222727

Microstrip configuration Stripline configuration

Figure 6.12  Differential trace routing topology.

D

' , { =096’
Loy ™ 2% Zu\l — 0.48¢ ) ohms

(microstrip)
/ b (6.19)
5, 47 R
Ly = 2% Zn(l = 0.347e )ohms (stripline)
where

7 87 ( 5.98H ) N _ ‘
pm— ohm ros

T ve 1 "osw s ) omms (microstrip) ¢ 20

60 (’*MLS)B - ) 60 (1 9CH + T)> (stripline)

Ve, L(08W +T), Vg V(0.8W +T)

where B = plane separation

W = width of the trace
T = thickness of the trace
D = trace edge-to-edge spacing
h = distance spacing to nearest reference plane
Note:  Use consistent dimensions for the above (inches or centimeters).
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6.7 ROUTING CONCERNS TABLE 6.3 Impedance of Different Conductor Pairs
t
In regards to multiple loads daisychained on a net when a signal travels along a transmis- ‘ e w h = w — —_) o —
ion I it : » agation ti he di ~ — I lole—
sion line, the transition voltage will change at different propagation times. The difference - - 7 mE .
in the reception time at the loads located at various propagational positions along the net ? - ST —| W | ?
is referred to as clock skew (see Chapter 3). Since the component closest to the driver will L T / f

receive the signal before a load at the end of a long trace, synchronous clocking of multi-

ple devices becomes difficult, especially if the edge rate is extremely fast and the trace Trace over
. . . s R : ;. BOeS . e O QG
length is electrically broken up into different propagational lengths, wh or djw P“ra”;l Traces Gm”;d plane Traces b'ge by Side
If clock skew is an important consideration for multiple loads on a bus structure, o v
microstrip is preferred. This is because signal propagation for microstrip is faster than 0.5 377 377 NA
stripline (1.65 ns/ft vs. 2.06 ns/ft with a dielectric constant of 4.1). Microstrip is faster 0.6 281 281 NA
than stripline by approximately 25%. This is because stripline has twice the capacitance 0.7 24l 241 NA
. . i ) ( b )
per unit length owing to the routing layers sandwiched between two planar structures 0)2 ;;; ;;; 1::
(compared to microstrip with one adjacent plane). The effective € is lower, thus higher 1'(') " o ‘()
v = ¢/Ve,. Propagation time, &, per unit length is proportional to the square root of the 11 153 153 »
product of inductance and capacitance per unit length; see Eq. (6.4). 12 140 140 14
When radiated emissions is a concern. routing a trace using stripline is preferred. 1.5 112 12 53
Unfortunately, single (centered) stripline assemblies are more difficult to handle from a 17 99 99 62
manufacturing viewpoint. The PCB would become extremely thick if a single stripline 2.0 84 B4 73
- . . . . 2 7
configuration and a large layer stackup were provided. With increased layers. dual :'8 :’t’) :’Z’ 2;
smphr.xe 13 an optimal choice. Emmmons pertormance is enhanceﬁd since lwo rgutmg lay- 15 48 A8 107
ers exist between two planar “image” (shield layers). Crosstalk is also minimized at the 40 42 42 {14
same time because the routing layers are always placed orthogonally to each other, 5.0 34 34 127
(one layer in the y-axis, the other layer in the v-axis) or separated by interplaced image 6.0 % 28 137
planes. : 7.0 24 24 146
. . e . L ‘ 2 2 53
With ditferent logic families and impedance concerns within a PCB. the character- ﬁ:: I(l' ;(]) ;;()
istic impedance of a trace may also have to be different. An example of changing trace ”')’(', B = T
. . . - L. / / )
impedance in an impedance controlled assembly follows. 120 14 I (76
15.0 .2 12 188
200 8.4 8.4 204
5.0 6.7 6.7 217
L -
EXAMPLE 30.0 S6 56 227
A motherboard is designed for a controlled 50-£2 impedance for all logic functions. Video circuitry 00 a2 10 013
must be routed at 75 €2, How does one create two different impedance traces on the same PCB : 50.0 34 34 AN
structure? This operation can be performed by changing physical dimensions within the PCB as- 100 |7 17 293
sembly. To change the impedance ot a trace within a PCB. the following techniques are available J-
from casiest (lower ¢osts in board construction) to a more costly implementation method. ‘ NJA = notapplicable
Changing trace width referenced to a plane. 3
Changing distance spacing between the routing layer and the reference plane. E
Removing a portion ot the reference plane underneath the signal trace and allowing the F O N R O UV S Y
trace to be referenced to another plane within the structure at a distance further away than
the original reterence plane (requires absence of copper over what would normally be a T . ) Ui for W

solid plane and a trace-void sone in adjacent lavers).

Changing thickness of the PCB layers (core material). .
VR LA v J/u, (div = Ndin Iofor i

Using a ditferent dictectnie constant (core or prepreg) between planar structures,

J nearby eround plane
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Changing the width of the trace is the easiest method if a different impedance is required. If
different logic families are provided in an assembly, poor performance or signal integrity can exist
if impedance-controlled traces are routed on the same layer. Table 6.3 iliustrates different imped-
ance values for three common trace configurations [13].

6.8 CAPACITIVE LOADING

Capacitive input loading affects trace impedance and will increase with gate loading (ad-
ditional devices added to the routed net). The unloaded propagation delay for a transmis-
sion line is defined by 1, = VL C,. If a lumped load, C, is placed in the transmission

line (includes all loads with their capacitance added together), the propagation delay of
the signal trace will increase by a factor of

f

| C, ,
t = 1 + =% ns/length 6.21)
pd 3
iz pa \/ C“
where 1, = unmodified propagation delay, nonloaded circuit
? o = modified propagation delay when capacitance is added to the circuit
C, = input gate capacitance from all loads
C, = characteristic capacitance of the transmission line

For example, let’s assume a load of five CMOS components are on a signal route, each
with 10-pF input capacitance (total of C, = 50 pF). With this capacitance value on a
glass epoxy board, 25 mil traces, and a characteristic board impedance Z, = 50 Q
{1, = 1.65 ns/ft), there exists a value of C, = 35 pF. The modified propagation delay is:

et

! 50 N .
to= 165 ns/Mt \l + 35 2.57 ns/tt (6.22)

This equation states that the signal arrives at its destination 2.57 ns/ft (0.54 nsfcm) later
than expected. The characteristic napedance of this transmission line, altered by gate
toading, Z’ , is:

z ,
Zl,= 7 (6.23)
/ Cy
\ 1+
¢,
where 7, = original line impedance (ohms)
Z’ = modified line impedance (ohms)
(, = input gate capacitance—sum of all capacitive loads
(= charactenstic capacttance of the transmission line

For the example above
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7 =
=T =320
N+ 2=
V' 735

Typical values of C,are 5 pF for each ECL input, 10 pF for each CMOS device. and
10-15 pF for TTL. Typical C, values of a PCB trace are 2-2.5 pF/inch. These C,
values are subject to wide variations due to the physical geometry and the length of
the trace. Sockets and vias also add to the distributed capacitance (sockets = 2 pF and vias
= 0.3-0.8 pF each). Given that 1,, = VL,*C, and Z, = VL, /C,, C, can be calcu-
lated as

0

!
C, = 1000 (;") pF / length (6.24)

07

This loaded propagation delay value is one method that may be used to decide if a trace
should be treated as a transmission line (2 * ¢, * trace length > ¢, or 1) where ¢, is the ris-
ing edge of the signal and ¢, is the falling edge.

C, the distributed capacitance per length of trace, depends on the capacitive load of
all devices including vias and sockets, if provided. To mask transmission line effects,
slower edge times are recommended. A heavily loaded trace slows the rise and fall times
of the signal due to an increased time constant (T = ZC) associated with increased distrib-
uted capacitance and filtering of high-frequency components from the switching device.
Notice that the impedance, Z, is used, and not R (pure resistance) for the time constant
equation. This is because Z consists of real resistance and inductive reactance. Inductive
reactance, (jwL). is much greater than R in the trace structure at RF frequencies, which
must be taken into consideration. Heavily loaded traces scem advantageous until the
toaded trace condition is considered in detail.

A high C, increases the loaded propagation delay and towers the loaded characteris-
tic impedance. The higher loaded propagation delay value increases the likelihood that
transmission line effects will not be masked during risc and fall transition states. A lower
loaded characteristic impedance otten exaggerates impedance mismatches between the
driving device and the PCB trace. Thus, the apparent benefits of a heavily loaded trace are
not realized unless the driving gate is designed to drive large capacitive loads |2].

Loading alters the characterisiic impedance of the trace. As with the loaded propa-
gation delay. a high ratio between distributed capacitance and intrinsic capacitance
cxaggerates the effects of loading on the characteristic impedance. Because
Z =NL,/(C,+ C,), the additional load. ,, adds cupacitance. The loading factor

o

N1+ C,/C, divides in Z,. and the characteristic impedance is lowered when the trace
Is loaded. Reflections on a loaded trace, which cause ringing. overshoots. undershoots,
and switching delays. are more extreme when the foaded characteristic impedance ditfers
substantially from the driving device’s output impedance and the receiving device's input
impedance. The units of measurements used for both capacitance and inductance are per
inch or em units. If the capacitance used in the L equation is pF/inch, the resulting induc-
tance will be in pH/inch.

With knowledge of added capacitance lowering the trace impedance. it becomes ap-
parent that if a device is driving more than one line. the active impedance of each line
must be deternuned separately. This determination must be based on the number of loads
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and the length of each line. Careful control of circuit impedance and reflections for trace
routing and load distribution must be given serious consideration during the design and
layout of the PCB.

If capacitive input loading is high, compensating a signal may not be practical.
Compensation refers to modifying the transmitted signal to enhance the quality of the re-
ceived signal pulse using a variety of design techniques. For example, use of a series re-
sistor, or a different termination method to prevent reflections or ringing that may be pre-
sent in the transmission line, is one method to compensate a distorted signal. Reflections
in multiple lines from a single source must also be considered.

The low impedance often encountered in the PCB sometimes prevents proper Z,
{impedance) termination. If this condition exists, a series resistor as large as possible
should be put in the trace (without corrupting signal integrity). Even a 10-€ resistor is
helpful; however, 33-Q is commonly used.
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Signal Integrity
and Crosstalk

7.1 NEED FOR SIGNAL INTEGRITY

Every year, clocks and system speeds become faster, Clocks in computer systems that
now operate at frequencies above 300 MHz will rise into the GHz range in the near future.
Processors currently in development will reach new levels of high-speed performance.
Computer systems, local-area networks, wide-area networks, and cellular and optical-
fiber systems are becoming more common every day.

As the demand for more and faster computer chips increases, the chip vendors are
also struggling to increase the yield and decrease the cost of the individual die obtained
from each raw wafer. One method for simultaneously achieving all of these goals is to
make more die on each silicon wafer using a process known as “die shrink.” In die shrink,
the photolithographic manufacturing steps are adjusted in order to reduce the size of each
transistor gate without having to redesign the individual transistor components or their
metallic interconnects. When the distances between individual gates on a die decrease, the
time it takes for electrons to propagate between the gates also decreases. In addition, as
the transistors are made smaller, the transistors switch faster. As a result, the component
becomes faster with the same functional performance, all at practically zero additional
cost per semiconductor wafer.

Today's chip manufacturing processes commonly use transistors and interconnects
with submicron dimensions. Components made in the 1980s used fabrication technolo-
gies with 2- to S-micron line widths. With S-micron technologies, edge transition rates
were in the 20-ns range. With 0.12- to 0.25-micron process technologies. speeds in the
low picoseconds are now possible and will become the standard for most semiconductor
products in the near future.

Chip manufacturing equipment is very expensive. Major new semiconductor fabri-
cation facilities typically cost from $1 billion to $2 billion. The time it takes to incorpo-
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rate a manufacturing process for a new silicon wafer is typically six to eight weeks. As a
result. chip manufacturers are constantly changing their process steps in order to accom-
modate a smaller component and to achieve a higher and more uniform throughput of
semiconductor die. It is much less expensive for a chip manufacturer to die shrink a stan-
dard CMOS logic component by 50% and labe! it with a slower speed rating than it is to
redesign or retool the manufacturing process. The shrunken chip will still operate as
desired: however, the “new” chip edge rate transitions are much faster than the “old”
ones.

TTL logic is becoming obsolete with high-technology products; hence, newer logic
familics with higher frequency components are being developed. The component will op-
erate as desired. but the “real” edge rate transitions are much faster. Recall that EMI spec-
tral profiles are dominated by the edge rate transition times and their related harmonic fre-
quency components. The process of marking chip componenis with a slower speed rating
explains why a second source of components for the same {unction may result in signifi-
cant EMI concerns that are not encountered with the original part. If a product once com-
plied with EMI regulatory requirements for emissions and immunity. and the product now
fails. it could be that the vendor took the device through the die shrink process without the
customer knowing it. A typical logic designer will usually accept a manufacturer’s faster
component without considering EMI or signal integrity issues.

When components operate at high frequencies, signal edge rates become faster to
accommodate the smaller clock pulse intervals. As a result. RF spectral distribution in-
creases. When this level of technology is reached. signal integrity CAD tools (circuit sim-
ulation programs with high-frequency models) must be used to determine the effects of
fast edge rates, long trace lengths. and parasitic capacitance and inductance of circuit ele-
ments. This includes the behavioral characteristics of the source and load devices, the
conductor impedances, the physical and electrical parameters of the PCB materials, and
numerous other parameters that become a prime concern for the designer during the cir-
cuit simulation and layout cycle.

To define high-speed design characteristics. a simple driver-receiver circuit is used
to illustrate signal integrity problem. shown in Fig. 7.1 |3}, As long as the interconnects
are “short™ and the clock rates are “low.” the receivers act as loads for the driver. This
loading can affect the receiver’s output waveform. The effect of loading the traces is
counted as lumped capacitance to ground in addition to the capacitance provided by the
receiver loads.

When the trace length becomes electrically “long,”-~that is. when the edge transi-
tion time of the signal is less than the time it takes for the signal to travel from source o
load and return from load to source-—signal integrity concerns increasingly arise. Within
the time period that the signal’s transition occurs between the high and low state. the im-
pedance of the trace becomes the actual load for the driver. This load is in addition to the
input impedance of the recetvers. Transmission line effcets such as reflections. overshoot.
undershoot. and crosstalk will distort the transmitted signal. Classical fumped circuoit the-
ory no longer applies under these conditions. and a distributed circuit mode! must be used
in the cireuit simulation design program | 13].

To beter describe this signal integrity concern. we reexamine why edge rate, and
not clock frequency, is of primary concern. For example. a relatively low-trequency
I-MHz clock with a rise time of 1 ns has transmission line effects only during the transi-
ton time as the periodicity of the waveform is long. The signal will eventually attain
steady skate. Because ol the fast edge rate. it the ransmission line length is long. the sig-
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Figure 7.1 Transmission line effects in a trace.

nal may falsely trigger circuits, for the threshold voltage will vary at different portions of
the timing cycle. Ringing and reflections may also exist.

A trapezoidal signal with a finite rise and fall time has a spectral distribution based
on the Fourier component of the signal. The fundamental RF frequency is that of the
clock itself. The magnitude of the spectral distribution decreases at the rate of 20 dB per
decade up to the frequency that corresponds to the rise time. For example, a 3V, 100 MHz
clock with a 50% duty cycle and a 1-ns edge rate has a fundamental RF trequency with an
amplitude of approximately 3V. The 1-GHz component ot this clock will have an ampli-
tude of approximately 0.3V. Depending on the application of the circuit. undesired cffects
may occur along with switching noise and ground bounce. In mixed logic designs, this is
a concern, especially if a 0.3V noise margin requirement exists. As a rule of thumb, the
trace length should be between 20 and 25% of the signal rise and fall time.

For example, all logic and analog components have some sensitivity to changes in
power supply voltages. This sensitivity may be reflected in changes in the output levels or
in the switching thresholds at the input pins. The amount of performance degradation as a
function of power supply voltage must be determined during the design cvele. A tradeoff
between power supply accumulation and noise erosion needs to be pertormed. taking into
consideration all other components and their unique noise margin requirements.

Lack of an optimal 0V reference structure is common in high-speed networks and
designs. Inductance will always be present between the virtual and actual ground because
of Interconnect (trace) and lead inductance. If many clock drivers switch simultaneously,
a voltage proportional to the rate of change ot current with time 15 induced in the trace.
This simultaneous switching may cause false switching of devices on victim traces. Vias,
bond wires, and package connector pins also contribute to this inductive effect. which is
also known as ground bounce or delta 1 noise. Component packages with no internal
around planes are the worst offender!
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The following are potential sources of noise that may cause signal functionality
concerns or make a logic signal unusable.

Reflections

Ground bounce
Crosstalk

Reference accuracy
Thermal offsets

Ground offsets

Power supply variations
Trace IR drop

Ground IR drop
Terminator noise

7.2 REFLECTIONS AND RINGING

Reflections are an unwanted byproduct in digital logic designs. Ringing within a transmis-
sion line contains both overshoot and undershoot before stabilizing to a quiescent level
and is a manifestation of the same effect. Overshoot is the effect of excessive voltage
above the power rail or below the ground reference. Excessive voliage levels below
ground reference is not undershoot. Undershoot is a condition where the voltage level
does not reach the desired amplitude for both maximum and minimum transition levels.
Components must have a sufficient tolerance rating for voltage margin requirements.
Both overshoot and undershoot can be controlled by proper terminations and proper PCB
and IC package design. Overshoot and undershoot, if severe enough, can overstress de-
vices and cause damage or even {ailure.

For an unterminated transmission line, ringing and reflected noise are one and the
same. This can be observed with measurement equipment at the frequency associated as a
quarter wave length of the transmission line, as is most apparent in an unterminated,
point-to-point trace. The driven end of the line is commonly tied to AC ground with a
low-impedance (5-20 ohms) load. This transmission line closely approximates a quarter
wavelength resonator (stub shorted on one end, open on the other). Ringing 1s the reso-
nance of that stub.

As signal edges become faster, consideration must be given o propagation and re-
tlection delays of the routed trace. If the propagation time and reflection within the trace
are longer than the edge transition time from source to load, an electrically long trace will
exist. This electrically long trace can cause signal integrity problems depending on the
tvpe and naturc of the signal. These problems include crosstalk, ringing, and reflections.
EMI concems are usually secondary to signal quality when referenced to clectrically long
lines. Although long traces can exhibit resonances, other suppression and containment
measures implemented within the product may mask the EMI energy created. As a result,
the device may cease to function properly if impedance mismatches exist in the system
between source and load. Reflections are frequently both a signal quality and an EMI
issue when the edge time of the signals constitutes a signiticant percentage of the propa-
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gation time between the device load intervals. Solutions to reflection problems may re-
quire extending the edge time (slowing the edge rate) or decreasing the distance between
load device intervals.

Reflections from signals on a trace are one source of RF noise within a network.
Reflections are observed when impedance discontinuities exist. These discontinuities con-
sist of

Changes in trace width

Improperly matched termination networks
Lack of terminations

T-stubs or bifurcated traces'

Vias between routing layers

Varying loads and logic families

Large power plane discontinuities
Connector transitions

Changes in impedance of the trace

When a signal propagates down a transmission line, a fraction of the source voltage
will initially propagate down the trace. This source voltage is a function of frequency,
edge rate. and amplitude. Ideally, all traces should be treated as a transmission line.
Transmission lines are described by their characteristic impedance, Z , and propagation
delay. 1., These parameters are dependent on the inductance and capacitance per unit
length of the trace, the actual interconnect component, the physical dimensions of the in-
terconnect, the RF return path, and the permittivity of the insulator between them. Propa-
gation delay is also a function of the length of the trace and dielectric constant of the ma-
terial. When the load impedance at the end of the interconnect equals that of the
characteristic impedance of the trace, no signal is reflected.

A typical transmission line is shown in Fig. 7.2. Here we notice that

® Maximum energy transfer occurs when 2, = Z, = Z .
w Minimum reflections will occur whenZ , = Z, and Z, = Z, -

If the load is not matched to the transmission line, a voltage waveform will be reflected
back toward the source. The value of this reflected voltage is

ZOU1 Vsource Vload
L% T
Source Z)oan
Figure 7.2 Typical transmission Jine system.
'A hifurcated trace is a single trace that 1s broken up mto two traces roated to different focations
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V =V (Q—EQ> (7.1)
! "\Z, + Z, '
where V. = reflected voltage
V. = source voltage
Z, = load resistance
Z, = characteristic impedance of the transmission path

When Z,, is less than Z, a negative reflected wave will be created. If Z, is greater than
Z,, a positive wave is observed. The wave will repeat itself at the source driver if the im-
pedance is different from the line impedance, Z,.

Equation (7.1) relates the reflected signal in terms of voltage. When a portion of the
propagating signal reflects from the far end, this component of energy will travel back to
the source. As it reflects back, the reflected signal may cross over the tail of the incoming
signal. At this point, both signals will propagate simultaneously in opposite directions,
neither interfering with each other.

We can derive an equation for the reflected wave. The reflection equation, Eq. (7.2),
is for the fraction of the propagating signal that is reflected back toward the source.

% reflection = (ZL;-)Z ) X 100 (7.2)
Z, +Z,
This equation applies to any impedance mismatch, regardless of voltage levels. Use Z, for
the signal source of the mismatch and Z, for the load. To improve the noise margin bud-
get and requirements for logic devices, positive reflections are acceptable as long as they
do not exceed V., of the receive component.

A forward-traveling wave is initiated at the source in the same manner as the in-
coming backward-traveling wave, which is the original pulse retumed back to the source
by the load. The corresponding points in the incoming wave are reduced by the percent-
age of the reflection on the line. The process of repeated reflections can continue as re-
reflections at both the source and load. At any point in time, the total voltage (or current)
becomes the sum of all the individual voltage (or current) sources present. It is for this
reason that we may observe a 7V signal on the output of a source driver while the power
supply is operating at 5V. The term ringback is the effect of the rising edge of a logic
transition that meets or exceeds the logic level required for functionality, and then re-
crosses the threshold level before settling down. Ringback can be caused by a mismatch
of logic drivers and receivers, poor termination techniques, and impedance mismatches of
the network [14].

Sharp transitions in a trace may be obscrved through use of a Time Domain Reflec-
tometer (TDR). Multiple reflections caused by impedance mismatches are observed by a
sharp jump in the signal voltage level. These abrupt transitions usually have rise and fall
times that can be comparable to the edge of the original pulse. The time delay from the
original pulse 1o the occurrence of the first reflection can be used to determine the loca-
tion of the mismatch. A TDR determines discontinuities within a transmission line strue-
ture, An oscilloscope observes reflections. Both types of discontinuitics are shown in Fig.
7.3. Although several impedance discontinuities are shown, only one reflection is illus-
trated | 16].
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Impedance discontinuities

- _—L’Zv

v

min ~" 7 —
Rising edge Falling edge

Change in impedance as a resuit of discontinuity

Time Time
Reflection as a result of discontinuity

Figure 7.3 Discontinuities in a transmission line.

7.2.1 identification of Signal Distortion

The shape of signal distortion can indicate the type of signal quality problem. When
a signal deviates from its desired shape, the waveform will indicate the specific problem.
The distortion on the leading or trailing edge of a pulse is often referred to as a glitch.
Usually, little attention is paid to the detailed shape of the glitch. We examine two com-
mon waveforms that indicate signal quality problems in Fig. 7.4.

Ringing is caused by reflections with significant impedance mismatch (a result of
resonant effects) in the trace and will corrupt signal quality and cause possible nonfunc-
tionality of the circuit. Ringing within a trace also indicates that excessive inductance may
be present in the network. The signal that is ringing will either add or subtract (voltage
phasing of the signal). Depending on the net result of phasing, the signal may be degraded

‘\'~

d |

[ [ [ I
Ringing indicates Rounding indicates

reflections (excessive inductance) excessive capacitance

Figure 7.4 Ringing and rounding of a signal within a trace (identitying distortion).
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to the point where it becomes an invalid or metastable logic state. Knowledge and proper
use of transmission line theory allow signals to travel between the source and load with-
out creating a functionality concern.

An underdamped circuit with excessive trace inductance can cause the edges of a
signal pulse to ring. Ringing is a damped sinusoidal oscillation or resonance. For a circuit
to ring or oscillate, there must be capacitance. Capacitance is a necessary part of the cir-
cuit load and will always be present. Excessive wiring inductance is also a cause of
ringing. Ringing may be minimized by adding series resistance or providing proper termi-
nation.

Rounding indicates excessive capacitance. When the pulse edge is rounded, the cir-
cuit is overdamped. Shunt capacitance always exists in both the trace and the input to the
load. The parallel combination of these two capacitors (trace and load) determines total
shunt capacitance. Excessive series resistance in the signal source may also cause round-
ing due to the time constant T = RC. The impedance ratios between source. line, and load
are an important requirement for circuit design parameters.

7.2.2 Conditions That Create Ringing

Figure 7.5 illustrates a typical circuit using lumped components. A source driver
with internal serics resistance, R, is shown along with inductance of the trace, L (which
includes component lead wires). and distributed capacitance from trace to ground, X .
This s in addition to the internal capacitance of the receiver. Within this ci;cuit. addi-
tional resistance, inductance, and capacitance may also exist but is not included in this
simple example,

Assume there is capacitive reactance of the trace plus load (X, = //oC} which is
much less than the load resistance (R ) at high frequency. When a trace is physically
short. the semiconductor package and decoupling capacitor lead-length inductance be-
come the dominant cause of ringing. This is analyzed in terms of lumped circuitry where
the damping of a simple RL.C series circuit applies. The condition for ringing (under-
damped) 15 4

Ringing = 8-X ;4 - | {7.3)

Ag L{trace)

~y

1

A

|
- X.
frace) _]V

d

Source Load

Ringing = B X4 > 1 (Underdamped)
Rounding = Xc» 4L R~ (Qverdamped)

-
i

Figure 7.5 Equivalent cucut for ringing or

rounding.
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5V

oV

For rounding (overdamped)
Rounding = X, > 4L/R* (7.4)

The inductance that causes ringing is often very small. Sometime 0.5 nH is more than
enough to cause signal functionality concerns. A l-inch trace, located directly above a
ground plane, could easily exceed this inductance value.

Figure 7.6 shows what occurs in a typical PCB layout as it relates to signal in-
tegrity: reflections and ringing. Notice the overshoot of up to 7V at the load and possible
false triggering of a low logic state at 3.5V. At the source, the reflected signal also has an
overshoot of —1.0V and ringing at 3V. False trigger can occur with 3V ringing for certain
logic families. For a trapezoidal waveform, the ringing illustrated in Fig. 7.6 distorts the
spectra, emphasizing the frequency of the ringing or the spectra of the complex wave-
form.

Figure 7.6, plot A, shows that if a properly terminated transmission line is present, a
smooth signal pulse will be propagated down the trace from source to load. Ringing,
which always exists in some manner, is usually minor compared to what can happen
when a transmission line is not matched or has impedance discontinuities. Active compo-
nents always exhibit some ringing generated by the output switching transistors. These
transistors are generally nonideal or have nonperfect drive characteristics. These nonideal
or nonperfect characteristics are due to the manufacturing process and design of the cir-
cuit. The behavioral models used for signal integrity analysis usually are considered as
being ideal. In actual usage, behavioral models often may not illustrate real, important
transmission line effects.

Figure 7.6, plot B, shows an active load circuit with an clectrically long trace. Ring-
ing (overshoot and undershoot) is present. Ringback, if severe enough, can falsely trigger
the load into believing that a logic O state is present. This false triggering can cause im-

| r\ 75\ -

I

A Signalsource Z=2 ;.

B Reflections at load end
without matched termination.
The undershoot can upset noise
margin and cause false triggering.

C Backward reflections at the source
causes noise margin upset
and reduces the maximim
permissible clock rate.

_/_BD

A S —w
DC‘\_*“

Scale: Vertical - 1V per division

Figure 7.6 Ringing on traces,
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7.3 CALCULATING TRACE LENGTHS
(ELECTRICALLY LONG TRACES)

proper operation of the circuit. If the length of the trace is very long with respect to the
propagation delay of the signal (source-to-load and load-to-source) or if there are long in-

tervals between devices, reflections will be created and bounced back and forth between
these end points.

Figure 7.6, plot C, indicates what happens back at the source driver of an untermi-
nated transmission line. Backward reflections can cause noise margin upset and will cor-
rupt the quality of the desired signal if another clock transition occurs when the reflected
pulse reaches the driver at the wrong point in time. These reflections are also created
by an electrically long signal trace (or long loading intervals) as described for Fig. 7.6,
plot B. When backward reflections occur, the edge rate desired for proper operation is re-
duced to a slower time period. This signal degradation may be sufficient to prevent other
sections of the PCB from functioning at the intended speed of operation. Hence, perfor-
mance is degraded, or the circuit may become nonfunctional.

The relationship between PCB line length and logic families is illustrated in Table
7.1. Details on how this table is created are presented later in this chapter.

TABLE 7.1 Logic Families and Important Characteristic Parameters

Maximum Non- Muximum Non-
Rise/Fall transmission Line transmission Line
Time Trace Length Trace Length
Logic Family {Approx.) (Microstrip} (Stripline)
(Sample List) T, Low=9*T1, Lo=7*T,
74L xxx 3135 ns 279 em (1107) 217 cm (85.47)
74C xxx 25-60 ns 225 cm (88.5") 175 em (69™)
T4HC xxx 1315 ns 17 em (467) 91 cm (367)
74 xxx 1012 ns 90 cm (35,57 70 em 27.57)
(flip-flop) 15-22ny 135 em 53 105 em (417
74LS xxx 9.5 ns ¥3.5 em (347 66.5 cm 126"
(flip-flop) 13-150s 117 cm 146”7) 91 cm (367
74H xxx 46 ns 2B em (14,27 28 cm (117)
74S xxx 3~ ns 27 em (10.67) 2t em (8.37)
T4HCT xxx 5-15ns 45 em (187 3Scm (147
T4ALS xxx 10 ns 18 cmi(77) 10 cm (47)
T4ACT xxx -Sns 18em (77 10cem (41
74F xxx L3168 10.5 ¢m (47 10.5 em (47)
ECL 10K 1.5 ns HERES 10.5 em (47
ECL 100K (.75 ns 6 om (2.47) S.25 cm (2N
BTL 10 9em 357 7em(2.87
LVDS 0.3% 27em (L1 2 em (0.8
GTL+ 0.3% 27 emild" 2lem .87
GaAs 0.3 27 emel” 2 b em 0.8

Assume L7 ns/it 0. 14 ns/in. or 0.36 nsfemn foe microstrip. Propagation delay tor FR 4. ¢, = 1.6,

Assume 2.2 ns/ft 018 ns/in, or 0.47 ns/emy for stripline. Propagation delay tor FR-4. ¢ = 1.6,
Toand 7, depends greatly on foad capacitance, supply voltage, and 1C complexity,

Nate: T, and T, will differ between device manufacturers because of the fabrication process used

*These are the

fastest edge raie values

When designing a transmission line, PCB designers need a method that allows quick de-
termination if a trace routed on a PCB can be considered electrically long during compo-
nent placement. A simple calculation i8 available that determines whether the approxi-
mate length of a routed trace is electrically long under typical conditions. When
determining whether a trace is electrically long, we must think in the time domain. The
equations provided below are best used when doing preliminary component placement on
a PCB. For extremely fast edge rates, detailed calculations are required based on the ac-
tual dielectric constant value of the core and prepreg material. Chapter 6 provides equa-
tions if more accuracy is required.

Assuming a typical velocity of propagation that is 60% the speed of light, we can
calculate the maximum permissible unterminated line length per Eq. (7.5). This equation
is valid when the two-way propagation delay (source-load-source) equals the signal rise
fime.

I, — (7.5)

where ¢ is edge rate (ns)

7
’

t pd

l

is propagation delay (ns)
e maximum routed track length (cm)

Figure 7.7 illustrates this equation for quick reference with a dielectric constant
of 4.6.

To simplify Eq. (7.5), we use the real value ot propagation delay (actual dielectric
constant based on frequency of interest: see Chapter 6) from FR-4 material using mi-
crostrip and stripline impedance equations (factoring in propagation delay and constant).
Equations (7.6) and (7.7) are presented for determining the maximum electrical line
length before termination is required. This length is for round-trip distance. The one-way
length, from source to load is one-half the value of 1_, calculated below. The following
calculations are for a dielectric constant of 4.6.

max

[ =9 % 1, (for microstrip topology—-in cm.) 76)
=35 %01, {for microstrip topology—in in.)

e = 1% L, {for stripline topology—in cm.) 77
Lo = 275 % 4, (for stripline topology—in in.)

For example. it"a signal edge is 2 ns. the maximum round-trip. unterminated trace length
when routed on microstrip is

I =9=xt =18cm (7"

BHIEY

When this same clock trace 1s routed on stripline. the maximum unterminated trace
length of this 2-ns signal edge becomes
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“sl—————ncreasing Bandwidth, MHz
50¢em 3183 1273 640 420 320 160 64
S0 N N T O
— —f 45cm
| (17.8in)
|
b 18ycm
10 ¢cm (7.0in)
{3.9in) ;
9cm ¢
— 4 (3.50n) 4
.
5cm
(2.0 in)
b L WL
__ Critical interconnect length
o i ¢ -
0 cm o Hpt -
(0in)
0.1 1 2 5

Rise time (ns)
(edge time of various devices)

Note: Above calculations are for a microstrip topology with dielectric constant of 4.6.
Actual distance will differ based on the dielectric material used within the board assembly.

Figare 7.7 Muximum unterminated line length versus signal edge rate (FR-4 material).
[.=7%t=14cm (55"

These equations are also useful when we arc evaluating the propagational time between
load intervals on a line with multiple loads.

To calculate the constant, &, either 7 or 9. for [ use the following example.

EXAMPLE

-
k= r( [1,,,//'11)) {cm)

where  « = 30.5 for em, 12 for inches: x = 0.5, converts transmission line to one way path
Ly = LOI7V0475 ¢, + 0.67 (for microstrip); L, = 1LOITN t (for stripline)

example for g, = 4.6, & = 8.9 for microstrip (in cm) or 3.5 (in inches)

A= 6.9 for stripline (in cm or 2.7 (in inches)
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If a trace or interval is longer than /_,,, then termination should be implemented,
for signal reflections (ringing) may occur in this electrically long trace. Even with good
termination. a finite amount of RF currents can still be in the trace. For example, use of a
series resistor {source location) will achieve the following:

Minimize RF currents within the trace.
Absorb reflections (ringing).

Match trace impedance.

Minimize overshoot and undershoot.

Reduce RF energy generated by slowing down the edge rate of the clock signal.

When placing PCB components during layout that use clocks or periodic wave-
form signals, these components must be located so that the signal traces are routed for the
best straight-line path possible with minimal trace length and number of vias in the route.
Each via will add inductance and discontinuities to the trace (approximately 1-3 nH
each). Inductance in a trace may cause signal integrity concemns, impedance mismatches,
and potential RF emissions. Inductance in a trace allows this wire to act as an antenna.
The faster the edge rate of the clock signal. the more important this design rule becomes.
If a periodic signal or clock trace must traverse from one routing plane to another, this
transition should occur at a component lead (pin escape) and not anywhere else. If possi-
ble, additional inductance presented to the trace can be reduced from using two less
vias.

Equation (7.8) is used to determine if a trace or loading interval is electrically long
and requires terminatton.

1<l (7.8)

max

where /15 the calculated maximum trace length and /, is the length of the trace route as
measured in the actual board layout. Keep in mind that /; is the round-trip length of the
frace.

Ideally, trace impedance should be kept at £ 10%. In some cases, £20-30% may be
acceptable only after careful consideration has been given to performance. The width of
the trace. its height above a reference plane. dielectric constant of the board material, plus
other microstrip and stripline constants determine the impedance of the trace (see Eqgs. 6.7
through 6.20). It is always best to maintain constant impedance control at all times for any
dynamic signal condition.

An example used to determine whether it is necessary to terminate a signal trace
using characteristic impedance. propagation delay. and capacitive loading 1s now pre-
sented.

MICROSTRIP EXAMPLE

A 5-ns edge rate device is provided on a S-inch surface microstrip trace. Six loads (components) are
distributed throughout the route. Each device has an input capacitance ot 6 pb. Is termination re-
quired tor this route?

Geometry

Trace width. W = 00100
Height above a plane. H =0.012 m.
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Trace thickness, T = 0.002 in.
Dielectric constant, €, = 4.6

A. Calculate characteristic impedance and propagation delay detailed in Chapter 6 [Egs. (6.7) and

(6.9)].
79
A R
Ve +141) " logw+T

z ~<—~ i \L ( 598 x 12 ) 6350
0 n h : = .o
Vae + 141/ 7 \08 x 10 + 2

fy= LO17%V0475¢, + 0.67 = 1.720s / ft (0.143 ns/in.)

B. Analyze capacitive loading.
Calculate C, distributed capacitance (total normalized input capacitance divided by length).
C,=6*C /trace length = (6 * 6 pF) /5 in. = 7.2 pF/in.
Calculate intrinsic capacitance of the trace—Eq. (6.24).
C,=1000(1,,/Z,) = 1000 (1.72/63.5) ns/ft = 27.0 pF/ft = 2.26 pF fin,

Calculate one-way propagation delay time from the source driver—Eq. (6.21).

Vou = 1 V1 +Ci/C,

t'0 = 0143 V1 + 7.2/226 = 0.29 ns/in. (3.5 ns/ft)
C. Perform a transmission line analysis.
Ringing and reflections are masked during edge transitions if

(2#1,)xtrace length < 1, or v,
For this situation,

(2 % ¢, )% trace length = (2+0.29 ns/in.) * 5in. = 2.9 ns

Given that the edge rate of the component is 7 = t,=35 ns and propagation delay is 2.9 ns. termination
is not required. Sometimes the guideline of (3 x t',q % trace length) is used as a margin of safety. For
this case. propagation delay would be 4.35 ns; hence. termination would still not be needed.

Assume now that the trace is routed stripline. Is termination required?

From above:

t,= 1017 x Ve, = 218 ns/ft = 0.18 ns/in.
Co=1,/Z, =218 /635 = 343 pf/ft (2.86 pF/in.)
Coo 10001,/ Z,) = 1000 (2.18/63.5) = 34.3 pE/fi (2.86 pE/in.)

€, is the same as above (7.2 pF/in.)

’

Fm VT EC O 05 ns/f(0.34 s i)

el

2w, <race length = 2 < 0.3 ns/in. X Sin. = 34y
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Again, this trace would not require termination since 3.4 ns < § ns. The propagation delay for
stripline is 1.60 ns longer because 7, (unloaded) is substantially greater than microstrip (0.65-ns
margin). This factor helps prevent transmission line effects from being masked during edge rate
changes.

STRIPLINE EXAMPLE

A 2-ns edge rate device on a 10-inch stripline trace is used. Five logic devices are distributed
throughout the route. Each device has an input capacitance of 12 pF. Is termination required for this
route?

Geometry

Trace width, W = 0.006 in.
Distance from a plane, B = 0.020 in.
Trace thickness, T =0.0014 in.
Dielectric constant, ¢, = 4.6

A. Calculate characteristic impedance and propagation delay derailed in Chapter 6. [Use Egs.
(6.13)and (6.15).]

(Bl
T We ) osw + T

60
(1) 0

~N
!

Ve " \0xe) + 14
— .
t, = 1017 Ve, = 2.18 ns/ft (0.182 ns/in.)

B. Analyze capacitive loading.
Calculate C,, distributed capacitance (total input capacitance divided by length).
C,=6=C,/trace length = (6 * 12 pF)/ 10in. = 7.2 pF/in.
Calculate intrinsic capacitance of the trace.

C,=1000(

7
pd !

Z,) = 1000 (0.182/50.7) = 3.58 pF/in. (43.0 pF/t1)

Calculate one-way propagation delay time from the source driver.

¢= 0082 V1 + 7.2 /358 — 0.32ns/in. (279 ns/ft)

pd

C. Perform transmission line analysis

1

The important condition of interest is (2 * £/, ) * trace length <1 or 1.
(2 {',,‘,) * trace length = (2 # 0.32 nsfing) = 10 m. = 6.4 ns

Since the edge rate of the component 1, = 7, = 2 ns, and propagation delay (6.4 2 2), termination is
required to absorb transmission linc effects.
Assume the trace is routed microstrip. Is termination required?
From above:
1017 %X V0475¢. ¢ 0.67 = 0.14 ns/in. (1.72 ns/ft)

[/ul )

C,= 1000 (1,,/Z,) = 1000 (0.14/50.7) = 2.76 pF/in. (33 pF/ft)

¢, 15 the same as above (7.2 pF/in.j
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7.4 LOADING DUE TO DISCONTINUITIES

Depending on the routed configuration of a net along with component placement, the ef-
fects of a transmission line discontinuity must be examined. For a discontinuity to exist, a
finite distance is required between source and load as well as the time of propagation
across the distance interval with respect to edge times. This environment includes the dif-
ference between both a lumped and a distributed capacitive loaded transmission environ-
ment. This difference is dependent on the spacing at which the loads start to affect each
other with a dependency of edge time of the signal [8]. The return path discontinuities
also need to be considered. If a trace switches routing layers internal to the PCB, imped-
ance control may be disrupted.

The load separation distance interval defines the point where reflections from one
load on a transmission line starts to affect adjacent loads.

Within a PCB, logic input has an effective input capacitance associated with it. In a
transmission line structure. a point discontinuity occurs whenever a capacitive load is pro-
vided. Each discontinuity will allow the propagated signal to pass down the line with a
small portion of the signal reflected back toward the source. If the reflected signal is large.
signal integrity concerns exist. including reflections and crosstalk. The width of the re-
flected pulse is a function of the edge transition of the incident pulse.

For a noticeable effect to be observed by point discontinuities. there must be a finite
amount of distance separation. We identify this unit of separation as {p Detween adjacent
loads. If the distance. /, (propagation time) is small with respect lo edge times. the re-
flected pulses will not add together or combine into one large discontinuity. which may be
measured with use of a TDR.

To caleulate 1, between two points, consider the reflected pulse width. This pulse
width is directly cqual to the propagation time between points 4 and B. Using knowledge
of an clectrically long trace which includes round-trip propagation delay (source-to-load
and return path from load-to-source ., use Eq. 7.9y, based on Fig, 7.8 8],

Long stub

Short stub Virtually "zero” length stub
s\\ A B I /

i

I

/ | Oag [-— v

Figure 7.8 Pomt discontinuities and Jdistanee separation.
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A . =2 =1./7 % 79
Cpa = o N1+ Cy/ €, = 0.26 ms/in. (3.19 ns/ft) Y=2%dyp*ty=17%1, (7.9)
2 X1, X trace length = 2 X 0.26 ns/ft X 10in. = 5.20ns where y = width of the reflected pulse from A
d,, = distance between points A and B
Again, this trace would require termination since 5.20 ns > 2 ns. Ly = unloaded propagation delay of the transmission line
¥

t, = 10%-90% edge transition rate (rise time)

Solving for d . calculate minimum distance separation before a point discontinuity is ob-
served.

dyy=(1T*1)/Q2*1,)=0851/1,, (7.10)

Assume an edge transition time of 0.8 ns (typical of a high-speed edge rate com-
ponent) and FR-4 material. If a trace is routed stripline, with a dielectric constant 4.2,
(thg = 1.017V/4.2 = 2.08 ns/ft or 0.17 ns/in.). The distance between two points acceptable
before point discontinuity affects the signal is

dy=1(1.7*%0.8ns) /(2 ¥ 0.17 ns/in,) = 4.0 in. (10.2 cm) (7.10

The above example illustrates that if there are to be no point discontinuities, or a reflected
pulse, the distance separation between points A and B must be less than 4.0 in., acwal
routed length.

What is meant by the term reflected pulse? A reflected pulse is a combination of
two pulses as shown in Fig. 7.9. When there is a combination of multiple reflected sig-
nals, a single pulse effect will be observed within the circuit. If two pulses are allowed to
overlap each other within the minimum distance separation, the maximum overlap of the
two pulses will be less than the maximum amplitude of either pulse. This occurs when the
pulse reaches a maximum amplitude and width. One-half of the pulse overlaps with an-
other identical pulse at its halfway point. With this situation, distance separation can be
reduced without affecting signal content.

Single puise

/_\ f\ Two puises

\ ! . Tw es integrat
Figure 7.9 Retlected pulses from point dis / \ / \ 0 pulses grated
continuitics
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7.5 RF CURRENT DISTRIBUTION

A OV reference plane allows RF current to return to its source from a load. This OV plane
completes the closed-loop circuit requirements discussed in Chapter 2. Current distribu-
tion along microstrip traces tends to spread out within the ground plane structure as illus-
trated in Fig. 7.10. This distribution will always exist in both the forward direction and the
return path. This current distribution will share a common impedance between the trace
and plane (or trace-to-trace), which results in mutual coupling due to the current spread.
The peak current density lies directly beneath the trace and falls off sharply from each
side of the trace into the ground plane structure.

When the distance spacing is far apart between trace and plane, the loop area be-
tween the forward and return path increases. This return path increase raises the induc-
tance of the circuit where inductance is proportional to loop area. Equation (7.12) de-
scribes the current distribution that is optimum for minimizing total loop inductance for
both the forward and return current path. The current that is described in Eq. (7.12) also

minimizes the total amount of energy stored in the magnetic field surrounding the signal
trace [3].

/ !
() = [ S
i(d) H (D>2 (7.12)
1+
H
where i(d) = signal current density (A/in.)
[, = total current (A)
H = height of the trace above the ground plane (inches)
D =

perpendicular distance from the centerline of the trace (inches)

The mutual coupling factor is highly dependent on frequency of operation and the skin
depth eftect of the ground plane impedance. As the skin depth increases. the resistive
component of the ground plane impedance will also increase. This increase will be ab-
served with proportionality at relatively high frequencies [2. 14].

—w—

Signal trace

I(a) by

Ground plane

)

Currentdensity _ 1
at point I(d)is T

Figure 7.10° Current density distribution {rom wrace to reference plane,
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7.6 CROSSTALK

Crosstalk is one of several important aspects of a PCB design that must be considered
during any design cycle. Crosstalk refers to the unintended electromagnetic coupling be-
tween traces, wires, trace-to-wire, cable assemblies, components, and any other electrical
component subject to electromagnetic field disturbance. Crosstalk is caused by currents
and voltages in a network and is similar to antenna coupling. When coupling occurs, near-
field effects are observed.

Crosstalk between wires, cables, and traces affects intrasystem performance [2}].
Intrasystem refers to both source and receptor being located within the same system or as-
sembly. A product must be designed to be self-compatible. Hence, crosstalk may be iden-
tified as EMI internal to a system that must be minimized or eliminated. Crosstalk is an
undesirable feature usually associated not only with clock or periodic signals, but also
with data, address, control, and 1/O traces,

Crosstalk is generally considered to be a functionality concern (signal quality) by
causing a disturbance between traces. In reality, crosstalk can be a major contributor in
the propagation of EMI. High-speed traces, analog circuits, and other high-threat signals
may be corrupted by crosstalk induced from external sources. These EMI sensitive cir-
cuits may, however, also unintentionally couple their RF energy to the 1/O section. This
1/O coupling can result in radiated or conducted EMI that may be present within the en-
closure or cause functionality problems between circuits and subsystems.

For crosstalk to occur, typically three or more conductors are required. These three
conductors are identified in Fig. 7.11. Two lines carry the signal of interest, and the third
line is a reference conductor which gives the circuits the ability to talk (communicate) to
each other by capacitive or inductive coupling. If a two-wire system is provided, one wire
pair is usually at a reference potential, while the other is differential, which prevents
crosstalk from naturally occurring {2].

Figure 7.11 illustrates coupling between two circuits due to the result of a nonzero
impedance in the mutual ground reference structure. This impedance is a prime reason
why it is important 1o keep a low impedance between connecting points at OV reference or
ground.

Source trace

Victim trace
Zs {source) ZL (saurce)
Zs {victim} ZL {victim)
VS
v, Reference conductor
I, VeV NN 4 4 A

Finite common /'mpedance/'

in the ground plane

Figure 7.11 Three-conductor representation of u transmission line illustrating crosstalk
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Another visual representation of trace-to-trace coupling with capacitive and induc-
tive components within a PCB trace is shown in Fig. 7.12. This is a detailed schematic of
what occurs in a three-wire configuration. There are two parallel traces with mutual cou-
pling mechanisms. The coupling on the source trace occurs through the common ground
impedance, Z,, the mutual capacitance between the traces. C,,, and the mutual inductance
M,, between traces. Capacitive coupling between a trace and a reference plane is identi-
fied as ng (source-ground) and C,,g (victim-ground).

Crosstalk evaluation requires frequency domain analysis. What occurs in a logic
circuit is both capacitive and inductive coupling of an electromagnetic field that interacts
with other circuits. In Fig. 7.11, V_is the source that generates an electromagnetic field
that interacts between source and victim circuit, or trace. This interaction induces current
and voltages at the input terminals of the termination point Z, and Z, This termination is
attached to the source and load ends of the circuit. respectively. The designer’s responsi-
bility is to determine if the crosstalk is near end (Z,) or far end (Z,). Near end refers to the

Pare el traces over a ground plane Schematic representation of a three wire circuit

C,, = Capacitance between source trace and victim trace
C,, = Capacitance between victim trace and ground
Csq = Capacitance between source trace and ground

ZL1 ZL2
t
Vs ; !
Source signal Msy
Crosstalk on
:",/ victim trace
v, O
Cqq
=L G(0V)

Figure 7.12  Trace-to-trace coupling within a PCB structure
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point of the circuit that is identified as source. Far end is the point identitied as the load
side of the circuit.

Time domain crosstalk analysis determines the time form of the receptor’s terminal
voltages, whereas frequency domain crosstalk analysis determines the magnitude and
phase of the receptor voltages for a sinusoidal source voltage (electromagnetic field) [2].
This discussion examines only frequency domain analysis.

Crosstalk involves capacitive and inductive coupling. Capacitive coupling usually
results from traces lying one on top of the other or above a reference plane. This coupling
is a direct function of the distance spacing between the trace and an overlap area. The dis-
cussion on RF current distribution in the previous section illustrates the field density that
occurs between a trace and reference plane. Coupled signals may exceed design limits
with a very short trace route. This coupling may also be so severe that overlapping paral-
lelism should be avoided at all times.

Inductive crosstalk involves traces that are physically located in close proximity to
each other. With paralle! routed traces, two forms of crosstalk will be observed, forward and
backward. In a PCB, backward crosstalk is considered to be a greater concern than forward
crosstalk. The high impedance in the circuit between source and victim trace will produce a
high level of crosstalk. The preferred method for preventing crosstalk must be implemented
during routing of the traces, or their physical location relative to a cable, /O interconnect,
and similar circuits subject to corruption. [nductive crosstalk can be controlled by increas-
ing trace edge-to-edge separation between offending transmission lines or wires, or by min-
imizing the height separation distance of the trace above the reference plane.

Capacitive and inductive coupling are shown in Fig. 7.13. If a signal is sent from
source-to-load, trace C-D, the signal will capacitively couple to the adjacent line. trace

Lm D
LI Source trace /
C' L C ~
A — i i) ] B
—My e Victim trace
Source trace
R e WO g B
CC —
'J::SSV B

J— |
Lm —Ny—— Victim trace

efgrence structure .
Source trace ~ys ¢ INductive coupling
Lm
- I oL
Victim trace .
4 ZL(source)
£s(source)
Cyg
T -
Vf strcnmy ZJ_{VK:UFTH
Z(v) X Z, (v) C,, = Capacitance between source trace and victim trace

C,, = Capacitance between victim trace and ground
C,, = Capacitance between source trace and ground

Figure 7.13  Fundamental representation of crosstalh,
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A-B, only if the two lines are parallel to each other and in close proximity. The larger the
capacitance between the two traces (mutual capacitance), the tighter the coupling that oc-
curs with crosstalk energy transferred between the two. The coupled voltage on the victim
trace, A-B, causes a current to flow from the “coupling point” toward both ends of the
trace. The current going back toward the source, A, is backward crosstalk, whereas the
signal traveling to the load, B, is forward crosstalk. The two traces also have mutual in-
ductance between them, causing inductive coupling, L, of the current in the direction of
backward crosstalk. If the output impedance of the driver, 4, is normally low compared to
the transmission line impedance, most of the backward crosstalk is reflected back toward
the driver, A. Because a capacitor conducts RF energy (current) efficiently at high fre-
quencies, the faster the edge rate, the greater the crosstalk.

The polarities for mutual capacitive coupling are positive for forward and negative
for backward. This is the only difference in behavior from that of inductive interference
spikes; otherwise, both coupling modes are essentially identical. This coupling spreads
out over a period of 2z, where 1, is the time period for signal transmission round-trip.

Backward crosstalk increases linearly with the coupled length. If the coupled length
is electrically long, with respect to propagation delay of the round-trip signal, backward
crosstalk will show a saturated value and not increase as the coupled length increases.

Under typical operating conditions when a contiguous ground plane is provided,
both inductive and capacitive crosstalk coupling voltages approximate the same result.
Forward crosstalk cancels while backward crosstalk reinforces. Stripline topology pro-
vides a balance between both inductive and capacitive coupling since forward-coupling
coefficients are small. Microstrip allows the electric fields generated to partially radiate
through free space instead of only through the dielectric material of the PCB. Although
less capacitive coupling exists. this coupling can still be present which leads to a small
negative forward coupling coefficient.

With an imperfect planar structure, such as a slotted or hashed reference plane, the
inductive crosstalk component becomes larger (more inductance in the plane). This induc-
tive crosstalk will become greater than the capacitive component. Forward crosstalk will
then be created which is greater than that observed in stripline and is negative in polarity.
Forward crosstalk will always be less than backward crosstalk [14].

7.6.1 Units of Measurement—Crosstalk

Crosstalk is measured in units of dB because the reference level is not an absolute
power level. The reference is 90 dB loss from the interfering circuit to the victim circuit.
As a result, this unit measures how much crosstalk coupling loss is above 90 dB. The rela-
tionship describing this is shown in Eq. (7.13) [4].

dB = 90-(crosstalk coupling loss in dB) (7193

For example, circuit A couples with circuit B. Circuit A is at a 58 dB lower power level.
We calculate the crosstalk from circuit A to B as 32 dB.

Crosstalk is also expressed by Eq. (7.14) when applied t0 a source and victim cir-
cuit. Since we reference voltage against voltage. there is no unit of measurement except
that of the basic dB.

—_ ™ Vwctlm -
Xxuxk(dﬁ; = 20 log T/—“ {(7.14)

souree
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7.6.2 Design Techniques to Prevent Crosstalk

To prevent crosstalk within a PCB, design and layout techniques listed here are use-
ful within a PCB.

Crosstalk will sometimes increase with a wider trace width. This is not true if the
separation distance is held constant as a result of the ratio of self and mutual capacitance
being held at a fixed ratio value. If the ratio is not fixed, mutual capacitance, C,, will in-
crease. With parallel traces, the longer the trace, the greater the mutual inductance, L,,. An
increase in impedance, along with mutual capacitance, will increase with faster rise times
of a signal transition, thus exacerbating crosstalk. The design and layout techniques are as
follows.

o

Group logic families according to functionality. Keep the bus structure tightly
controlled.

Minimize physical distance between components.
Minimize parallel routed trace lengths.

Bowo

Locate components away from [/O interconnects and other areas susceptible to
data corruption and coupling.

5. Provide proper terminations on impedance-controtled traces, or traces rich in
harmonic energy.

6. Avoid routing of traces parallel to each other. Provide sufficient separation be-
tween traces to minimize inductive coupling.

7. Route adjacent layers (microstrip or stripline} orthogonally. This prevents ca-
pacitive coupling between the planes.

8. Reduce signal-to-ground reference distance separation.
9. Reduce trace impedance and signal drive level.
10. Isolate routing layers that must be routed in the same axis by a solid planar
structure (typical of backplane stackup assignments).
I'1. Partition or isolate high noise emitters (clocks, 1/O, high-speed interconnects,
etc.) onto different layers within the PCB stackup assignment.

The best technique to prevent or minimize crosstalk between parallel traces is to
maximize separation between the traces or to bring the traces closer to a reference plane.
These techniques are preferred for long clock signals and high-speed paralle! bus struc-
tures. An illustration of various crosstalk configuration is shown in Fig. 7.14.

Because of the current density distribution described in Eq. (7.12). the associated
local magnetic field strength drops off with distance. An easy method to calculate trace
separation is to use Ey. (7.15). This equation expresses crosstalk as a ratio of measured
noise voltage to the driving signal. The constant K depends on the circuit rise time and the
length of the interfering traces. This value is always less than one. For most approxima-
tions, the value of one is generally used. This equation clearly shows that to minimize
crosstalk. we must minimize H and maximize D {3].

K KHY

(’[))1 H* + D*
| +

H)

Crosstalk = (7.15)
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3. Crosstalk given per cm of parallel trace run. For other lengths, an approximate
correction of 20 log (f,,) may be added, with £, as parallel trace length in cm.
This correction is applicable for frequencies up to 1 GHz.

4. PFor other lengths and Z, (impedance of the victim trace), apply the correction
factor: 20 log[(Z, « )/100] where / is the length of the trace.

5. Clamp at —4 dB for no ground plane.

—10 dB for W/h =1
+4 dB for buried traces

zZ
6. If Z and Z;, <> 100 €, add 20 log (Z,/50), with Z, = "zm"ffL’zf'

R

7.7 THE 3-W RULE

Crosstalk can exist between traces on a PCB. This undesirable effect is associated not
only with clock or periodic signals, but also with other system critical nets. Data, address,
controf lines, and 1/O ail are affected by crosstalk and coupling. Clocks and periodic sig-
nals create the majority of problems and can cause functionality problems with other
functional sections. Use of the 3-W rule will allow a designer to comply with PCB layout
criteria without having to implement other design techniques. This design technique takes
up physical real estate and may make routing more difficult,

The basis for use of the 3-W rule is to minimize coupling between traces. This rule
states that the distance separation berween traces must be three times the width of a
single trace. measured from centerline to centerline. Otherwise stated, the distance sepa-
ration between two traces must be greater than two times the width of u single trace.
For example. a clock line is 6 mils wide. No other trace can be routed within a mini-
mum of 2#6 mils of this trace, or 12 mils, edge-to-edge. As observed, much real estate is
lost in areas where trace isolation occurs. An example of the 3-W rule is shown in Fig.
75 (1]

Note that the 3-W rule represents the approximate 70% flux boundary at logic cur-
rents. For the approximate 98% boundary. [0-W should be used.

Use of the 3-W rule is mandatory for only high-threat signals such as clock traces.
differential pairs. video, audio. the reset line. or other system critical nets. Not all traces
on a PCB have to conform to 3-W routing. Using this design guideline, before routing the
PCB. it is important to determine which traces must be routed 3-W.

As shown in the middle drawing of Fig. 7.15, a via is located between two traces.
This via is usually associated with a third routed net and may contain a signal that is
susceptible to electromagnetic disruption. For example, the reset line. a video or audio
trace. an analog level control trace. or an I/O interface may pick up electromagnetic en-
ergy, either inductively or capacitively. To minimize crosstalk corruption to the via, the
distance spacing between adjacent traces must include the angular diameter and clear-
ance of the via. The same requirement exists tor this distance spacing between a routed
trace rich in RF spectral energy that may couple a component’s breakout pin (pin
escape) to this routed trace.
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The distance spacing between both traces
must have a minimum overlap of 2W.

3
Via
> W le—— W ——

ra—  3-W

For the via, add annular keep-out diameter which
includes both the via and annular (anti-pad) clearance.

Adjacent trace [/ ]
> 2-W > 12 mil
Clock trace B J6mi >30mi
= 2-W =12 mil
Adjacent trace [Z 7 %

Top down view
3W spacing without a via between the traces

Figure 7.15  Designing with the 3-W mle

Use of the 3-W rule should not be restricted to only clock or periodic signal traces:
differential pairs (balanced. ECL, and similar sensitive nets) are also prime candidates for
3-W. The distance between paired traces must be /-W for differential traces. For differen-
tial traces. power plane noise and single-ended signals can capacitively (or inductively)
couple into the paired traces. This can cause data corruption if traces not associated with
the differential pair are physically closer than 3-W.

An example of routing differential pair traces within a PCB structure is shown in
Fig. 7.16 [1].
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Differential pair traces”

Other trace Other trace

e

2 1-W from edge of
plane to edge of trace

Ground plane 2 1-W from edge of

plane to edge ol trace

*‘NOTE: The "W" between the traces may require modification
to adjust for the desired differential pair impedance.

Figure 7.16 Parallel differential pair routing and the 3-W rule.
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Trace Termination

Before examining use of terminations, a thorough understanding of both the environment
and the relationship that traces have to the overall PCB assembly must be achieved.

Trace termination plays an important role in ensuring optimal signal integrity as
well as minimizing creation of RF energy. To prevent trace impedance problems and pro-
vide higher quality signal transfer between circuits, termination may be required. Trans-
mission line effects in high-speed circuits and traces must always be considered. Even if
the clock speed is low, say 4 MHz, and the driver and receiver are in the FCT family
(2-ns edge rate), the reflections from a long trace route and fast edge rate can cause the re-
ceiver to double clock on a transition. Any signal that clocks a flip-flop is a possible can-
didate for causing transmission line effects regardless of the actual frequency of opera-
tion.

At what point in the design cycle should transmission line effects be considered?
The following are some suggestions:

I. Clock lines, FIFO read and write strobe, and any signal that is used to latch or
clock a flip-flop either externally in a circuit or internally in an off-the-shelf de-
vice (e.g., SIMM modules).

2. When using high-speed logic. such as ACT, FCT, FTTL. ASTTL, BCT, ABT,

BTL, GTL, GaAs, or ECL.

CMOS components, as CMOS is susceptible to latch-up when a high-to-low

transition goes much below the low-voltage transition state (approximately 2

volts).

8]

4. On address and data lines when the designer is pushing the speed of the tech-
nology used, along with extremely fast edge rates on device inputs.

Less concern is generally given to transmission line effects with address and data
signals, provided the system is synchronous. Designers must consider worst-case setup

215
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and hold times with 2—4 ns of safety incorporated into the timing diagram. Designing in a
safety margin guarantees that transmission line effects won't typically cause any harm as
long as they have settled down by the time the clock or strobe latches them into a register.
EMI problems may be increased however, if the signals ring and have overshoot and un-
dershoot.

EXAMPLE

Given a 50-MHz signal (20 ns edge-to-edge), the minimum setup time for flip-flops is 2 ns. The
worst-case delay from the source driver to the load is 17 ns. With this example, there is 1 ns to spare
after accounting for setup time. If the trace is 6 inches long, transmission line effects will add ap-
proximately 2 ns, making the round-trip travel time 21 ns. There is a 1-ns delay over the desired re-
quirements rather than 1 ns under.

8.1 TRANSMISSION LINE EFFECTS

When high-speed, fast edge rate signals are used within a digital design, transmission line
effects are observed. Traces must be considered as a transmission line if the round-trip
propagation delay of the signal traveling in the trace exceeds the switching-current transi-
tion time between logic states. Faster logic devices and their corresponding increase in
edge rates are becoming more common in the sub-nanosecond range. A very long trace in
a PCB can become an antenna for radiating RF currents or causing functionality prob-
lems.

A PCB trace looks very different for high signal speeds than it does at DC levels.
For example, a typical PCB trace has a DC resistance of 12 milliohms per inch. When a
signal wave propagates down a trace, the trace impedance will range from the few tens of
ohms to as much as 100 ohms. Characteristic impedance is identified by the letter Z .
Characteristic impedance is equal to the square root of L/C where L is inductance and C is
capacitance. The ratio of voltage to current is constant only for a matched transmission
line. The (.x) subscript indicates variations along the line.

/ 7 7 F -
7 = fo’ — ‘U) — ‘U) f,vﬁ,‘) (8 I)
\('(, i(\) I(x) _l(\)
where + = forward wave and — = reverse wave.

What mechanism makes transmission lines the preferred choice for data transfer? A
transmission line provides a constant impedance path from a source to load without dis-
continuities. Discontinuities affect signal integrity and may corrupt the voltage levels of
the intended signal to a nonfunctional value. Ringing, reflections. overshoot. undershoot,
and crosstalk are also problem areas observed in traces that are not routed as a transmis-
sion line. If a shield is added to the transmission line, a coax exists. A coax is the best
transmission line for signal functionality. This is in addition to minimizing. or preventing
RF currents from being created and causing harmful interference to other electronic
equipment. A shield around the transmission line also enhances RF immunity protection
trom externally generated RF sources.
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If the load impedance is greater than the characteristic impedance of the trace, Z,
(transmission line), positive reflections will occur. This will result in a higher voltage
level at the load than that of the voltage supply, for example, a 6.5V signal with a 5.0V
voltage source. If the termination impedance is less than the characteristic impedance, a
negative reflection will cause the termination voltage to be less than that of the signal
source. Reflections create overshoots. Overshoots affect adjacent lines or traces, as cou-
pling is enhanced by the larger amount of voltage that exists. This coupling may cause in-
duced logic errors, increase edge transition times, and may affect signal timing require-
ments. When one load is at a logic HI state, and the other end of the transmission line is
LOW (typical of TTL), ringing oscillatory resonances occur. The ringing “oscillatory”
resonance allows overshoot to alternate in consecutive reflections. The conditions de-
scribed are iltustrated in Fig. 8.1.

Source Z Load Z EMI results Waveform at Load
Z, Z, None
Z, High Trace-trace coupling

Z, Low Edge rate changes

High Trace coupling,

Low EMI and crosstalk

AP

Figure 8.1 Transmission line effects. (Source: Oren Hartal, Electromagnetic Compati-
biliry by Design, © 1994, Reprinted by permission of R&B Enterprises.)

8.2 TERMINATION METHODOLOGIES

The need to terminate a PCB trace is based on several design criteria. The most important
criterion is the existence of an electrically long trace within a PCB. (Electrically long
traces are discussed in Chapter 7.) In this chapter, the length of a routed trace on the PCB
is discussed before termination is required. When a trace is electrically long, or when the
length exceeds one-sixth of the electrical length of the edge rate, the trace requires termi-
nation. Even if a trace is short, termination may still be required if the load is capacitive or
highly inductive to prevent ringing.

The easiest way to terminate is to use a resistive element. Two basic configurations
exist, source and load. Several methodologies are available for these configurations. The
five most commonly used termination methods are as follows and are detatled in
Fig. 8.2. A summary of termination methods is presented in Table 8.1. Each termination
method is discussed in depth in this chapter.

I. Series termination
2. Paraile! termination
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Series Thevenin Rz

Ground
é_% Zo B

Parallel R RC network R

C
Power or ground T
logic family dependent Ground
Power
A B
Diode Ground

Figure 8.2 Common termination methods.

3. Thevenin network
4. RC network
5. Diode network

Termination not only matches trace impedance and removes (or reduces) ringing and
reflections, it may also sometimes slow down the edge rate of the clock signal if incorrect
values are applied. Inappropriate termination may degrade signal amplitude and integrity to
the point of nonfunctionality. Reducing either di/dt or dV/dr within the trace will reduce the
creation of RF currents generated by high-amplitude voltage and current levels.

Another way to describe this df/dt and dV/dt concem is to relate these functions to
Ohm's law, V = /R. The following text demonstrates very brietly how to translate Ohm’s

TABLE 8.1  Termination Types and Their Properties

lermination Added Delay Power Parts

Type Parts Added Required Values Comments
Series 1 Yes Low R =2 R Good DC noise margin
Parallel | Small High R=Z, Power consumption is a

problem
Thevenn 2 Small High R=2+27, High power for CMOS
RC 2 Smalt Medium R=/7, Check bandwidth and
¢ = 20-600 pF added capacitance

Diode 2 Small Low —— [imits undershoot:

some ringing at diodes

@ Table and tigure reprimted by permission of Motorola, Inc.,
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law into a “simple” electromagnetic concepts using the equation V, = [pp*Z. If the im-
pedance (Z) of the trace remains constant, then both dV (RF voltage) and dI (RF current)
will increase or decrease with the time-variant pulse of the signal. With less RF voltage
and RF current, less radiated or conductive RF energy is generated, along with all the
EMI undesirable side effects; hence, EMI performance improves. In addition to less RF
currents, the edge rate of the signal may also be increased (slower edge rate), along with a
reduction of spectral RF energy. However, if the value of Z is too large, then nonfunction-
ality may occur due to excessive signal degradation. To guarantee proper functionality at
all times, Z must be optimally calculated.

Before the different termination methodologies are examined, a baseline network is
provided. The following discussions are based on the simple model of Fig. 8.3.

Microstrip

Cy

g, = 4.5
R, = output impedance of driver l
C,4 = input load capacitance

Figure 8.3 Simple baseline model for refer- V, = source voltage

ence purposes. Z, = characteristic impedance of the trace

Using this baseline model, we can examine the two simulation plots in Fig. 8.4. The
edge rate of the driver is 0.8 ns for this 66-MHz, CMOS voltage level. Because compo-
nents are going through die shrink and edge rates are decreasing, a realistic value of
edge rate has been used in this analysis for clock drivers commonly used within high-
technology products.

One plot shows the effects of this simple mode! using a 3-inch (7.6-cm) trace. The
other plot shows an 18-inch (45.7-cm) trace, typical of a PCB layout in many designs. No-
tice that no termination Is provided. The electrically short trace, 3 inches, shows a nearly
perfect waveform from the source, along with a typical waveform at the load with minor
overshoot and undershoot, typical with an improperly designed transmission line. Accord-
ing to Chapter 6, an electrically long trace for an 0.8-ns signal is 5.8 inches, round-trip. The
round-trip propagational delay for a 3-inch trace is 6 inches: hence. the value of 3 inches was
chosen to approximate the breaking point for a long transmission line. If the trace were less
than 3 inches, the signal at the load would be identical to that of the source driver.

The item of interest in Fig. 8.4 is the 18-inch trace. The propagation delay of a mi-
crostrip transmission line with an €, of 4.5 is 1.72 ns/ft (0.36 ns/cm). At 18 inches, the
time it takes for signal propagation is 2.5 ns. one-way travel. As observed in the plot, the
signal is received at the load 2.5 ns after the source signal leaves the driver. This is what
occurs with propagational delay (path time) within a transmission line. For critical nets
where timing skew is important, an engineer must learn what the finished routed length of
a trace is in the PCB artwork prior to releasing the artwork for manufacturing. It SPICE or
any other transmission path analysis is done on a typical 3-inch trace. and the PCB de-
signer uses an [8-inch trace in a synchronous system operating at frequencies of 100 MHz
and above, signal integrity concern becomes mandatory. Details on propagation delay
within a PCB trace were presented in Chapter 6. The discussion that tollows is based on
this baseline data.
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Volts
7.3

8.2.1 Source Termination

Source termination [3] provides a mechanism whereby the output impedance of the
driver and resistor matches the impedance of the trace. The reflection coefficient at the
source will be zero. Thus, a clean signal is observed at the load. In other words, the resis-
tor absorbs the reflections.

The discussion that follows is summarized below.

5.0

1. A series termination provides a 50% reduction in drive voltage from the output

of the resistor before traveling from source to load.
2.5

2. The reflected signal from the load will propagate back to the source at a 50%
voltage level,

3. Areflection coefficient of +1 (open circuit) is observed at the far end. This means
that the 50% reflected signal, plus the incoming 50% source signal, will add to-
gether and provide the full voltage level signal at the load without reflections.

8.2.2 Series Termination

Series termination is optimal when a lumped load or a single component is located
at the end of a routed trace. A series resistor should be used when the driving device’s
output impedance, R,, is less than Z , the loaded characteristic impedance of the trace.
This resistor must be located directly at the output of the driver without use of a via be-
tween the component and resistor (Fig. 8.5). The series resistor, R, is calculated by

2.4
0.9 16.50 33.0n

3-inch transmission line —no termination

Volts
7.3

R =Z-R (8.2)

where R, = output resistance of the source driver
Z,, = characteristic impedance of the transmission line

50 T ! , » R, = series resistor

For example, if R, = 22 Q and trace impedance, Z, = 55 ohms, R, = 55 - 22 =33 Q. Use
of a 33-ohm series resistor is common in today's high-technology products. The series re-
sistor, R, can be calculated to be greater than or equal to the source impedance of the
driving component and lower than or equal to the line impedance. Z,. This value is typi-
cally between 15 and 75 (usually 33) ohms.

Series terminations minimize the effects of ringing and reflection. Source resistance
plays a major role in allowing a signal to travel down a transmission line with maximum
quality. If a source resistor does not exist, there will be very little damping. The system
will ring for a long time (tens of nanoseconds). PCI drivers are optimal for this function
because they have an extremely low-output impedance. A series resistor at the source that

2.5

2.4 " - SR e . " . s } " — " . 4 .

0.0 16.5n 33.0n
18-inch transmission line~no termination Source
Output of Load I
Figure 8.4  Baseline plots for reference purposes. Figure 8.5  Series termination circuit. series resistor
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is about two-thirds of the transmission line impedance will remove ringing. A target value
for a slightly underdamped system (to make edges sharper) is to have R = 2/3Z . A wave-
front of slightly more than half the power supply voltage proceeds down the transmission
line and doubles at the open circuit far end, giving the voltage level desired at the load.
The reflected wavefront is almost completely absorbed in the series resistor. Sophisticated
drivers will attempt to match the transmission line impedance so that no external compo-
nents are necessary.

When R, + R, = Z , the voltage waveform at the output of the series resistor is at
one-half the voltage level sourced by the driver assuming a perfect voltage divider exists.
For example, if the driver provides a 5V output, the output of the series resistor will be 2.5
volts, The reason for this is described by Eq. (8.3). If the receiver has high-input imped-
ance, the full waveform will be observed immediately when received, while the source
will receive the reflected waveform at 2 * ¢, (round-trip travel).

Z
PR -t ‘
» =AY, \R,,+RS+ZU) (8.3)

Problems with Impedance Matching

The main problem with series termination is observed when the driving device has
different output impedance values in both the LOW and HI states. This problem affects
TTL logic and some CMOS devices as well. Both TTL and CMOS have different output
impedances in both the logic HI and LOW state. This difference in output impedance, as
well as the series resistor, may allow the trace impedance to vary from 55 Q to 10 Q de-
pending on the logic state. This impedance mismatch condition may cause poor signal
quality and possible nonfunctionality. In addition, certain load devices may have different
input and output impedances that are not intuitively known. Hence, use of a series resistor
may not be optimal under this condition of varying input/output impedances. Despite the
compromises, it can still be effective.

The 1/2 V. plateau can place the signal in an indeterminate logic state that can
lead to improper operation should a bus structure be provided with multiple loads at vari-
ous routed spacings. Signal integrity issues exist for multiple devices located on a routed
bus, except for the receiver at the end of the net.

A well-designed CMOS clock driver should have approximately the same output
impedance in both the HI and LOW logic state. This design requirement prevents many
other termination problems from occurring. An additional advantage of using a series re-
sistor is that a DC current path to ground or power is not set up. Without a DC current
path. V,,, and V,,,; levels are not degraded. If each clock output is driving only one device,
series termination is the optimal choice. If a clock trace must connect to multiple loads or
receivers, series termination 1s not the best choice.

When a device 1s sending a voltage-level transition down the transmission line, the
source driver will see only the input impedance of the load which should be a high value.
A series resistor is always located directly in the tranmission path. When the driver sends
out a logic high signal, a direct path to ground through a low impedance (e.g.. a pull-down
resistor) will not occur. For a logic low state, the source driver will not consume power
from the voltage source as it a pull-up resistor was in the circuit.

When a series resistor is used, the impedance of the trace is changed as a function of
frequency, described by Eq. (8.4) where w is frequency (in radians), L 1s series induc-
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tance, and C is capacitance of the trace. It is observed that when R exceeds ®L, character-
istic impedance becomes inversely proportional to the square root of the frequency avail-
able. This occurs at low frequencies when the wavelength is long and the line is electri-
cally short. As a result, transmission line models are not valid for this case, and
characteristic impedance is not of much concern. However, at high frequencies, when L
exceeds R, the characteristic impedance becomes constant.

Z(w) = \lgfﬂj vk (8.4)
JoC

Effects of Edge Rate Degradation

When series termination is used, the rise time of the signal can be affected, espe-
cially if the value of the resistance is not correctly selected. At any point along the trans-
mission line, looking back toward the source, we see a drive impedance, Z,. When a ca-
pacitive load is provided, a response is observed which appears as a simple RC low-pass
filter with a time constant of

T=RC=2,C (8.5)

Using Eg. (8.4) for the 10-90% rise time of an RC filter, it is possible to determine the
value of the rise time degradation as

Looon = 2:2Z,C (8.6)

This rise time degradation is twice longer than the rise time of an end-terminated circuit.
This condition occurs only if the transmission line impedance and load are the same.

Analysis of Series Termination

To better observe the effects of series termination and signal integrity, examine Fig.
8.6. This figure shows both the source and load voltages of a clock signal on a
3-inch and an 18-inch long trace. Both trace inductance and trace capacitance, in addition
to load capacitance, play a role in these plots. The edge rate is 0.8 ns. The source is a
clock skew driver with 66-MHz outputs. The 3-inch trace is electrically short, while the
18-inch trace is electrically long. One trace shows the signal directly at the output of
the driver: the other trace is the output of the series resistor R,; and the third trace is at the
input of the load. Propagation delay at the load is described by ¢,, = 0.7 (Z,C,), or the
propagational delay equations detailed in Chapter 6 can be used if the values of Z,C, are
not known.

Interesting results are seen in Fig. 8.6. With an electrically short trace, a nearly per-
fect waveform is measured along the trace route for the 3-inch trace with typical ringing.
The 1/2V at the output of the series resistor is easily observed. For the 18-inch trace, the
waveform at the load is acceptable for signal integrity concerns, along with a noticeable
1/2V at the output of the series resistor. Both waveforms are nearly identical in appear-
ance, except for the voltage level. A reduced voltage level at the output of the resistor
does not affect the functionality of the signal. The item of interest is what is received at
the load’s input.

The same discussion regarding propagation delay of a transmission line detailed in
the section “baseline” is applicable for series termination.




224 Chapter 8 ® Trace Termination Section 8.2 ® Termination Methodologies 225

Volts With a series termination resistor, minimal ringing is observed at the load compared
6.9 to the unterminated trace shown in Fig. 8.4. This undistorted waveform is desired for sig-
nal functionality. An increase in propagation delay, however, is easily observed. The se-
ries resistor illustrates the masking of reflections. Both the 3-inch and 18-inch plots look
nearly identical at the load because the circuit behaves identically when properly termi-
nated, regardless of trace length. We can ignore the 6.6 V overshoot from the source.
Since R, + R = Z, the voltage level at V, (output of the series resistor) is one-half
the voltage of V (source). The voltage waveform measured is divided evenly, with half
------------------ of the voltage transmitted to the receiver. If the receiver had a very high-input impedance,
the full waveform would have been observed at the load at ¢,,, while the source would re-

ceive the reflected waveform at 2 # ¢, where 7, is the one-way propagation delay.

5.0

2.5 —

When to Use Series Termination

Advantages of Series Termination

JE e T

1. Series terminators can provide a slower rise time, which results in smaller
residual reflections and less EMI.

[ S

o

Series resistors help reduce the spectral distribution of RF energy.

Series resistors reduce ground bounce.

0.6 16.5n 19.0n Qvershoot is reduceq. .
%-inch transmission line—series termination Signal quality/integrity is enhanced.

Minimal power dissipation occurs.

Mo kW

Distribution to multiple end-point loads from a common source (Fig. 8.7) is
easily implemented.

Volts
6.9

Disadvantages of Series Termination

1. Series termination does not perform optimally when both TTL and CMOS de-

50 vices arc on the same net.

g

Series termination normally cannot be used when driving distributed loads be-
cause in the middle of the trace route, the voltage is only one-half the source
voltage. Devices in the middle of a trace route will not get their proper voltage
level until much later in the clock cycle,

3. Daisychain topologies are not appropriate with series termination, although a
series resistor can be used with a parallel capacitor to slow down the edge time
to extend beyond the propagation time of device interval reflections. All loads

Series resistor Loads

Driver r——T—’ VN ——

Series resistor

=3

Series resistor

18 inch transmission line—series termination ~ . ) . . _
Figure 8.7 Distnbution to multiple end-point

Figure 8.6 Series ternunation plots. load from a common source
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must be located at the end of the trace route. If a device is positioned some-
where between source and load, a distorted waveform will occur from improper
voltage reference levels, along with possible reflections that may exist in the
middle of the signal transmission path.

8.2.3 End Termination

End termination is used when multiple loads exist within a trace route. Multiple-
source drivers may be connected to a bus structure or daisychained. The last device on a
routed net is where the load termination must be positioned.

To summarize the discussion that follows.

1. The signal of interest travels down the transmission line at full voltage and cur-
rent level without degradation.

[

The transmitted voltage level is observed at the load.

3. The termination will remove reflections by matching the line, thus damping out
the overshoot and ringback.

There is a right way and a wrong way when placing end terminators on a PCB. This dif-
ference is shown in Fig. 8.8. Regardless of the method chosen, termination must occur at
the “very end of the trace.” For purposes of discussion, the RC method is shown in this
figure.

Effects of Edge Rate Degradation

An interesting result occurs when termination is provided at the end of a trace route.
This observation can describe the effects ot edge rate degradation using a simple ap-
proach and the circuit of Fig. 8.9. This circuit is modeled as a Thevenin equivalent. The
receiver appears as a capacitive load to the transmission line. For this simple circuit, the
Thevenin equivalent of the impedance of the network is Z /2, assuming R_= R,, which is
never the case in actual practice. The capacitor represents input shunt capacitance of the
receiver.

When using end termination. the time constant or edge rate degradation is similar to
Eg. (8.5) except the impedance of the circuit is Z /2. as shown in Eq. (8.7).

T=RC =Z,CI2 (8.7)

Also, similar to using Eq. (8.6) for the 10-90% rise time of an RC filter, the edge time
degradation can determine the actual rise time degradation as

Lo = 222.C2=11ZC (8.8)

For Eq. (8.8). the difference in edge rate degradation is assumed to be half that of series or
source termaination. This approximation is due to tolerances and variations within the net-
work (transistors internal to the component plus discrete devices). For system critical nets
where timing skew is important and synchronous operation must be assured, end termina-
tion may be a better choice.
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Figure 8.9 Equivalent circuit of end termina-

tion.

Source Component Source

pinout
\_ {oad

Component

pinout \2: Load
L~ -

<4—}

!

Wrong impiementation—end termination
(Schematic representation)

Correct location of end termination
{Schematic representation)

Trace Trace

Ground /. E:I Deyice

via via R pin

SMT 'RC’ network
(pads only shown)

SMT 'RC' network
(pads only shown)

Correct implementation—end termination
(Actual layout representation)

Wrong implementation—end termination
(Actual layout representation)

Figure 8.8 Locating end terminators on a PCB.

Source Load

8.2.4 Parallel Termination

For simple parallel termination, a single resistor is provided at the end of the trace
route (Fig. 8.10). This resistor, R, must have a value equal to the required impedance of
the trace or transmission line. The other end of the resistor is tied to a reference source,
generally ground. Parallel termination will add a small propagation delay to the signal due
to the addition of the Z,C time constant that is present in the network, described by Eq.
(8.8). This equation includes the total impedance of the network. The termination resistor
is only one component of the impedance equation. The total impedance, Z, is the result of
the termination resistor, line impedance, and source output impedance. The C variable in
the equation 1s the input shunt capacitance of the load.
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Volts
6.7

a- - -

Figure 8.10  Paralle! termination circuit.

PR

5.0

S I SN

A disadvantage of parallel termination is that this method consumes DC power,
since the resistor is generally in the range of 50 to 150 €. In applications of critical device
loading or where power consumption is critical, for example, battery-powered products 2.4
(notebook computers), parallel termination is a poor choice. The driver must source
current to the load. An increase in drive current will cause an increase in DC power
consumption from the power supply, an undesirable feature in battery-operated prod-
ucts.
Simple parallel termination (resistive only) is rarely used in TTL or CMOS designs. 0
This is because a large drive current is required in the HI logic state. When the source dri-
ver switches to V,, or logic HI, the driver must supply a current of V_ /R to the termina-
tion resistor. When in the logic LOW state, no drive current exists. Assuming a 55 Q

A N

ransmission line, the current required for a 5V drive signal is 5V/55Q = 91 mA. Very -1.9
few drivers can source that much current! The drive requirements of TTL demand more 0.0 16.50 33.0n
current in the logic LOW state than logic HI. CMOS sources the same amount of current 3.inch transmission line—parallel termination
in both the LOW and HI logic states.
Since parallel termination creates a DC current path when the driver is in the HI Volts
state, excessive power dissipation and V,,,, degradation (noise margin) occurs. A driver’s 6.7

output is always switching, thus DC current consumed by the termination resistor must

exist. At higher frequencies, the AC switching current becomes the major component of

the overall circuit. When using parallel termination, one should consider how much V,,,

degradation is acceptable by the receivers. 5.0
When parallel termination is provided, the net result observed on an oscilloscope

should be nearly identical to that of series, Thevenin or RC, since 4 properly terminated

ransmission line should respond the same regardless of the termination method used. This

effect is observed in the various plots of termination methods provided in this chapter.
When using simple parallel termination, u single pull-down resistor is provided at 2.4 -

the load. This allows tast circuit performance when driving distributed loads. This resistor

has 4 Z, value equal to the characteristic impedance of the trace and source driver. The

other end of the resistor is tied to a reference point, usually ground. For ECL logic, the

reference is power. The voltage level on the trace 1s described by Eq. (8.9). On PCB

stackups that include Omega layers, parallel termination is commonly found. An Omega 0

layer is a single layer within a multilayer stackup assignment that has resistors built into

the copper plane using photo-resist material and laser etched for the desired resistance

value. This termination method is extremely expensive and found in only high-technology

products where component density is high and large pin-out devices physically leave no 1.9

room {or hundreds or even thousands of discrete termination resistors.

0.0 16.5n 33.0n

18-inch transmission line —~parallel termination

AV = AV 1/ 4o (£.9) Figure 8.11  Paraile termination plot
W b R+ / RN
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Loading a long trace with additional devices will affect the propagation delay of the
source driver’s signal, which was discussed in Chapter 7.

Analysis of Parallel Termination

A nearly undistorted waveform will be observed along the full length of the line
using parallel termination, similar to that of a coax. If a routed net has multiple receivers
and drivers, an increase in propagational delay will be observed owing to additional
lumped capacitance provided by all devices connected into the net. If the input shunt ca-
pacitance is 5 pF, and six devices are provided on the routed net, a total of 30 pF is pre-
sented to the source driver. With the characteristic impedance of the trace and lumped ca-
pacitance, the signal will be delayed by the time constant T = 1.1 * Z C. We observe the
signal directly at the output of the driver with expected overshoot, and ringing. The signal
at the load is acceptable for system performance.

The same discussion regarding propagation delay of a transmission line in the sec-
tion “baseline” for series termination is applicable. This propagation delay is easily ob-
served in the 18-inch-long trace between source and load. Figure 8.11 shows what parallel
termination looks like with both a 3-inch and 18-inch long trace. The results of a properly
terminated transmission line will be identical, regardless of termination method chosen.
The plot of Fig. 8.11 {18-inch trace) is nearly identical to that of Fig. 8.6 (18-inch trace).
The same comments regarding propagational delay of a signal-routed microstrip also ap-
plies for parallel termination.

When to Use Parallel Termination

Advantages of Parallel Termination

Can be used with distributed loads.
Fully absorbs the transmitted wave to eliminate reflections.
Sets the line voltage level when nothing is driving the line.

o -

Is excellent for busses when distributed loads are available at the end of the
trace route,

Disadvantages of Parallel Termination

{. Increased power consumption.

2. Reduced noise margins unless the drivers can source high current circuits.
8.2.5 Thevenin Network

Thevenin termination has one advantage over parallel termination. Thevenin pro-
vides a connection that has one resistor to the power rail and the other resistor to ground
{Fig. 8.12). Unlike paralle!l termination. Thevenin permits optimizing the voltage transi-
tion points between logic HI and logic LOW. When using Thevenin termination, an im-
portant consideration in choosing the resistor values is to avoid improper setting of the
voltage reference level of the loads for both the HI and LLOW logic transition points. The
ratio of R1/R2 determines the relative proportions of logic HI and LOW drive current,

Designers commonly. but arbitrarily. use a 220/330 ohm ratio (132 Ohms parailel)
for driving bus logic. Determining the resistor ratio value may be difficult to do if the
switch point for logic families are different. This is especially true when both TTL and
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Assume R, << A1/R2

Figure 8.12 Thevenin termination circuit.

CMOS are used. A 1:1 resistor ratio (e.g., 110/110 ohms to create a 55-ohm termination
value or characteristic Z, of the trace} would limit the line voltage at 2.5V, thus allowing
an invalid transition level for certain Jogic devices. Hence, Thevenin termination is opti-
mal for TTL logic, not CMOS.

The Thevenin equivalent resistance must be equal to the characteristic impedance of
the trace. Thevenin resistors will provide a voltage division for the signal on the trace. To
determine the proper voltage reference desired, one should use Eq. (8.10).

k2 8.10
Vy=——T———=V .
“ Rl +R2 (810
where V. = desired voltage level to the input of the load
V= voltage source from the power rail
R1 = pull-up resistor
R2 = pull-down resistor

For the Thevenin termination circuit

R1 = R2: The drive requirements for both logic HI and LOW are identical. The setting
may be unacceptable for certain logic families.

R2 > R1: The LOW current requirements are greater than HI. This setting works well
with TTL and CMOS devices.

R1 > R2: The HI current requirements are greater than LOW. This is a more appropriate
selection for the majority of designs.

With these constraints. 1, or [y .. must never be exceeded. This condition must
exist. as TTL and CMOS sinks (positive) current in the LOW state. In the high state, TTL
and CMOS sources (negative) current. Positive current refers to current that enters a de-
vice. while negative current is the current that leaves the component. ECL logic devices
source (negative) current in both logic states.

With a properly chosen termination ratio for the resistors. an optimal DC voltage
level will be present for both logic HI and LOW states. The advantage of using parallel
termination over Thevenin is parallel’s use of one less component. If we compare plots of
the cffects of parallel compared to Thevenin. we notice that both termination methods
provide identical results. A terminated trace will always appear identical regardless of ter-
mination method chosen.

Thevenin termination is rarely used because of a large drive current required in the
HI state. The results in Fig. 8.13 show a nearly perfect wavetform, along with the expected
delay of the signal at the load. Figure 8.13 shows the signal directly at the output of the
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Valts driver with expected overshoot, and ringing, in addition to what the signal would look like
6.8 at the load for both a 3-inch (electrically short) and 18-inch trace (electrically long).

-------- Analysis of Thevenin Termination [2]

A nearly undistorted waveform will be observed along the full length of the line
using Thevenin termination, similar to that of parallel termination. An increase in delay
oo will also be observed on busses with multiple receivers and drivers on the net due to the
additional lumped capacitance provided by all devices tied into the routed net. As with
B parallel termination, the characteristic impedance of the trace, along with the lumped ca-
pacitance, will cause the signal to be delayed by the time constant T = 1.1 * Z C. This
- delay is easily observed in the trace identified as load in Fig. 8.13. We also see what the
signal profile looks like directly at the output of the driver along with typical ringing

: ! Z . . which always occurs. The signal at the load is acceptable for system performance.

5.0 . N B R N

2.5

Close examination of parallel termination, Fig. 8.11, and Thevenin, Fig. 8.13, indi-
cates identical plots. This is what termination will do to a signal trace. To observe the dif-
ference, compare the waveform at the load to the unterminated trace in Figs. 8.4.

The results of a properly terminated transmission line will be identical, regardless of
termination method chosen. The plot of Fig. 8.3 (18-inch trace) is nearly identical to
those of Fig. 8.6 and 8.11 (18-inch trace). The same comments regarding propagational
delay of a signal routed microstrip also apply for parallel termination.

33.0n

w nin T inati
3-inch transmission line —Thevenin termination hen to Use Thevenin Termination

Advantages of Thevenin Termination

Yolt Can be used with distributed loads throughout a routed net.
a11s

6.8

Fully absorbs the transmitted wave to eliminate reflections.

O B

Sets the line voltage level when nothing is driving the line.

s

Is excellent for busses.

5.0 Disadvantages of Thevenin Termination

1. Increases power consumption.

2. Reduces noise margins unless the drivers can source high current circuits.

When the driver is sourcing HI, say 5.0V, and the pull-down resistor is 330 €, the
resistor must absorb 5.0/330 2 = 15 mA of current. {f the driver cannot source this much
current, the HI valuc of the voltage, V), will go down and the noise margin (V;,— V)
will also go down. On busses terminated at both ends with 220/330 € resistors, the driver
has to source double the current, 30 mA.

2.5

EXAMPLE: BACKPLANE IMPLEMENTATION

On a typical TTL-based backplane with traces on the outer layers (microstrip) (Fig. 8.14), the bus
lines are terminated at both ends with a 220-Q resistor 10 power and a 330-£2 resistor to ground.
Both ends must be terminated since the source driver may be located anywhere on the bus. This

0.0 16.5n 33.0n 220/330 £2 combination provides 132-Q termination, which is & typical value for PCB traces routed
12.inch transmiszion line—Thevenin termination on a backplane assembly. With this termination methodology. the use of high-current bus drivers is
Figure 8.13  Thevenin termination plot. required.

‘————————‘
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Figure 8.14 Backplane termination implementation. 0 “_
8.2.6 RC Network 1.7 :

0.0 . 33.0n
The RC (also known as AC) termination method works well in both TTL and
CMOS systems. The resistor matches the characteristic impedance of the trace (identical Volts
to parallel). The capacitor holds the DC voltage level of the signal since the source driver
does not have to provide current to drive an end terminator. As a result, AC current (RF
energy) tlows to ground during a switching state since a capacitor will allow RF energy
(which is an AC wave, not the DC logic level of the signal) to pass through. Although a
minor propagation delay is presented to the signal due to the RC time constant, less power
dissipation exists than in parallel or Thevenin termination. From the viewpoint of the cir-
cuit, all three end termination methods are identical. The main difference lies in power
dissipation. with RC consuming far less power than the other two.
The termination resistor must equal the Z of the trace, while the capacitor is gener-

propagational delay '

ally very small (20-600 pF). The RC time constant must be greater than twice the loaded e o-eo-- R T R SRR N
propagation delay (round trip travel time). This time constant is greater than twice the | ! , ; ] l D : ! 1
loaded propagation delay because a signal travels from source to load and returns. It takes R ERRERTEEEEEE RS EERIEE st N [ - f T T { -
one time constant each way for a total of two time constants. If we make the time constant . \ \ . b b : . g
slightly greater than the total propagation delay (x2), reflections will be minimized or [~ fp”\ Tt I T J """"" co 1R
eliminated. RC termination {inds excellent use in buses containing similar layouts. 0 'L it —\\ﬁ o : Al J\\\‘ = ‘/3 : | /
To determine the proper value of the resistor and capacitor, Eq. (8.11) provides this B VU S T G v o ”_‘"\'[ IR C ’
simple calculation which includes the round-trip propagation delay 2 * 7/, N A S S | P _’_ L )
N L
1.7 - ‘ ' : —+ A ’
0.0 16.5n 33.0n

18-inch transmission line—RC termination

Figure 8.16 RC termination plot.

Figure 8.15  RC network circuit.

e
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T=RC, wheret>2%1,

for optimal performance (8.11)

Figure 8.16 shows the results of RC termination. The lumped capacitance (C, plus C,) af-
fects the edge rate of the signal, causing a slower signal to be observed by the load.

If the round-trip propagation delay is 4 ns, RC must be > 8 ns. Caiculate C, using
the known round-trip propagation delay. Propagation delay is discussed in Chapter 6
using the value of €, that is appropriate for the dielectric material provided and for the ac-
tual speed of propagation required.

Note: The self-resonant characteristic of the capacitor is critical during evaluation
to avoid inserting equivalent series inductance (ESL) into the circuit.

Analysis of RC Network

Again, like parallel and Thevenin, a nearly undistorted waveform will be observed
along the full length of the line. Optimal termination will provide a clean signal at the
load regardless of which termination method is used.

The capacitor appears to the trace as an AC short to the RF component of the high-
speed signal. The reflected wave is fully absorbed with no reflection since the resistor
matches the trace impedance. The capacitor blocks the DC current so that no power con-
sumption is traveling through the resistor to ground. The capacitor also prevents the DC
noise margins from eroding, since there is no IR drop across the resistor. In addition, the
RC network acts as a low-pass filter to remove glitches that may occur on the signal trace.

When to Use the RC Network

Advantages of RC Termination

1. Can be used with distributed loads and bus layouts.
2. Fully absorbs the transmitted wave to eliminate reflections.
3. Has low DC power consumption.

Disadvantages of RC Termination

1. May slow down very high-speed signals.

2. Can produce reflections due to the time constant of the RC network. This is def-
initely a concern for high-frequency, fast edge rate signals.

When differential paired signals exist, RC termination finds popular use. This ter-
mination method is shown in Fig. 8.17. Any termination method that is appropriate for
this circuit may be used—RC, parallel, Thevenin, or series. For the example shown, the
RC network requires only three components. The capacitor prevents power consumption
in addition to maintaining the proper voltage reference to the signals of interest. The com-
ponents should be close in tolerance to avoid mismatches and to assure equal values for
each signal of the pair!

8.2.7 Diode Network

This termination method is commonly used for termination of differential or paired
networks. A schematic representation was detailed in Fig. 8.2. Diodes are often used to
{iimit overshoot on traces while providing low-power dissipation. The major disadvantage
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Figure 8.17 RC network of differential paired

traces.

of diode networks lies in their frequency response to high-speed signals. Although over-
shoots are prevented at the receiver’s input, reflections will still exist in the trace as
diodes do not affect trace impedance or absorb reflections. To gain the benefits of both
techniques, diodes may be used in conjunction with the other methods discussed herein to
minimize reflection problems. The main disadvantage lies in large current reflections that
occurs with this termination network. One should be aware, however. that when a diode
clamps a large impulse current, this current can be propagated in the ground plane, thus
increasing EMI!

A summary of the various termination methods is provided at the end of this chap-
ter, comparing advantages and disadvantages.

8.3 TERMINATOR NOISE AND CROSSTALK

Multiple terminators may be provided within a single package instead of being used as
discrete components. These packages may be Single-In-Line Package (SIPs), Dual-In-
Line Package (DIPs), or other configurations with a shared power and/or ground pin. This
shared pin may contain undesired lead-length inductance. which may affect signal func-
tionality when a logic transition occurs from high-to-tow or low-to-high. in addition to al-
lowing creation of RF currents to exist.

With an inductive effect present. descnibed by 1. = dl/di. a current surge will be ob-
served by all terminators simultancously due to this fixed inductance value. This current
surge may cause a signal bounce to develop. similar to ground bounce on the power/
ground planes. If the bounce is severe enough, functionality concerns exist. To minimize the
bounce effect of multiple terminators within the same package. one should use only those
package designs with separate power and ground pins and internal decoupling, if possible.

The difference in a tvpical termination package configuration is shown in Fig. 8.18.
When a common ground pin is provided. a common current path will occur depending on
the internal manufacturing process used. A common current path introduces a large
amount of mutual inductance between the resistors in the package. This common current
path will allow crosstalk to be generated internal to the terminator.

Designers should design and lay out a PCB to minimize creation ot crosstalk be-
tween signal traces and to prevent mutual coupling of RF currents. With crosstalk con-
cerns taking a major role in the lavout of traces. one tends to forget that terminators may
cause crosstalk.
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8.4 EFFECTS OF MULTIPLE TERMINATIONS

| 14 I I

%gﬁ éé SRR AN AR AN A A

8-p|n'package 16-pin package configuration
7-resistors ) 8-resistors
Shared ground pin Separate ground pins

Note - Only 4 of 7 crosstalk lines shown Little crosstalk exists

Figure 8.18 Shared pins within a terminator package.

Signal integrity and crosstalk are discussed in Chapter 7. Crosstalk occurs owing to
the combination of capacitive and inductive coupling between traces, traces-to-planes,
and traces to components. Capacitive and inductive coupling is additive to the overall
amount of crosstalk that will exist.

To minimize crosstalk between traces, use of the 3-W rule is required (discussed at
the end of Chapter 7). How is implementation of the 3-W rule with terminators accom-
plished? Figure 8.19 illustrates this common design oversight and how to fix it.

Terminators can cross-couple RF energy between circuit traces. This cross-coupling
could be much worse than natural crosstalk present between two adjacent transmission
lines. Crosstalk in terminations comes from both mutual inductive and capacitive cou-
pling. Inductive coupling usually dominates. The total amount of coupling is the sum of
both parts.

2
W disltance S— 1-W distance

Improper way to implement termination resistors
(Not drawn to scale)

3-W distance

Figure 8.19 Crosstalk between termination re- tmproved technique to implement termination resistors
SISTOrS. {Not drawn to scale)

Multiple or dual terminations on a PCB trace can present functionality concerns. This is due
to the additive effects that a dual termination presents to the circuit. During layout it is some-
times desirable to place component pads onto the PCB; this provides the ability to choose a
termination method based on measurements from a prototype build. Although the layout can
allow for choosing an optimal termination method, problems can and will occur if careful at-
tention is not taken during installation of the components, or if rework is performed by a per-
son who will install components on pads regardless of whether they are specified in the Bill
of Materials. When multiple mounting locations are provided, the designer can use either se-
ries, parallel, Thevenin, or RC. An example of how a design engineer may specify optional
termination methods for experimentation purposes is presented in Fig. 8.20.

Real-Life Situation—Using Dual Terminations (what can happen). Why would
someone dual terminate a trace if poor performance were expected? Let’s assume a prod-
uct is being tested on a remote open field test site with only one attempt to make the prod-
uct pass radiated emissions requirements. Mounting pads are provided for all possible ter-
mination methods. In the rework kit are 0 © resistors and a selection of various other
resistors and capacitors. These components are used to rework the board (in the field),
such as removing series termination or to convert an RC to parallel in order to better
match trace impedance and enhance signal functionality. All these components are used
in an attempt to make the product work as desired.

For example, component placement pads for a series terminator are provided on the
top side of the PCB. During compliance testing, radiated emission is observed. The 0 Q
series resistor is replaced with 33 Q. Also provided is end termination, which is located
on the bottom side of the board unavailable for inspection and unknown to the test engi-
neer. The test engineer may not know what kind of termination is provided, if any, or how
terminations even work. The series resistor, 33 Q, now allows for radiated emissions
compliance. This rework is incorporated into the product and shipped without further in-
vestigation by signal integrity engineers since product revenue generally takes priority
over functionality, especially if a project is behind a scheduled shipment date.

Many engineers will use only a spectrum analyzer when investigating an EMC
event. If a sufficiently high bandwidth oscilloscope is used in conjunction with a spectrum

Power
TP, TR, R, TP, Rgis the series resistor.
T Ry is provided only for Thevenin.
Rois provided for parallel, Thevenin, and RC.
Ay Ry Cis a 0 ohm resistor for parallel and Thevenin
and is properly chosen for use with RC.
c

I- TP are test points.

Ground

Figure 8.20  Providing for optional termination selection during PCB layout.
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: : output of series /
P U resistor and load ae _[{_ .. _. .
! : spprox. 12V ' :
8.8 16.5n
18 inch transmission line - parallel termination with series resistor

| resistor & input !
"of load 8k < 12V

18 inch tra iszion line - Th

| . output of series
. resistor and

TV tnputtotond ar

18 inch transmission line - RC termination with series resistor

Figure 8.21  Eftects of duad werminations.,
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analyzer, signal integrity problems may be easily observed. with related concerns ad-
dressed. Most engineers will use either a spectrum analyzer or an oscilloscope, depending
on their comfort level. Few engineers will consider both the time and frequency domain
aspects of components, a network or circuit. When management demands that a product,
which was to ship last week is behind schedule, additional engineering resources to inves-
tigate the effects of a termination change become unacceptable, for corporate revenue
sometimes takes a higher priority than proper engineering analysis.

To illustrate actual resuits that can occur with dual terminations, an example is pro-
vided with multiple components daisychained on an 18-inch (45.7-cm) trace, 0.8-ns edge
rate, with components dispersed through the trace route. Figure 8.20 illustrates a
schematic drawing of this circuit. In Fig. 8.21, we observe the effects of dual terminations
on the PCB using SPICE simulation. The trace is electrically long and requires termina-
tion per the definition provided in Chapter 6 for an electrically long trace.

For parallel and Thevenin, one will observe a 1/2V level, logic level state depen-
dent. This 1/2V level is caused by the series resistor. The ringing that occurs at the load is
minimal and is a nearly perfect signal at the load. However, an interesting situation is
noted. For parallel termination with a series resistor, the voltage level observed at the load
in the low-to-high transition state is at 1/2V. It becomes obvious that the circuit cannot
work as designed, especially if mixed logic is provided on the net. The same results occur
with Thevenin except in the high-to-low transition state.

For RC networks, a more dramatic effect is observed. As a result of the terminator,
the series resistor appears at the 1/2V level as expected. At this point, the output of the re-
sistor looks identical with smooth rounding of the signal. This rounding occurs from
T = RC where 7 is the rounding time constant, R is the termination resistance, and C is the
total shunt capacitance of the network. The load receives a clean signal in the HI logic
state but at the expense of a much slower edge rate. If the timing requirements of the load
are not critical, rounding of the signal will enhance EMI performance significantly with-
out affecting signal integrity. Since the capacitor holds the DC voltage level of the signal
on the trace, the voltage degradation that was present when both parallel and Thevenin
termination are dual terminated with a series resistor will not be seen.

As observed, providing dual termination can, and will, cause functionality concerns
to exist. Dual termination must never be used in any design without a thorough under-
standing of what will happen to signal integrity along with creation of EMI.

8.5 TRACE ROUTING

Engineers and designers will sometimes daisychain periodic signal and clock traces for case
of routing. Unless the distance is small between loads (with respect to propagation length of
the signal rise time), reflections may occur from daisychained traces. Sometimes daisychain-
ing impacts signal quality and EMI spectral energy distribution to the point of nontunction-
ality or noncompliance. Therefore, radial connections for fast edge signals and clocks are pre-
ferred over daisychaining for nets with a single, common drive source. Each component
should have its respective trace terminated in its characteristic impedance as shown in Fig.
8.22. Parallel and Thevenin termination at the end of the trace route is rarely feasible because
the drivers usually cannot tolerate the total current sink of the terminated loads.

To prevent undesired effects of unmatched loads, termination may be required. Five
common termination methods are available (discussed earlier in this chapter). Each
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method 15 dependent on the complexities of layout geometry. component count, and
power consumption. When a driver is overloaded, termination can degrade the trace if in-
correctly specified or implemented.

If an clectrically long signal trace route exists, this trace must he correcily rermi-
nated! Long lines generally require use of high-current driving components. One should
calculate the terminating resistor value at the Thevenin equivalent or the characteristic im-
pedance of the trace. Lse of “-stubs™ or bilurcated lines is generallv not allowed. If a
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T-stub has to be used, the maximum permissible stub length cannot exceed T = L',

where L is the routed length of the trace. The length of each “T™ from the center leg must
be identical. In T-stub lines, the capacitance and load characteristics of the devices at the
end of each T-arm should be exactly equal.

It a T-stub is required because of problems with layout or routing, it must be as
short as possible. The measurement feature of the CAD system should be used to measure
routing lengths. If necessary, one should serpentine route the shorter trace until it equals
its counter trace length exactly.

A potential or fatal drawback of using T-stubs lies in future changes to the artwork.
If a different design engineer or PCB designer makes a change to the layout or routing to
implement rework or a redesign, knowledge of this T-stub implementation may not be
known, and accidental changes to the trace may occur, posing potential EMI or function-
ality problems.

8.6 BIFURCATED LINES

Bifurcated lines is another term for T-stubs. This condition occurs when a trace is split
into multiple trace routes from a driver. An example of a bifurcated topology is shown in
Fig. 8.23. along with a recommended termination method.

The impedance of a bifurcated line is not constant throughout the trace route. Let us
assume, for example, that the trace from point A to X is 50 ohms. The impedance of the
bifurcated lines must be 27 from point X to point B, or twice that of the desired imped-
ance characteristics. This is because. for this example, the two traces are running in paral-
lel, each with an impedance of 100 ohms. The parallel impedance of the two traces will be
50 ohms, the desired impedance of the network. Since the individual bifurcated traces are
now 100 ohms. use of end termination ot 100 ohms cach is the only practicable termina-
tion methodology. To usc parallel termination. the driver must be able to source sufficient
current to mulitiple loads on the net.

If proper termination 1s provided. retlection and ringing that may occur will be pre-
vented. If termination is not provided. the return current will see an impedance discontinu-
ity at point X. This discontinuity will be observed as ringing at the source driver, point A. The
termination must be provided at the end of the trace route as was shown in Fig. 8.8.

It biturcated routing must occur, how can an optimal design be set up within a PCB
when split traces must be 27 The easy layout technique available 1o the PCB designer s
to make the trace width smaller than the primary trace from point A to X. This becomes al-
most impossible for most applications. for the line widths of traces are already approach-
ing a very small dimension. To increase trace impedance. 1t is necessary (0 make the
traces even smaller, which in many situations is smaller than the manufacturing process a
PCRB tabricator is capable of performing.

Another problem with bifurcated fines lies with RE loop currents created within the
network. It one ot the biturcated signal traces is routed on a ditferent routing plane than
the other bifurcated trace. RF return current will iry to reference both traces to different
OV return planes. When this occurs, a potentially large loop area is created, with a corre-
sponding increase in radiated emissions,

To summuarize. use of bifurcated Tines. or Tostubs is not desirable for both signal in-
tegrity and EMI compliance reasons.
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Figure 8.23 Example of bifurcated lines.

8.7 SUMMARY—TERMINATION METHODS

Different termination methods are available, each for a specific application along with ad-
vantages and disadvantages. The termination method that provides optimal performance
for most designs (CMOS or TTL) is dependent on what the circuit designer requires. The
following is a brief summary of termination methods presented earlier in this chapter.

1. Series is excellent for point-to-point trace routes (one load on the net). In addi-
tion, series termination works well for those traces that are electrically short
(small propagation time from source-to-load and return from load-to-source)
with respect to the clock frequency (1,,). Series termination may also be used to
slow down edge times so that the effect of propagation discontinuities in the
signal path is minimized. In addition, it becomes a simple process to allow for
the fanout of multiple load radials from a common source to occur using sepa-
rate transmission lines that do not corrupt other circuits in the network.

1 2. Parallel is preferred for busses and point-to-point nets with fast clock/puises
(frequencies).

3. Thevenin networks are difficult to implement owing to the reduced voltage
level that exists in both the HI and LOW state if a combination of both CMOS
and TTL exists on the same net.

4. The RC network provides good signal quality but at the expense of added com-
ponents. Drawbacks exist at high frequencies and for long trace lengths owing
to limited damping that occurs with poor impedance matching and edge rate
degradation.

eSS,

5. Dual terminations degrade signal functionality and should not be used without
fully understanding the consequences.

What happens when a trace on a PCB cannot be terminated?

I. There may be 100% positive signal reflection. resulting in signal doubling in
amplitude at the source driver. This may cause destruction of the component
owing o excessive voltage levels.

2. The signal may become 70-80% negative at the source driver, which will erode
signal functional and noise margin levels ot the circuit.
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3. Loads located at a distance from the driver may be triggered by false signal
transitions, resulting from ringing that will occur at trigger threshold levels.

4. Load-sensitive components should be located at the end of a routed net to mini-
mize reflections berween these sensitive components and to prevent false edge
triggering.

5. Edge-sensitive signals should be prevented. Voitage-level sensitive components
should be used with a sufficiently long setup time to guarantee proper triggering.
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Grounding

9.1 REASONS FOR GROUNDING—AN OVERVIEW

Grounding is required within most products. Although this ground may be fully con-
nected, isolated, or floating, a ground structure must still be present. Grounding is often
confused with providing a current return path for signals. In reality, only a few grounding
issues are related to PCBs. These concerns relate to providing a reference connection be-
tween analog and digital circuits and a high-frequency connection between the PCB re-
turn plane and an external metal chassis.

Grounding, though probably the most important aspect of a design, is least under-
stood by many engineers. It is not easy to understand intuitively and does not usually
allow for straightforward definition, modeling, or analysis since many uncontrolled fac-
tors affect its performance. Every circuit is ultimately referenced to a ground source and
cannot be left to chance; it must be designed in from the very beginning. One cannot as-
sume that because a ground system is present, for example, a metal enclosure, optimal
performance will be achieved. Desired performance is not easily achieved if no thought is
given to its design.

Grounding is one primary method of minimizing unwanted noise pickup and parti-
tioning circuit segments. Proper implementation of PCB ground methods and cable
shields will prevent a majority of noise problems. One advantage of a well-designed
ground system is protection against unwanted interference and emissions for basically
zero cost in material usage.

9.2 DEFINITIONS

_—*—:

The word grounding is vague and means different things to different people. For logic de-
signers, it refers to a reference level for logic circuits and components. For system and
mechanical engineers. ground is the metal housing or chassis that connects circuits. For
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electricians, it retfers to the third wire safety ground as mandated by their respective Na-
tional Electric Codes.
To prevent confusion. the following words used in this chapter are defined as follows,

Bonding. Making a low-impedance electrical connection between two metal sur-
faces.

Circuit. Multiple devices with a source impedance, load impedance, and intercon-
nects. For digital circuits, multiple sources and loads may be part of one circuit
where all devices are referenced to the same point or use a common signal return
conductor. For EMC, circuits usually originate in one location and terminate in an-
other.

Circuit Referencing. The process of providing a common OV reference voltage
for multiple circuits to allow communication between the two. Circuit referencing is
one of the most important reasons for providing a ground reference. This reference
point is not intended to carry functional current.

Earthing (British term). The connection of the safety ground wire to earth at the
service entrance of a building.

Equipotential Ground Plane. A piece of metal used as a common connection
point for power and signal referencing. This plane may not be at equipotential lev-
els for RF frequencies owing to its electrically large size.

Ground Loop. A circuit that includes a conducting element (plane, trace, wire) as-
sumed to be at ground potential where return currents pass through. At least one
ground loop will be present within a circuit. Although a ground loop is acceptable,
the severity of the problem for currents flowing through the loop depends on the un-
wanted signals that may be present, which can cause system malfunction.

Ground Stitch Location. The process of making a solid ground connection from a
PCB to a metallic structure for the purposes of providing systemwide ground refer-
encing regardless of which grounding methodology is used.

Grounding. A generic term with as many detinitions as there are engineers. This
word must be preceded by an adjective.

Grounding Methodology. A chosen method for directing return currents in an op-
timal manner appropriate for the intended application.

Holy Ground. Sometimes referred to as the actual location used. See afso Single-
point ground.

Hybrid Ground. A grounding methodology that combines single-point and multi-
point grounding simultaneously. depending on the functionality of the circuit and
the frequencies present.

Multipoint Ground. A method of referencing ditferent circuits together to a com-
mon cquipotential or reference point. Connection may be made by any means possi-
ble in as many locations as required.

Referencing. The process of making an clectrical connection or bond between two
circuits that allows the OV reference from both circuits to be identical.

RF Ground. The process of providing a ground reference point using a specific
methodology to allow a product to comply with both emissions and immunity re-
quirements.
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Safety Ground. The process of providing a return path to earth ground to prevent
the hazard of electric shock through proper connection and routing of a permanent,
continuous, low-impedance, adequate fault capacity conductor that runs from a
power source to a load.

Shield Ground. The process of providing a 0V reference or electromagnetic shield
for both interconnect cables and main chassis housing.

Single-point Ground. A method of referencing many circuits together at a single
location to allow communication between different points. All signals will thus be
referenced to the same location.

When discussing grounding concepts, it is best to use an adjective to better define what
we want, such as signal ground, chassis ground, safety ground, and analog ground.

9.3 FUNDAMENTAL GROUNDING CONCEPTS

The two primary areas related to grounding are

1. Safety ground (including protection against the effects of lightning and electro-
static discharge).
2. Signal voltage referencing ground.

If a ground is connected by a low-impedance path to earth, this method is identified as a
safety ground. Signal grounds may or may not be connected to earth potential. Connec-
tion of the two ground methods may be unsuitable for a particular application and may ex-
acerbate EMC problems.

Safety grounding minimizes or prevents a voltage difference between exposed con-
ducting surfaces. The more conductors we make available to reduce the voltage difference
to extremely low levels. the less chance of electric shock may be present to harm someone
or cause death. The more ground connections, the less chance of harm to the operator.

Signal voltage referencing ground provides for all parts of an electrical system to be
referenced to a common source. For signal referencing, the voltage difference typically
must be less than a few millivolts. The implementation ot signal voltage referencing, the
number of ground connections, and their location must be chosen carefully. Few critically
located connections between signal voltage points can allow a product to be either com-
pliant or noncompliant to EMC regulations.

Common misconceptions exist regarding grounding. Most analysts believe that
ground is a current return path and that a good ground reduces circuit noise. This belief
causes many to assume that we can sink noisy RF currents into the earth, generally
through a building’s main grounding structure. This is valid it we are discussing safety
grounding, not signal voltage referencing.

Current requires a return path to complete a closed-loop circuit. We usually only
consider AC or DC supply current and not RF current. Although an RF return path is
mandatory. it need not be at ground potential. Free space is not at ground potential. Ana-
log ground is isolated from digital or chassis ground to prevent disruption to sensitive cir-
cuits. Not all currents within a system require a safety ground or a signal voltage refer-




250

Chapter 9 ® Grounding

ence. For example, low-voltage battery-operated devices do not require any external
safety ground connection, for no shock hazard exists.

To guarantee that a system works within a specific design requirement, signal
ground may not be the same as current return. Signal currents should not flow on ground-
ing conductors except under certain conditions. Regardless of application, for both safety
and signal referencing, we must either reduce the ground voltage difference between two
circuits or avoid having 4 voltage potential difference at all.

Why is safety ground discussed in a book about EMC and PCBs? The reasons are
obvious. Many PCBs contain hazardous voltages. These include power supply assem-
blies, telecommunication circuits, relay-driven instrumentation control units, power
switching modules, and the like. User safety cannot be separated from EMC. The field of
regulatory compliance includes both product safety (meeting essential safety require-
ments based on National Electric Codes or governmental mandated legislation) and EMC
limits for emissions and immunity. Product safety standards mandate the amount of
creepage and clearance distance between traces to prevent electric shock to the user. For
example, the distance spacing that must be used for a product safety requirement between
hazardous voltages on traces may prevent optimal flux cancellation from a voltage or sig-
nal trace to a ground fill or ground trace for single- or double-sided PCBs.

Creepage and clearance is of concern because AC or high-voltage traces may be
subject to an abnormal failure condition. Failures include primary-to-secondary, primary-
to-ground, or primary-to-primary. To prevent a shock hazard due to an abnormal failure,
traces must be routed with a specific amount ot spacing (distance) between high-energy
(voltage) traces and secondary or ground circuits. This requirement is especially critical in
power supplies and related circuitry.

When routing AC voltage traces. one should use sufficient trace width and spacing
to comply with legally mandated creepage and clearance requirements. The following de-
finition of creepage and clearance is extracted from. and is identical to, all international
product safety standards.

® Creepage is the shortest path between two conductive parts, or between a con-
ductive part and the bounding surface ot the equipment, measured along the sur-
face of the insulation.

& (learance is the shortest distance between two conductive parts, or between a con-
ductive part and the bounding surface of the equipment. measured through air.

® Bounding surface 1s the outer surface of the electrical enclosure considered as
though metal foil were pressed into contact with the accessible surface of insula-
tion material.

When dealing with ground currents. several fundamental concepts must be remem-
bered.

® Whenever a current flows across a finite impedance, a {inite voltage drop occurs
(Ohm’s law). As stated in Ohm's faw, there can never be “zero volt potential”™ in
the real world. The units mayv be in the pico range (voltage or current. Still, a fi-
nite value will exist.

® Current must always return to its source. This return may consist ol numerous
paths with vartous amplitudes provided for cach return current proportional (o
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the finite impedance within each and every path (Kirchhoff’s law). Unintended
currents can travel in alternate return paths which may not be designed to handle
these currents.

To illustrate these fundamental concepts, Fig. 9.1 shows two subsystems connected to a
metallic plate, chassis, or other item identified as ground. These subsystems may be ana-
log, digital, or another defined source. If digital, the power (+Vcc) current returns to its
source, the power supply through a return system. Current is constantly changing when
devices switch logic states, consuming power, In analog circuits. the return current may
contain low-frequency or high-frequency narrowband or broadband signais. Analog sig-
nals generally have dedicated return or “grounds” that are different from digital logic.

As can be observed in Fig. 9.1a, the return current path of Subsystem #2 travels
through the same return line as Subsystem #1. The two currents add up at the power sup-
ply source. Since a return path will have a finite impedance, either resistive or inductive,
currents within the return structure will cause a voltage potential to be developed between
the two subsystems. The ground point of Subsystem #1 is varying at a rate proportional 1o
the signals in Subsystem #2. By virtue of this coupling through a common impedance. the
pPOWeTr source now sees Lwo separate voltage potentials simultaneously.

So far, this has been a discussion about ground-noise voltage. What about the volt-
age that is observed at the load? The voltage of the ground point for Subsystem #2is Z,,/1
+(Z, + Z,)I2. Subsystem #2 contains the signals of Subsystem #1 through Z, in addi-
tion to its own signal. This situation is identified as common-impedance coupling.

Source L L

Subsystem #1 Subsystem #2

N 2
- Zg1 4+ t - 292A+ *
Return h—%“* ﬁ\ = \%
Ground
Zg,(1 + 2) Zg, 12

Figure 9.1a  Common-impedance coupling in 2 ground structure. (Sowrces Clayion
Paul. Inmroduction 1o Electromagnetic Comparihility, € 1992, Reprinted by
permission of John Wiley & Sons.)
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Figure 9.1b illustrates a connection commonly found in data communications where 9.4 SAFETY GROUND

a signal (e.g., RS-232) and its return path are provided. Let’s assume the source is a com-
puter and the load is a monitor or modem located some distance away. The ground system
common to both devices is the third wire safety ground within their respective power
cord. This power cord ground has a high impedance at RF frequencies. In this case, the
noise source from the external system drives a noise current /, into the safety ground wire,
which is common to all devices. Let’s assume load Z; is greater than the return wire im-
pedance Z and the power wire impedance Z,. The ground noise developed on the return
wire adds to the signal voltage of the load, described by
_Z-%

v, = Zvz, *(V,) 9.1)

A misconception regarding ground impedance is the type of impedance that exists.
Most engineers assume that ground impedance is at DC potential or has low-frequency re-
sistance. At high-frequency of operation, 30 MHz and above, the primary impedance
component that is observed is inductive, not resistance or skin effect. Resistance and skin
effect are negligible compared to the inductance. As presented in earlier chapters, induc-
tance is approximately 15 nH/inch for a 0.020-inch trace. Using X, = 2nfL, at 100 MHz,
the inductive reactance is 9.43 Q/inch. A #28 AWG wire (radius of 6.3 mils) has an induc-
tive reactance of 65.9 x 107°Q/inch. As observed, there is a significant magnitude of dif-
ference between resistance and inductance at 100 MHz. This is why resistance is not a
concern at RF frequencies.

When designing a product, minimal or zero cost may be incurred during the design
cycle when grounding is taken into consideration. A well-designed ground system, not
only on the PCB, but systemwide, will offer both improved emissions and immunity pro-
tection. A grounding system that was not thought about during a design cycle, or re-
implemented from a design on a different product (because it once worked on that prod-
uct, so why redesign?), is a sign of system failure related to system functionality or EMC
compliance.

The important areas of concern include the following.

® Minimize or reduce current loops by careful layout of high-frequency compo-
nents.

® Partition areas of the PCB, or system, to keep high-bandwidth noise circuits from
low-frequency circuits.

m Design the PCB, or system, to keep interfering currents from affecting other cir-
cuits through a common ground return path.

a Carefully select ground points to minimize loop currents. ground impedance, and
transfer impedance of the circuit.

®» Consider the current flow through the ground system as it relates to noise being
injected into or from a circuit.

= Connect very sensitive (low noise-margin) circuits to a stable ground reference
source.

The next section examines various ground systems and how they apply to a product’s
overall design. Following this examination. there is a description of how to implement
grounding methods in an optimal manner.

The primary concern associated with a safety ground is the protection of people. animals,
and other living creatures from the hazard of electric shock. When a product is at a haz-
ardous voltage potential, serious injury or death may occur.

If the system is powered by AC voltage above certain levels (defined below), ex-
posed metal must be bonded to a “green or green/yellow stripe wire” safety ground pro-
vided within the AC mains power cord. This requirement also applies to battery-operated
devices if the battery charger is built into the module unit or built onto the PCB, powered
by AC mains voltage. If the unit operates from DC voltage, then only the remote power
charger unit needs to comply. If a conflict occurs between EMC compliance and product
safety, safety takes precedence. No exception to this requirement exists.

Electric shock occurs when current passes through the human body. Currents on the
order of a milliampere can cause a reaction in persons of good health and may cause indi-
rect danger due to involuntary reaction. Higher currents can have more damaging effects.
Voltages up to 42.4 VAC peak. or 60 Vdc. are not generally regarded as dangerous under
dry conditions. Electrical parts that have to be touched or handled should be at earth po-
tential or properly insulated to prevent electric shock.!

Under normal conditions, any voltage (absolute value) greater than 42.4 VAC peak,
or 60 VDC. that may exist on a PCB (or system) is considered hazardous and requires
special attention by a product safety compliance engineer.

How does all this discussion about hazardous voltages affect PCBs? Telecommuni-
cation circuits operate at —48Vac. Power supplies are sometimes provided on a PCB con-
nected to AC mains voltage. Solenoids drive 115V or 230V motors. Process control
equipment generally uses voltages above 42.4 VAC peak. These are only a few examples
of PCBs that may contain hazardous voltages: hence. this chapter requires a discussion on
safety grounds within PCBs.

In Fig. 9.2, the strav impedance between voltage potential (PCB) at point V', and
chassis is identified as Z,. The stray impedance between chassis and ground is identified
as Z,. The potential of the chassis is the impedance of Z, and 7. acting as a voltage di-
vider. The chassis potential, relative to the PCB. is

L ) 9.2)

‘r'uhu\w\ = {\Z’]"’_(: 2;

This potential could reach hazardous levels. enough to cause a shock hazard to exist.

It must never be assumed that as long as everything is connected to earth ground
through an appropriate means (greenfyellow wire, braid strap, and the like), then all is
well. This ground wire will have a high impedance at RF frequencies which varies as the
frequency varics. In general. safety earth ground is not required for EMC compliance. Ex-
amples are battery-powered units. A good low-impedance connection to an RF reference
point provided by a local chassis. frame, or other metallic structure is necessary and in
many instances must be provided in parallel with safety carth ground for those devices
connected to an AC mains source.

This description of electric shock hazard is extracted from the nternational product safety standard.
BN 6OOSO, Specification for saters of information techinelogy cquipaen cliuding cleciical business equupment.
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Z; and Zrrepresent stray impedance
between PCB and chassis ground.

Figure 9.2 Stray impedance from PCB to
chassis ground.

If we observe common-mode emissions emanating from a power cord, a safety
earth ground connection may be required. A line filter can be installed at the mains power
inlet which places the line filter in series between the mains wall receptacle and the sys-
tem. Internal to the line filter are capacitors from line to ground (*Y™ capacitors) which
shunt the RF currents to ground. For this application, the ground wire is a return path for
RF currents.

At times it is beneficial that the safety earth ground path be removed from the RF
generation circuit {8]. This is best accomplished by inserting a choke (RF conductor) in
series with the earth return. This choke provides an alternative path for interference cur-
rents to remain within the system. These currents are hopefully prevented from radiating
to the external environment by a Faraday shield or Gaussian structure (sheet metal
covers).

To summarize, a voltage potential at hazardous levels must not exist. Under an ab-
normal fault condition, such as the PCB shorting out and energizing a metal chassis hous-
ing, the housing can assume full-voltage potential and create a shock hazard.

9.5 SIGNAL VOLTAGE REFERENCING GROUND

The majority of design concerns related to EMC compliance lies in signal ground and ref-
erencing one circuit to another. As discussed earlier, both source and load must be at the
same voltage reference level for proper functionality. Logic circuits base their voltage
transition states at a OV reference level. If the reference level between two circuits is not
the same, functionality concerns occur such as noise margin erosion and threshold levels
for logic switching (in addition to the creation of a ground-noise voltage). This ground-
noise voltage will cause common-mode currents to be developed. which is exactly what is
not wanted.

A ground is usually defined as an cquipotential point that serves as a reference po-
lential between two or more items. This term is not representative of actual applications,
since digital ground may be completely ditferent from analog ground, which may also be
different from chassis ground. This term also does not emphasize the return path that cur-
rents at RF frequencies take. There may be less inductance between a noisy circuit and a
ground point than the connection to an equipotential point. RF current will always take
the path of “least impedance.” At low {requencies, where R >> wl., the current will take
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tween two circuits. (Source: H. Ott, Noise Re-
du.cl.wn Techniques in Elertromcy S ysr'em.s, 2nd‘ \Vy
edition © 1988. Reprinted by permission of

John Wiley & Sons, Inc.) 777 hv4

the path of least resistance, as resistance dominates the impedance. At high frequencies,
R << wL, inductance dominates.

A better definition of signal ground is a low-impedance path for signal current to re-
turn to its source. This is applicable to any application or environment. Current is the item
of concern, not voltage. If a voltage difference exists between two circuit points through a
finite impedance, current will be created (Ohm’s law). The current path in the ground
structure determines the magnetic coupling between circuits. Since a closed-loop path is
present, with current flowing in the loop, a magnetic field is developed (see Chapter 2).
The physical size of the loop area determines the frequency of the radiated emissions. The
current level determines the amplitude of the radiated noise.

Designers must always keep in mind the path that RF current will take during a
product design. They cannot concern themselves only with functionality and with how
well their chosen logic devices work based on simulation data. The design engineer and
PCB designer must work together to ascertain the anticipated path through which the re-
turn currents will flow during component placement. The question to ask is, “Where will
the current flow?” Any conductor carrying current will have a voltage drop associated
with it, along with its corresponding current. This current is usually at RF potentials.

The signal ground system is determined by the type of product design, frequency of
operation, logic devices used, I/O interconnects, analog and digital circuits, and product
safety (electrical shock hazard).

A typical grounding scheme used to describe the signal ground concept is shown in
Fig. 9.3 where the load is connected to one ground reference point and the source is con-
nected to another reference. Ground-noise voltage, V,, is caused by losses in the return
path.

In implementing a grounding methodology, two basic categories exist, single-point
and multipoint. Within each methodology, hybrid combinations may exist. The signal
ground methodology that is best for a particular application is dependent on the design.
Several different methods may be used at the same time. only if the designer understands
the concept of current flow and return paths.

n

9.6 GROUNDING METHODS

Many grounding methods and terms have been devised, including digital, analog, safety.
signal, noisy, quiet, earth, single-point, and multipoint. Grounding methods must be spec-
ified and designed into a product and not be left to chance. Designing a good grounding

_m——1
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system 1is also cost effective in the long run. In any PCB, a choice must be made between
two basic concepts of grounding; single versus multipoint. Interactions with other ground-
ing methods can exist if they are planned for in advance. The choice of grounding is de-
pendent on product application. It must be remembered. if single-point grounding is used,
to be consistent in its application. The same rule exists for multipoint grounding. A multi-
point ground should not be mixed with single-point ground unless the design allows for
isolation or partitioning between planes and functional subsections!

The discussion that follows is divided into three main grounding concepts. These
concepts are single-point. multipoint, and hybrid.

9.6.1 Single-point Grounding

A single-point ground connection is one in which ground returns are tied to a single
reference point within a product design. The intent of this “holy™ ground location is to
prevent currents from two different subsystems (at different reference levels) from shar-
ing the same or common return path for RF currents, thus producing common-impedance
coupling.

Single-point grounding is best when the speed of components, circuits, intercon-
nects, and the like is in the range of 1 MHz or less, which means that the effect of distrib-
utive transfer impedances is minimal, At higher frequencies, the inductance of the return
path will start to become noticeable. At still higher frequencies, the impedance of the
power planes and interconnect traces becomes noticeable. These impedances can be very
high if the trace lengths coincide with odd multiples of a quarter-wavelength based on the
edge rate of the periodic signals. With a finite impedance in the current return path, a volt-
age drop is developed. along with creation of unwanted RF currents.

Owing to the significant impedance at RF frequencies. these traces and ground con-
ductors will act as loop antennas and radiate RF energy based on the physical size of the
loop. A convoluted loop is still a loop. regardiess of shape. At frequencies above | MHz.
a single-point ground generally is not used for this reason. However. exceptions do exist
it the design engineer recognizes the pitfalls and designs the product using highly special-
ized and advanced grounding techniques.

In Fig. 9.4, two methods are shown for single-point grounding: series and parallel
connection. The series connection is in a daisychain fashion. This type of configuration
allows common-impedance coupling between the ground reference of each subsystem.
which is undesirable at frequencies above | MHz. This figure only shows the inductance

1 2 3 1 2 3
Lvjn 2 e 13 |n L 12
L3
@l
2+ 13 3 A 2
i=h+R+RB B
S PAAAAIA, % . o,

Series connection Parallei connection

Figure 9.4 Sinale-pamnt grounding methods, Nore: Inappropriate for high-frequency
aperation.
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within the ground path. Distributed capacitance is also present among the three circuits to
ground. When both inductance and capacitance are present, a resonance will occur. For
this configuration, three different resonances are possible.

For series connection, the total amount of current that is observed across the final
return path L, is the summation of /, + I, + /5. The voltage potential at /, (V,) and /, (V)
1s also not at zero potential, and is described by

Vi=(l+L+1L)ol, 9.3)
Vo= + 1, + Lol + (I, + I)wl, + (,)oL, (9.4)

With this widely used configuration, a large amount of current across this finite imped-
ance will produce a voltage drop. The voltage reference between circuits and the refer-
ence structure may be sufficient to cause the system to fail to work as desired. During the
design cycle, one must be aware of the pitfalls of using series connection for single-point
grounding. This grounding method should not be used when widely different power levels
are present, since high-power consuming circuits produce large ground currents, which in
turn will affect low-level components and circuits. If this method must be used, the most
sensitive circuits must be located immediately at the input power location and as far away
from low-level components and circuits.

A more optimal single-point ground method is parallel. Using this method has a dis-
advantage, however, in that each current return path may be at a different impedance
value, thus exacerbating ground-noise voltage. If multiple PCBs are provided within an
assembly, or if various subassemblies are combined within an end-use product, a particu-
lar return path may be physically long, especially if wires are used as the interconnect
method. The ground wires may also possess a large impedance that will negate the de-
sired effect of a low-impedance ground connection. Many products fail emissions testing
when multiple PCBs are tied together in a parallel fashion. believing that a “holy” ground
connection will solve their problems. Like series connection, distributive capacitance is
also present from each circuit to ground. The designer should maintain the inductance
value from each circuit to ground using this configuration to be approximately the same,
but rarely is this the case. As a result, the resonance between each circuit to ground should
be approximately the same and may not affect circuit operation to the extent multiple
unique resonances will.

Another problem associated with using single-point grounding with wires ts radi-
ated coupling, which may occur between the wires. the wire and PCB. or the wire and
chassis housing. (Internal radiated noise coupling is discussed later in this chapter.) In ad-
dition to RF radiated coupling, crosstalk may occur depending on the physical distance
spacing between the current return paths. This coupling may occur by either capacitive or
inductive means. The amount of crosstalk that may be present is dependent on the spectral
content of the return signal. Higher frequency components will radiate more than lower
frequency components.

Single-point grounds are usually found in audio circuits, analog instrumentation.
60-Hz and DC power systems. along with products packaged in plastic enclosures. Al-
though single-point grounding is commonly used in low-frequency applications, it is oc-
casionally found in extremely high-frequency circuits and systems. This application s
permitted when a design team understands all the problems that exist with inductance in
different ground return structures.
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Use of single-point grounding on a CPU-motherboard or adapter (daugbter) card al-
lows loop currents to be present between the ground planes and chassis housing if metal is
used as the chassis. Loop currents create magnetic fields. Ground loops are examined in
greater detail later in this chapter.

Magnetic fields create electric fields, which will radiate RF currents. It is nearly im-
possible to effectively implement single-point grounding in personal computers and simi-
lar devices because different subassemblies and peripherals are grounded directly to the
metal chassis in different locations. A distributed transfer impedance exists between the
chassis and the PCB that inherently develops loop structures. Multipoint grounding places
these loops in regions where they are least likely 1o cause problems (e.g.. they can be con-
trolled and directed rather than allowed to transfer energy inadvertently).

An example of poor implementation of single-point grounding is shown in Fig. 9.5.
In this example, the A/D OV reference is isolated within both the digital and analog sec-
tion under the assumption that the open connection point (bridge) will provide optimal
single-point connection as long as the analog section is not bonded to any other ground lo-
cation. Single-ended signals are routed across the gap in the area of the converter’s moat
or isolated area. If low-frequency (kHz) noise frequencies are a problem, the OV reference
connection should be placed as near to the A/D device as possible. Analog and digital
power must be isolated from cach other referenced by an appropriate filter.

In Fig. 9.5 various current and voltage sources are present. RF return current trav-
els through the bridge. The bridge provides a low-impedance RF return path for all sig-
nals that travel to the analog section by either crossing the moat or traveling through the
bridge. Since a closed-loop path must be present for signal functionality, any RF cnergy
crossing the moat must complete its return through the bridge.

Since a moat is present, a common-mode voltage potential will be developed at the
point furthest from the bridge. The impedance berween the two power sources will be dif-
ferent based on the inductance of the power and ground plane structure. With this com-
mon-mode voltage. a common-mode RF current {oop current is developed. which travels
through both the digital and analog sections. Once a loop is created with RF currents. a
magnetic tield structure exists, causing possible RF emissions.

Eem _[ Common-mode loop
Anaiog section
— - (reference plane)
7 Miscellaneous Analog RE
signals ground
return . icm
currents
A/D or D/A
Converter
Digital section Digital
(reference plane) ground
Figure 9.5 Bad implementation of single poit {connections grounding

w————
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Another bad implementation of single-point grounding in a multicircuit system is
detailed in Fig. 9.6. The ground wires are noncurrent-carrying conductors (RF return path).
The interconnect wires connected between circuits (Circuit #1 to Circuit #2 and Circuit #1
to Circuit #3) are identified as "GND” by the circuit designer or component manufacturer.
These ground connections become part of the signal return path for currents that travel be-
tween circuits. These ground traces create an RF current loop, increase self-inductance of
the traces. and develop a stray magnetic field between circuits and the OV reference point.
In addition, parasitic capacitance. C, between Circuit #1 and ground and Circuit #3 and
ground is shown. along with inductance, L, from all circuits to the single-point ground
connection. This small amount of LC may create a resonance that occurs at a frequency or
harmonic of an oscillator. thus exacerbating systemwide problem.

To summarize, single-point grounding is not ideal when dealing with products oper-
ating above 1 MHz.

Circuit #1 '_I Circuit #2
Gnd
| Gnd
ans |

Ground loop

Circuit #3

ez K
LC resonance LC resonance

The interconnect traces should be referenced to the
single-point ground connection, not another component.

Figure 9.6 Another bad implementation of single-point grounding.

9.6.2 Multipoint Grounding

High-trequency designs generally require use of multiple chassis ground connec-
tions to a tommon reference point in order 10 minimize ground impedance. Multipoint
grounding minimizes ground impedance present in the RF current return path because
there arc more low-mmpedance paths to take. Low planar impedance is caused primarily
by the lower inductance characteristic of solid power and ground planes or by additional
low-impedance ground stitch connection to the chassis reference point.

When a low-umpedance ground plane is provided in a multilayer PCB. or a chassis
ground stitch connection is provided between the PCB and metal chassis. it becomes im-
portant. like single-point grounding. that trace length (or wire length) be kept as short as
possible to minimize lead-length inductance. In very high-frequency circuits. the length of
the ground leads must be kept to o small fraction of an inch tem). When using low-
frequency circuits, multipoint grounds should be avoided since ground currents from all
circeuits flow through a common ground impedance, the ground plane. The common im-
pedance of the ground plane can be reduced by using a different plating process on the
surface of the material [ 2] Increasing the thickness of the plane has no eftect on minimiz-
g plane impedance. for RE currents travel on the skin surface layer of the material.
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A geperal rule of thumb is that for frequencies less than | MHz, single-point
grounding is preferred. Between | MHz and 10 MHz, single-point grounding may be used
only if the longest length trace or ground stitch connection is less than 1/20 of a wave-
length, assurning long edge times and low-frequency spectra. Each and every trace must
be considered.

Multipoint grounding minimizes inductance between noise generation circuits and a
0V reference point. This minimization occurs because many parallel RF current retun
paths exist in parallel, as illustrated in Fig. 9.7. Even with many paralle] connections to a
0V reference, ground loops may still be created between each ground stitch location phys-
ically distant from other ground connections. These ground loops are prone to magnetic
field pickup of ESD energy or creation of radiated EMI. To prevent loop currents between
ground locations, it is important to measure the physical distance spacing between the
ground connections and to implement the design technique identified in the section “As-
pect Ratio” in Chapter 4, where the physical distance between two ground stitch connec-
tions should not exceed 1/20 of a wavelength of the highest frequency present within the
functional subsection being grounded.

In very high-frequency circuits, lengths of ground leads from components must also
be kept as short as possible. Trace lengths as long as 0.020 inch (0.005 mm) add induc-
tance to a circuit of approximately 15-20 nH per inch (depending on trace width). This in-
ductance may permit a resonance to occur when the distributed capacitance between the
ground planes and chassis ground forms a tuned resonant circuit. The capacitance value,
C, in Eq. (9.5) can be determined through knowledge of the impedance of copper planes.
Impedance of cooper planes is discussed in Chapter 4.

1
L= = 9.5
2ufVLIC ©)
where Z = impedance (chms)
= resonant frequency (Hz)
inductance of the circuit (henries)
C = capacitance of the circuit (farads)

o~
I

1

Equation (9.5) describes most aspects of trequency domain concemns. This equation,
though simple in form, requires knowledge of how to calculate both L and C. which by
themselves are not easy to determine, use, and implement.

1 2 3
L1 L2 L3
L /L I, |
Muitipoint grounding Figure 9.7  Muitipoint grounding.
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9.6.3 Hybrid or Selective Grounding

A hybrid ground structure is a combination of both single- and multipoint ground-
ing. This configuration is used when mixed frequencies are present within a PCB. Figure
9.8 shows two hybrid ground methods. For the capacitive coupling version at low fre-
quencies, the single-point configuration is dominant, whereas the multipoint configura-
tion works at high frequencies. This is because the capacitor shunts high-frequency RF
currents to ground after the single-point connection goes inductive. The key to success is
understanding both the frequency present and desired direction of ground current flow.

The inductive coupling version is used when multiple ground stitch locations must
be connected to a chassis ground reference for safety reasons and low-frequency connec-
tions. The chokes, L, prevent RF currents from entering the chassis ground, while allow-
ing low-frequency AC or DC voltages to be referenced to their respective OV point. The
choke keeps the RF current internal to the PCB and forces the return currents to travel
through the lowest impedance path to ground the single-point connection (wire), which is
at a much lower impedance level than the chokes.

Using capacitors or inductors in a ground topology allows us to steer RF currents in
a manner that is optimal for our design. One can take control of the PCB layout by defin-
ing the path that the RF currents will take. Failure to recognize the RF current return path
may result in either emissions or susceptibility problems.

Circuit Circuit Circuit Circuit Circuit Circuit
1 2 3 1 2 3
1 1
:r C1 -_[t c2 :f c3 L1 L2 L3
C ] L

Hybrid grounding—capacitive coupling Hybrid grounding—inductive coupling
Figure 9.8 Hybrid grounding. (Scurce: H. Ott. Noise Reduction Technigues in Elec-
tronics Svstems © 1988, Reprinted by permission of John Wiley & Sons.)

9.6.4 Grounding Analog Circuits

Many analog circuits are low frequency in operation. Single-point grounding is best
for these sensitive circuits but only at the “bridge” between digital and analog. The pri-
mary objective is to prevent large ground currents from other noisy components (digital
logic, motors, power sources, relays) {rom sharing a sensitive analog ground path. Ground
loops must also be avoided with all sensitive low-frequency analog circuits. With low-
frequency analog circuits, it is easy to control both intended and unintended currents.

The degree of quiet required of the analog ground depends on the sensitivity of the
analog inputs. The signal-to-noise ratio determines how much interference is allowed to
exist before functionality concerns arise. For example, a low-level analog amplifier that
requires a 10 pV input is more susceptible to disruption than a 10V input signal. There-
tore, a very clean ground system must be present for the 10 uV input amplifier. For higher
level analog circuits. ground requirements are less stringent.
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Digital circuits affect analog components owing to switching noise from the logic
gates internal to digital devices. Usually, there are many significant levels of ground
bounce within the power and ground distribution in digital systems. High-speed CMOS
components inject more noise into the ground reference than TTL because of higher peak
switching currents, CMOS also creates more radiated emissions for the same reasons.

Separate ground references should be provided for both digital and analog, especially
if sensitive analog circuits are present. A common reference point must still exist for D/A
and A/D converters. This is best achieved at only one point on the PCB; two locations are
not permitted at any time. It may sometimes be required to provide a passive filter, such as a
ferrite bead between digital and analog circuits. These filters are effective at higher fre-
quencies where parasitic capacitances will attempt to form a ground loop.

Occasionally, complete isolation must occur between analog and digital sections.
This is best accomplished by use of optical isolators or isolation transformers, especially
when extremely sensitive analog circuits are used alongside digital components,

9.6.5 Grounding Digital Circuits

With higher speed digital circuits, multipoint grounding is preferred because high-
frequency currents are developed based on ground-noise voltage and the voltage drop
across the layout field of the digital devices. The primary design objective is to acquire a
uniform potential common-mode reference system. Single-point grounding does not work
well for this reason as parasitics will alter the ground paths desired. Ground loops are usu-
ally not a digital problem, as long as a low ground reference impedance is maintained.
Ground loops are discussed later in this chapter.

Many digital circuits do not require a ground reference source with filtering. Digital
circuits have noise margins in the hundreds of mV and can typically withstand a ground-
noise gradient of tens to hundreds of millivolts. Ground “image” planes within the multi-
layer board are optimal for signal currents, whereas multipoint grounding to chassis is de-
sired to control common-mode return losses.

9.7 CONTROLLING COMMON-IMPEDANCE COUPLING

BETWEEN TRACES

A concern associated with common-impedance coupling is to minimize the effects that
occur when two metallic structures share a common return path. Two main concepts are
used to control common -impedance coupling.

8 [owering the common impedance to a minimum value.
® Avoiding having a common-impedance path.

9.7.1 Lowering the Common-impedance Path

A ground systern requires a metal conductor: trace, wire. strap, chassis frame, PCB
planes, and the like. All conductors have a frequency response dependent on the material
and geometry. Any conductor will have a DC resistance by
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R = pl/A (ohms) (9.6)

where R = DC resistance
{ =length of the conductor in the direction of current flow {m)
A = cross-sectional area of the conductor perpendicular to the current flow (mm?)
p = resistivity of the material (ohms « mm?*/m)

Resistivities, p, of various materials are

copper 1.7 %107 Q¢ mm¥m
aluminum 2.8 * 107 Q » mm¥m
steel 1.7 * 1072 Q » mm*m

With common-impedance coupling, skin effect becomes a major factor. (Skin effect was
briefly examined in Chapter 2.) As the frequency increases. current through a conductor
will migrate toward the edge of the conductor identified as the skin. The area of the con-
ductor available for current flow decreases while resistance increases. For a round con-
ductor, skin effect is illustrated in Fig. 9.9.

Conductors have an intrinsic inductance value that is different from overall induc-
tance. Overall inductance is also identified as external inductance. which is a function of
loop area enclosed by the conductor. Internal inductance is not a function of this loop
area. For a round conductor, internal inductance is

L=02" /[ln(%l) - I-l 9.7

where L = internal inductance (UH)
{ conductor length (m)
d = conductor diameter (m)

1

i

This equation shows that inductance, L, increases linearly with length, /. while an increase
in diameter, d, will reduce the total inductance logarithmically (a proportionally small de-
gree only).

e

Figure 9.9 Current flow in a conductor—skin
effect. (Source: Oren Hartal. Electromagneti
Compatibility hy Design © 1994, Reprinted by
permission of R&B Enterprises. Skin etfect region
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Rectangular straps and multilayer power planes have a smaller inductance per unit
length than that of round wire. The reason for this difference is that a flat strap (and ex-
tending this to a ground plane) has a larger perimeter than a round wire with the same
cross-sectional area. Inductance of a ground strap is calculated as

2s W )
L =02 S([H — + 05 +02 :) (9.8)

LW S

where L. = inductance of the ground strap (nH)
s =strap length (m)
w = strap width (m) [must be larger than the thickness by a factor of 10 or more].

When s/ > 4 (length-to-width ratio). Eq. (9.8) can be approximated by

2s
L=02sin - (9.9)

w
Equation (9.9) shows that a strap has lower inductance than a round wire and is
more useful as a method of providing a low-impedance ground connection at high fre-
quencies. Extending this analysis to a solid plane internal to a PCB, we find that the plane
has an impedance that is extremely small compared to a4 wire or strap except for the per-
turbations to the planes caused by annular anti-pads around vias. This is the primary rea-
son why ground planes work as well as they do at high frequencies while minimizing

common-impedance coupling.

9.7.2 Avoiding a Commoen-impedance Path

Tu reduce common-impedance ground coupling, care must be taken to identify all
return paths. This 1s best achieved when all reference connections from different system
circuits follow a dedicated and separate path to a single-point ground connection.

Figure 9.10 illustrates a star contiguration for providing power and ground to vari-
ous subsystems. This implementation technique requires additional wiring and intercon-
nect hardware. not to niention cost.

To help implement an improved method of common impedance grounding, func-
tional circuits must be separated by the power distribution network for each area in addi-

Anaiog Digital Control

e
/ Signal flow path

must follow

. ground path.

Power supply

Figure 910 Scparaton o grounds to avord

conunon-mmpedanee coupling. (Source: Oren
Havtal, Flecrromaenctc Companbilie: by De

i segre oo 199 Reprinted by permission of R&RB
AC In Ground Fraterprises s
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tion to the OV reference required by logic circuitry. What this means is that we segregate
circuits by logical function. Logical function includes the following list and does not in-
clude special circuitry that may be required or used, application dependent {4].

Digital
Analog
Audio

Video

I/O

Control logic

Power supply

By separating noise-generating circuitry to prevent common-impedance coupling, in-
creased noise immunity occurs, Each area must be connected by itself to the main OV ref-
erence (as shown in Fig. 9.10), usually a safety wire ground connection.

As observed, preventing common-impedance coupling is best implemented with
single-point grounding, which realistically may not be an option during the design cycle.
As examined in the next section, single-point grounding is best when the signal within the
circuit is | MHz or less containing low-frequency Fourier spectra, while multipoint is pre-
ferred for higher frequency signals.

What happens when a product must be multipoint grounded and when common-
impedance coupling is to be avoided? For Fig. 9.11, a system must operate in a low-

External cabie interconnect

HS
\E—————( b:
L
(T
W Ground reference plane V
i . 4

Low-frequency ground-noise current  Single-point ground

External cable interconnect

==

Ground reference plane /

s
~
High-frequency ground-noise current

Figure 9.11  Single-point grounding tor low trequencies and multipoint for higher
frequencies.
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frequency environment that requires single-point grounding. An I/O interconnect has Device 1 Device 2
high-frequency noise on the cable shield as a result of exposure to externally induced
high-energy radiated fields. This cable shicld must be single-point grounded if the fre- Haep Rpr i P Roz 2
quency of operation is less than 1 MHz. For higher frequency signals, both ends of the Voltage
cable shield must be connected to the OV reference plane. source

To solve this problem of attempting a single-point ground connection for low-
frequency circuits, a bypass capacitor must be optimally selected for the frequency range 4
of interest, and installed at the end of the cable shield, which is not DC connected to
ground. (Optimal selection of this capacitor was described in Chapter 5.) o nup Rge

Other methods of avoiding common-impedance coupling, in addition to using Figure 9.12 Common-impedance coupling in ~ 7
single-point grounding, are available. These are use of an isolation transformer, common- a power and ground structure. ’ T L
mode choke, optical isolator, or balanced circuitry. These options are examined later in
this chapter in the section “Ground Loops. Lo = E?‘i_ {MGE) ) 1] round conductor

2m d
9.8 CONTROLLING COMMON-IMPEDANCE COUPLING Lo _BS 4h round conductor over a plane (9.12)
IN POWER AND GROUND O trownd) = 5 ”( d) o
Lo _ BeoS {1,1(85\) — 1 I flat strap

When thete arc many circuits switching simultaneously, with widely different voltage and o 2m 1 e, |
current swings (logic family dependent) and all powered from the same power distribu- s e N
tion system, coupling of RF energy will probably occur between devices. The power dis- Lo gy = 00 /”("’.‘) flat strap over a plane
tribution system will always have a finite impedance by virtue of its existence. With an 2m "
impedance in the planes and with current being consumed by active logic devices, a volt-
age drop will occur. This voltage drop develops common-mode ground-noise voltage. where s = conductor length (meters)
(Ground-noise voltage is discussed in detail in Chapter 3.) Because a plane structure ex- w = width of the conductor (mm)
ists tor an entire PCB assembly, ground-noise volitage that is present on one section of the h = height above ground plane (cm)
board may be transmitted to other sections. causing both signal quality and EMC prob- d = diameter of conductor (mm)
lems. L = inductance (henry)

Figure 9.12 illustrates the concept ot common-impedance coupling in the power u,=d4mx 107

and ground planes. The noise on Device 17s ground reference is described by
» Inductance increases with the length of the conductor and decreases with width.
With this increase. it becomes important to keep the length of the conductor as short as
possible. Also. the wider the trace. the lower the impedance.

The best way to minimize common-impedance coupling within a power distribution
system is to provide scparate power and ground sources to specific switching devices.

"’n(»m'l :(l! +lz)(R/)l +Ru| +Z) (Q]O)

H Device 2 consumes more current than device [. with output impedance of the
source negligible, we can determine the total amount of ground-noise voltage impressed

across device 1. I device 1 is susceptible to disruption, serious concerns develop. This works well with single- and double-sided PCBs. When scparate powcer and ground
‘xm\\t\ :ll(Rpl +Ru}) (911)
When investigating a design to minimize common-impedance coupling within a TABLE 9.1 Inductance of Various Conductors at | MHz

power distribution system. one should take into account the impedance that is presented

Width Length Drametcr Heght Inductance Reactance
by that power distribution network. Depending on the design. the supplied voltage and re- Conductor Type ) i imm (em) (uHh €2
turn (ground) may be provided through use of round conductors or {lar straps. Equation - - . — T " 0

< N LT . . . ) . . | { 7
(9,02 dllustrates the amount of inductance that will exist for various configurations. Round ( .
- o . . . . . Round above a plane - | 1 1 37 :
Knowledge of this inductance for these configurations will help the designer under- Flat strap " | 12 5
stand why RI¥ noise created from one device causes harmful interference 1o another de- Flat strap above w planc 10 ! | 0.37 2

vice. Table 9.1 provides information on the inductance of these conductors operating at v o .
PMHL ) Sowrce: Oren Hartal, Flectromaynetic Comparibidiny by Destgn < 1994, Reprinted by permission of R&B Enterprises.
[ s ( -
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planes exist in a multilayer stackup, common-impedance coupling is minimized due to the
low impedance of the power distribution systern.

9.9 GROUND LOOPS

Ground loops are a primary source of RF noise. RF noise is effectively produced when the
physical distance between multipoint ground locations are significant (>1/20 of a wave-
length) and connection is made to the main reference ground, usually at AC or chassis poten-
tial. In addition, low-level analog circuits can also create ground loops. When a ground loop
occurs, it is necessary to isolate or prevent RF energy transference from one circuit corrupt-
ing other circuits. A ground loop consists of part signal path and part grounding structure.

Figure 9.13 illustrates what a ground loop looks like within a PCB that is mounted
in a chassis where V), represents common-mode ground loss within the PCB. / , repre-
sents the shunt of current V, through the chassis. Two separate ground locations are pro-
vided, one for each circuit. A difference in ground reference exists between the two cir-
cuits due to its finite impedance that occurs between the common reference trace.
Unwanted noise from one circuit may be injected into the other circuit. The magnitude of
the ground-noise voltage, compared to the signal level in the circuit, is of prime impor-
tance. If the signal-to-noise margin is affected, design techniques must be implemented to
ensure optimal circuit functionality. All components must have a reference point to deter-
mine where the OV circuit reference is located such that the voltage-level transition is ap-
propriate for the logic family used.

How does one avoid ground loops when a difference in OV reference exists? Two
primary design techniques may be used during the design and layout stages of the PCB.

®= Remove one of the grounds {convert to a single-point system)
® Isolate the two circuits using any of the following:
Transformer
Common-mode choke
Optic isolator. or
Balanced circuitry

Figure 9.14 illustrates the circuit of Fig. 9.13 with modifications to reduce / . The first
modification provides ground-loop isolation using a transformer. When using a trans-

Flux coupling

Signal trace
Source < T > Load
Ground plane image in PCB

Ground

standoff P @

Ground
standoff

] Ground loop
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Iem

v Chassis V)

/ﬁ Figure 943 Ground loop between two cir-

cuits,
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Optical isolation Balanced circuit isolation

Figure 9.14  Breaking up ground loops between two circuits. (Source. H. Ott. Noise Re-
duction Techniques in Electronics Systems © 1988, Reprinted by permis-
sion of John Wiley & Sons.)

former, ground-noise voltage will be observed only at the input terminals of the trans-
former. Any noise coupling that occurs is a result of parasitic capacitance between the
input and output windings of the transformer. To prevent parasitic capacitance, the use of
a shield may be provided between the primary and secondary windings. connected to the
main AC reference point or chassis ground. A disadvantage of using a transformer is
physical size, amount of PCB real estate required, and additional cost. In addition, if mul-
tiple signals are to travel between isolated areas. a transtormer is required for cach signal.

Common-mode chokes are also shown in Fig. 9.14 as another technique. The ad-
vantage of using common-mode chokes is to remove common-mode currents. If the 0V
reference between two components is not at the same reference level duc to a finite im-
pedance with the return path. the voltage drop observed will create common-mode noise.
A common-mode choke will pass the DC level of the signal while attenuating the high-
frequency AC component that is also present within the transmission linc. The common-
mode choke has no effect on the differential-mode signal of interest. It is the differential-
mode signal we want. not common-mode currents. Multiple windings may be wrapped
around the same core structure, increasing the density or number of signal lines that the
choke can handle.

Optical isolation is another technique used to prevent ground loops and minimize
/. An optical isolator breaks the transmission path completely. A continuous metallic
connection cannot occur between two circuits. This metallic connection is required for the
propagation of an electromagnetic field down a PCB trace or wire. These isolators are
best suited when a lurge voltage reference potential exists between circuits. Ground-noise
voltage appears across the input of the optical transmitter. These optical solators are best
suited for digital logic designs owing to the nonlinearity of the device when used with
analog circuitry.

Balanced circuits inctude using differential pairs to transmit a signal from source 10
load. By using difterential transmission paths, the currents in both lines are equal. This bal-
ance causes a rejection of common-mode currents that may be present within the network.
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Many differential-input components manufacturers provide a Common-Mode-Rejection-
Ratio (CMRR) number within their data sheets. CMRR is defined as the ratio of

common-mode voltage, V,,, applied to both
inputs required to generate output voltage, V,

differential voltage, V,,,, applied between
the inputs to generate output V,

CMRR identifies how much common-mode noise will be rejected from entering the
device. The better the balance between the differential pairs, the greater the amount of
common-mode rejection. At high frequencies, achieving a large CMRR value may be dif-
ficult to accomplish,

Common-Mode-Rejection-Ratio (CMRR) is mathematically defined as

om

CMRR = 20 log dB (V, = constant) (9.13)

dm

Using the circuit of Fig, 9.15, we can calculate CMRR as

_REZ-2z)

CMRR = —201
Olog ‘(zu SRz, + Ry P ©.149

One item to note in Fig. 9.15 is the location of the image plane and chassis plane.
The differential-mode transmission line system is referenced from the OV plane, not the
chassis plane. Any [, that is developed between source and load must flow in the OV
(ground) reference. This distinction must be noted when using differential-mode compo-
nents. The termination resistors, Z, and Z,, must be chosen with a tight tolerance value to
assure impedance matching between the two traces. If an impedance imbalance is present,
/., 1s increased. The development of /_ is described in Chapter 4.

When using Eq. (9.14), the tolerance rating of the resistors is the critical parameter
concerned, whereas the R, resistors are provided to match transmission line impedance to
ensure the functionality of the circuit.

When dealing with differential-mode circuits to minimize 7,

Image plane
Ground reference  Ground impedance  Ground current

SRR TN

R R R R AR -4—— Chassis plane

Figure .15 Circuit representing common-mode-rejection-ratio.
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1. The impedance control of the signal lies only in the image plane.

(3

Signal flux is bound to the internal image plane, not the chassis. The chassis is
too far away to be of any significant value.

3. The chassis plane only shorts out the common-mode loss that occurs across the
image plane.

9.10 RESONANCE IN MULTIPOINT GROUNDING

Problems that arise in PCBs using multipoint grounds are resonances that occur between
ground stitch locations and the AC reference or chassis plane. While the AC reference or
chassis plane may be at OV potential referenced to a particular ground structure, this AC
reference may be completely different from the OV reference of the digital or analog cir-
cuitry. This difference in refcrence levels is more apparent when high-frequency, high
edge rate signals are present.

Depending on the distance spacing between ground stitch locations, a resonance can
occur, depending also on spectral excitation. This resonance exists because parasitic ca-
pacitance and inductance are also present between the power and ground planes. in addi-
tion to capacitance and inductance induced by the mounting ground stitch standoff
mounting posts as shown in Fig. 9.16.

Figure 9.16 illustrates a PCB’s image plane secured to a metal mounting plate. In this
figure, we see that both capacitance and inductance are present. Capacitance exists between
the power and ground planes internal to the PCB. The planes themselves have a finite im-
pedance between ground stitch locations. Using Eq. (9.5). we can determine the self-
resonant frequency of the power and ground plane structure, which is difficult to do mathe-
matically. Use of a network analyzer will provide a quick way of determining the actual
self-resonant frequency between ground points. Multiple measurements are required since
the self-resonant frequency of the PCB is dependent on the inductance of the planes. based
on the distance spacing of the network analyzer and ground locations for the test probe. Ca-
pacitance will, however. remain fixed between the power and ground planes.

Since the PCB's power and ground plane structure is self-resonant at various fre-
quencies, the same analysis for self-resonance is applied 1o the metallic structure that is
used to secure the PCB. This metallic structure may be a chassis for a motherboard. a
mounting plate used in u cardeage with a backplanc. a shield partition between two
boards, or other application not identified herein. Again inductance will occur between
the mounting standoffs relative to the actual location of the PCB. Now that we have iden-
titied inductance. what about the capacitance?

Because there is a finite distance between the PCB and the metallic structure. capac-
itance and transfer impedance exist. For example. the PCB can be considered as the posi-
tive plate of a capacitor, at voltage potential. and the metal structure as the negative plate.
with air as the diclectric medium.

In addition 1o the overall inductance of the metallic material (which is extremely
small). and the parasitic capacitance between the PCB and mounting plate. the standofts
used to secure the board to the chassis (generally pemstuds) are extremely inductive, as
deseribed below. These mountings are sometimes the cause of EMI faiture.

The explanations of why the standolfs are inductive does not primarily have to do
with the standott itself, but with the metal serew used with the standoft. The screw con-
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Inductance in the power planes
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, [ Chassis ] ]

V.o is reduced by the mounting posts (ground stitch locations).
Resonance is thus controlled, along with enhanced RF suppression.

ELECTROMAGNETIC MODEL OF MULTIPOINT GROUNDING

Figure 9.16  Resonance in a multipoint ground 1o chassis.

tains inductance that may be several orders of magnitude greater than the inductance of
the PCB or parasitic tinductance of the overall assembly. The reasons why screws are in-
ductive is best illustrated in Fig. 9.17. It is difficult to model screw inductance because of
the large number of parameters that cause this inductance to exist. Some of these parame-
ters include material composition. the number of threads that makes contact with the
standoft. thread spacig, pich of the threads. plating material provided. compression
strength. and length of the screw from top to bottom.

A screw contains a helical thread. and the edge of the screw thread is the part that
mates with the standolt. We cannot guarantee that all threads will make 100% solid bond-
ing contact with the standoft. The standoft must be physically farger in diameter than the
serew diameter to allow the serew to be inserted. As a result, we will always have inci-
dental contuct berween some of the threads. not the entire length of the screw. This is ob-
served in Fig. 917, 7

A helical thread performs the same function as a helical antenna when o RF current
travels through the serew. This current is located on an extremely thin surfuce of the
helical thread because of skin effect. A voltage potential is developed between the hot-
tom and top of the serew. This voltage reterence difference exacerbates creation of RF
current.
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Screw

PCB

Vs Standoff

Figure 9.17  Problems grounding the PCB by
screws to a standotf,

v

In addition to the helical thread, a coating of plating material is provided on the
screw by its manufacturer. When metal-to-metal contact and rubbing occur between the
screw and stundoft. the plating can get scraped off, thus exposing the screw to the external
environment and pollution based on intended application. Galvanic corrosion can de-
velop, making the screw nonconductive (an insulator) in extreme conditions. If the in-
tended application is to allow a low-impedance, common-mode ground reference path,
one cannot exist if corrosion occurs. As such, a screw must be used only for compression
berween the PCB and metallic structure. and must not be relied upon to transfer RF cur-
rents to the OV reference or ground system. Large mounting pads provided on the bottom
of the PCB that overlaps the standoff walls help make the desired low-impedance ground
connection, not the screw. The mounting pads of the PCB must be secured against the
walls of the standoff. The standoff is usually installed in the chassis with a good bond
connection by the sheet metal fabricator. Thus, if a low-impedance path to ground is re-
quired for the PCB, this is done through the walls of the standoff, not the screw threads!

Digital circuits must be treated as high-frequency analog circuits. A good low-
inductive, OV reference return is necessary on any PCB containing many digital circuits.
The ground planes internal to the PCB (more so than the power plancs) generally provide
a lower inductive ground-image reference for the power supply and signal return currents.
This allows use of constant impedance transmission lines for signal interconnects. When
making a ground plane (0V reterence) to chassis plane connection, it is necessary to pro-
vide for high-frequency decoupling of RF currents.

These high-frequency RFE currents are created by the sclf-resonance of the power
and ground plane structure losses caused by via anti-pad holes and the switching noise
trom digital circuits. High-quality decoupling capacitors should be used at each and every
ground connection berween the power and ground plane. Optimal selection of decoupling
capacttors is detailed in Chapter 3.

9.11 FIELD TRANSFER COUPLING OF DAUGHTER
CARDS TO CARD CAGE

RF fields generated {rom a PCB (components, ground loops, interconnect cables, and the
like)y will couple to a metallic structure. As a result, RF eddy currents will develop in the
structure and will circulate within the unit creating a tield distribution. This tield distribu-

s EE——————
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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
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L,

a lumped load

Receptacle connector on backplane
Plug connector on PCB

;
N

Figure 9.18  Backplane interconnect impedance considerations.
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9.12 GROUNDING (/O CONNECTOR)

spectively. With solid bonding of logic ground to chassis ground. potentials from ground
loop L, are also minimized.

All routing layers must be internal (stripline) to the backplane. with both top and
bottom layers as solid AC chassis planes. With the outer layers an AC plane, direct chas-
sis connection from logic ground to chassis ground can easily be achieved using bypass
capacitors between the planes.

For products that are low-frequency and that may use single-point grounding, this section
is generally not applicable. For low-frequency products, low-impedance connection be-
tween logic ground and chassis ground not only can cause electromagnetic interference
but can also prevent proper functionality. This is especially true for audio circuits that are
devoid of digital processing. For a circuit at “low-frequency,” to the extent that it qualifies
for single-point grounding, the combination of signal levels, packaging techniques, and
all operating frequencies must be such that transfer currents to the case (or external sur-
faces) through distributive transfer impedance 1s insignificant in comparison to the opera-
tive signal levels or the desired EMC criteria.

For products using multipoint grounding, this section is applicable whenever an 1/O
interface is used. Most modular PCBs contain a mounting bracket. faceplate, bulkhead
Thumbscrew securement 1 " i i
_@/ connector, or securement means between control logic and the outside world. This secure-

ment may contain various 1/O connectors, or it may be a blank panel (e.g., EISA/ISA/PCI
/ Faceplate or mounting bracket* adapter bracket). This bracket must be RF bonded by a low-impedance metal path directly

/— Multipoint grounding
@)

®)

to chassis ground. This bracket grounding may also be bonded to logic ground for func-
BNC connector tionality reasons.

‘/ (Totally isolated from system ground if required) Multiple ground connections must be provided from the ground planes of the PCB
:[B to the 1/O bracket. Multiple ground points in the appropriate locations redirect RF ground
loops between grounding locations on the bracket, distributive transfers to the case. and
D-Sub connector housing to ground the opposite end of the PCB. The better the grounding, the more sourcing of RF currents
/ to chassis ground. Figure 9.19 shows how to properly ground a mounting bracket to both
chassis and logic ground. All IO areas are isolated from control logic by a moat, which is

also commonly identified as a partition cut. split plane, gap, or isolated area.
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RJ-45 connector

2 / {plastic-floating, shielded-grounded) REFERENCES

| [1}] Montrose. M. 1996. Printed Circuit Board Design Technigues for EMC Compli-
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P AUl sonnector housing to ground 21 Coombs. C. F. 1996. Printed Circuirs Handbook. New York: McGraw-Hill
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Cr : ) 71 Vi n. T 1995, Circuit Bourd Lavout to Reduce Electromagnetic Emission
he mounting bracket is bonded (grounded) to the PCB as indicated in multiple locations. 171 Van Doren. T 1 Cir oard Layour 1o Reduce Electromagneric sion and

The faceplate is also secured to the main chassis ground via thumbscrews or by other means. Susceptibility. Seminar notes.
Note the location of the ground points on the board to minimize ground loops. 8] William M. King. United States Patent #4.145,674.

DLF refers to Data Line Filter.

Figure 9.19  Multipoint prounding of /O faceplate or bracket




Glossary

ELECTROMAGNETIC COMPATIBILITY

Note: Some of these definitions are defined within a particular chapter and repeated for
quick reference herein,

Attenuation A reduction in energy measured in units of decibels (dBs).

Bonding Making a low-impedance electrical connection between two metallic surfaces.

Circuit  Multiple devices with a source impedance, load impedance. and interconnects.
For digital circuits. multiple sources and loads may be part of one circuit where all de-
vices are referenced to the same point. or may use 4 common signal return conductor.
Circuits usually originate in one location and terminate in another.

Circnit referencing  The process of providing a common 0V reference voltage for mul-
tiple circuits to allow communication between the two. Circuit referencing is the most
important reason for providing a ground reference. This reference point is not intended
to carry functional current.

Common-mode  Signals identical in amplitude and phase at both inputs of u device: the
potential or voltage that exists between neutral and ground.

Common-mode current The component of a signal current that creates electric and
magnetic ficlds that do not cancel each other. For example, & circuit with one signal
conductor and one ground conductor will have common-mode current as the summi-
tion of the total signal current flowing in the same direction on both conductors. Com-
mon-mode currents are the primary source of EML

Common-mode interference  The interference that appears between signal leads or ter-
minals of a circuit referenced to ground.

Common-mode rejection ratio  'The ratio of common-mode interference voltage at the
mput ol a device w the corresponding interterence volrage at the output of the same

279

» - .



e i s

280 Glossary
component. The higher the ratio. the better the performance. This ratio describes the ca-
pability of the device to reject the effects of a voltage applicd simultaneously to both
inputs.

Conducted emissions The component of RF energy that is transmitted through a
medium as a propagating wave, generally through a wire or interconnect cable. LCI
(Line Conducted Interference) refers to RF energy in a power cord or AC mains input
cable. Conducted signals do not propagatc as fields but propagate as conducted waves.

Conducted immunity The relative ability of a product to withstand electromagnetic en-
ergy that penetrates it through external cables, power cords, and I/O interconnects.

Conducted susceptibility EMI that couples from outside of the equipment to the inside
through [fQ interconnect cables. power lines, or signal cables.

Containment Preventing RF energy from leaving an enclosure. generally by shielding
a product within a metal box (Faraday cage or Gaussian structure). or by using a plastic
housing with RF conductive paint. By reciprocity. we can also speak of containment as
preventing RF energy from entering the unit.

Decibel Logarithm of a ratio imeasurement. The basic unit for measuring the power or
strength of a signal. Increases or reductions of 6 dB doubles or halves of the power
level within the circuit.

Earthing (British term) The connection of the safety ground wire 10 earth at the ser-
vice entrance of a building.

Electromagnetic compatibility The capability of electrical and electronic systems.
equipment, and devices to operate in their intended electromagnetic environment
within a defined margin of safety. and at design levels or performance. without suffer-
ing or causing unacceptable degradation as a result of clectromagnetic interference.

Electromagnetic interference The lack of EMC. since the essence of interference is
the lack ot compatibility. EMI is the process by which disruptive electromagnetic en-
ergy is transmitted from once electronic device to another via radiated or conducted
paths tor both). In common usage. the werm refers particularly to RF signals. but EMI
can oceur in the frequency range from “DC o daylight.”

Electrostatic discharge A transter of electric charge between bodies of different elec-
trostatic potentials in proximity to each other or through direct contact. This cvent is
observed as a high-voltage pulse that may cause damage or loss of functionality (o sus-
ceptible circuits. Although lighting qualifies as a high-voltage pulse. the term ESD is
generally applied to events of lesser amperage and more specifically 1o events that are
triggered by human beings. However, for the purposes of discussion. lightning is in-
cluded n the ESD category because the protection techniques are very similar. though
differing m magnitude.

EMI filter A circuit or device containing components that provide a low-impedance
path for high-frequency REF energy to be removed. The filter may also be used (o pro-
tect a particular circuit from electromagnetic tield disturbance.

Equipotential ground plane A\ piece of metal used as a common connection point for
power and signal referencing. This plane may not be at equipotential fevels for RFE fre-
quencies due toits electrically lurge size.

Faraday shield A term referring to conductive shielding used to contain or control an
clectric field. This shicld may be ocated between the primary and secondary windings
ol a transformer or may completely surround a circuil tor systenn 1o provide clectrosta-
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tic shiclding. No ground is necessary. (Note: A Faraday shield is in reality a Gaussian
structure. Gauss's law describes the functional purpose of this shield, while Faraday’s
law describes the creation of electric fields from time-varying magnetic fields. Faraday
was the first person to validate or prove the validity of Gauss’s law; hence his name is
attributed to this function of shielding.)

Ferrite components Powered magnetic (permeable) material in vanious shapes used to
absorb conducted interference on wires, cables and harnesses. Acting as a lossy resis-
tance and increased self-inductance, ferrites convert an EMI magnetic-flux density field
into heat (an exothermic process). One benefit of this, in contrast to filters that perform
by reflecting EMI in their stopbands, is that ferrites do not reflect EMI. which other-
wise could enhance radiation and disturb other victim components or circuits.

Ferrite material A combination of metal oxides sintered into a particular ceramic
shape with iron as the main ingredient. Ferrites provide two key features: (1) high mag-
netic permeability that concentrates and reinforces a magnetic field. and (2) high elec-
trical resistivity that limits the amount of electric current flow. Ferrites exhibit low en-
ergy losses, are efficient. and function at high frequencies (1 MHz to | GHz).

Filter A device that blocks the flow of RF current, for example, 50/60/400 Hz, while
passing a desired frequency. For communication or higher frequency circuits, a filter
suppresses unwanted frequencies and noise, or separates channels from each other.

Ground loop A circuit that includes a conducting element (plane, trace, wire) assumed
to be at ground potential where return currents pass through. At least one ground loop
will exist in a circuit. Although a ground loop is acceptable, the severity of the problem
of currents flowing through the loop depends on the unwanted signals that may be pre-
sent which can cause system malfunction.

Ground stitch location  The process of making a solid ground connection from a PCB
to a metallic structure for the purposes of providing systemwide zround referencing. re-
gardless of which grounding methodology used.

Grounding A generic term with as many definitions as there are engineers. This word
must be preceded by an adjective.

Grounding methodology A chosen method tor directing return currents in an optimal
manner appropriate for the intended application.

Holy ground Sometimes referred to as the actual location used. See also Single-point
ground.

Hybrid ground A grounding methodology that combines single-point and multipoint
erounding simultaneously. depending on the functionality of the circuit and the fre-
guencies present.

Immunity A relative measure of a device or system’s ability to withstand EMI expo-
sure while maintaining a predefined performance level.

Insertion loss  The ratio between the power received at o toad before und after the inser-
tion of the filter at a given requency, or how much loss a filter provides for its intended
function.

Multipoint ground A method of referencing different circuits together 10 a4 common
equipotential or reference point. Connection may he made by any means possible in as
many locations as required.

Parasitic capacitance The capacitive leakage across a component (resistor. inductor,
filter. wolation transformer. optical isolator. efe) that adversely affects high-trequency
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performance. Parasitic capacitance is also observed between active components (or a
PCB) and the sheet metal mounting plate or enclosure.

Permeability The extent to which a material can be magnetized; often expressed as the
parameter relating magnetic-flux density induced by an applied magnetic-field.

Radiated emissions The component of RF energy that is transmitted through a medium
as an electromagnetic field. RF energy is usually transmitted through free space, how-
ever, other modes of field transmission may occur.

Radiated immunity The relative ability of a product to withstand electromagnetic en-
ergy that arrives via free-space propagation.

Radiated susceptibility Undesired EMI radiating through free space into equipment
from externally induced electromagnetic sources.

Radio frequency A frequency range containing coherent electromagnetic radiation of
energy useful for communication purposes; roughly the range from 10 kHz ta 100
GHz. This energy may be transmitted as a byproduct of an electronic device’s opera-
tion. RF is transmitted through two basic modes: radiated and conductive.

Referencing The process of making an electrical connection, or bond, between two cir-
cuits, allowing the OV reference from both circuits to be identical.

RF ground Providing a ground reference point using a specific methodology in order to
allow a product to comply with both emissions and immunity requirements; radiated or
conducted.

Safety ground The process of providing a return path to earth ground to prevent the
hazard of electric shock through proper connection and routing of a permanent, contin-
uous, low-impedance, adequate fault capacity conductor that runs from a power source
to a load.

Shield ground Providing a OV reference or electromagnetic shield for both interconnect
cables or main chassis housing.

Single-point ground A method of referencing many circuits together at a single loca-
tion to allow communication between different points. All signals will thus be refer-
enced to the same location.

Suppression  The process ot reducing or eliminating RF energy that exists without rely-
ing on a secondary method. such as a metal housing or chassis.

Susceptibility A relative meusure of a device or system’s propensity to be disrupted or
damaged by EMI exposure. It 1s the lack of immunity.

SIGNAL INTEGRITY TERMS*

AC impedance The combination of resistance. capacitive reactance. and inductive re-
actance scen by AC or time-varying voltage.

Alternating current (AC) A current that varies with time. This label is commonly ap-
plied to a power source that switches polarity many times per sccond. such as the

"Glossary - Signal hitegrity Terms provided by 1CP-214E Conrotled Impedance Clrenn Boards and
High Speed Logie Desien and TPC-D-3VTAL Desion Guidelines for Flectronie Pa kaging Ulizine Hivh-Specd
Fechuiques < Reprinted by permussion of the Institute for Interconnecting and Packagine Electronic Circuits
apCy

Glossary

e —————————————

283

power supplied by utility companies. It may take a sinusoidal shape but could be a
square or triangular wave shape.

Amplitude The height or magnitude of a signal measured with respect to a reference,
such as signal ground.

Attenuation Reduction in the amplitude of a signal due to losses in the media through
which it is transmitted.

Backporching A term used to describe the reflections that follow a fast rise or fall time
signal traveling down a long transmission line that has not been properly terminated.
Looks like a stair-step function.

Backward crosstalk  Noise injected into a quiet line placed next to an active line as
seen at the end of the quiet line at the signal source.

Busbar A large copper or brass bar used to carry high power supply current onto a PCB
or backplane.

Capacitance A measure of the ability of two adjacent conductors separated by an insu-
lator (a dielectric material) hold a charge when a voltage is impressed between them.
Measured in farads.

Characteristic impedance The impedance of a parallel conductive structure 1o the tflow
of AC current. Usually applied to transmission lines in PCBs and cables carrying high-
speed signals. Normally a constant value over a wide range of {requencies.

Coaxial A term used to describe conductors that are concentric about a central axis.
Takes the form of a central wire surrounded by a conductor tube that serves as a shield
and ground. May have a dielectric other than air between the conductors.

Crossover Intersection of two conductors separated by insulation.

Current Electrons traveling in a conductor as the result of a voltage difference between
two points,

Decoupling Preventing noise pulses injected in the power supply lines by switching
(digital) logic, trom disturbing other logic on the same power supply circuit by provid-
ing a tocalized point source of charge. Usually done with capacitors.

Dielectric constant  See Permittivity.

Differential pair Parallel routed signals exhibiting a mutual impedance between both
lines, typically 50 to 100 ohms.

Direct current (DC) A current produced by a voltage source that does not vary with
time. Nornwlly provided by power supplics to electronic cireuits.

Edge rate The rate of change in voitage with time ot u logic signal transition. Usually
expressed in volts per nanosecond.

Edge transition attenuation The loss in sharpness of a switching edge caused by ab-
sorption of the highest frequency component of the transmission line.

Effective relative permittivity (¢,") The relative permuttivity that is experienced by an
clectrical signal transmitted through o conducted path.

Flat conductor A rectangular conductor that is wider than 1015 high. Usuaally refers to
signal conductors or traces in a PUB.

Forward crosstalk  Noise induced into a quiet line placed next to an active line as seen
at the end of the quict line farthest from the signal source.

Ground A term used to describe the terminal of a voltage source that serves as a mea-
surement reference for all voltages in the svstem. Often. the negative terminal of the
power source. but sometimes the positive terminal.
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Impedance The resistance to the flow of current represented by an electrical network.
May be resistive, reactive, or both.

Inductance The property of a conductor that aliows it to store energy in a magnetic
field induced by a current flowing through it. Units of measure—henry,

Line coupling Coupling between two transmission lines caused by mutual inductance
and capacitance between them.

Load capacitance The capacitance seen by the output of a logic circuit or other signal
source. Usually the sum of the distributed line capacitance and input capacitance of all
load circuits.

Logic A general term used to describe functional circuits that perform computational
tunctions.

Noise budget/noise margin  The allowance for a change in the system’s DC and/or AC
voltage which allows a device to operate within specific limits. There are two primary
components of the noise budgets: The DC power supply of each integrated circuit, and
the logic signal AC noise budget.

Overshoot  The etfect of an excessive voltage level above the power rail, or below
ground reference as observed at a component or device.

Permeability A general term used to express various relationships between magnetic
induction and a magnetizing force.

Permittivity (dielectric constant, £,) The ratio of the permittivity of the material to
that of free space. This term is preferred to the term dielectric constant. Permittivity
Is not constant but varies with several parameters. including electrical frequency at
which thc measurement is made. temperature. and extent of water absorption in the
material.

Power distribution  The DC und AC characteristics for defining power distribution may
be grouped into two major categories: conductive losses (DC) and dielectric (AC).

DC power distribution Encompasses the output from the power supply to the
input of a device.

AC power distribution Divided into three contributing clements of impedance
and considered as a power distribution impedance network. These are

(1) Switching transient impedance  The impedance between the decoupling ca-
pacitor and a device. This element is also referred to as ground or power
bounce. It is the highest frequency component of the circuit.

(2) Impedance duc to the charging of bulk IC decoupling capacitors  The current
m this impedance is at a lower trequency and higher amplitude than the current
in the first element. This voltage drop will be less than the switching transient
impedance. This lower voltage drop is due to a lower impedance resulting
from a lower frequency of operation.

(3) Decoupling capacitor impedance  Created when the decoupling capacitors
supply current to the ICs. Decoupling must provide sufficient current for the
devices. This includes high peak current requirements during device switching.
The PCB power system must provide this current without lowering the supply
voltage betow the required minimum device level.

Power/ground bounce  Simultancous switched outputs may he inductively coupled be-
tween the power and ground reference. This coupling delay may cause an edge rate
trunsttion whange rise and fall tmesy. Without an accurate model of the power and
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ground structure, which includes package models. accurate simulation is difficult. Pro-
vision for low-inductance connections using wider conductors helps to reduce induc-
tive effects.

Propagation delay The time required for a signal to travel through a transmission line, or
the time required for a logic device to pertorm its desired function from input to output,
Pulse A logic signal that switches from one state to the other and back in a short period
of time and remuins in one state most of the time. Generally used as a clock for logic

devices.

Reflections  Energy trom a high-speed signal edge that is sent back toward the source as
a result of encountering a change in impedance in the transmission line on which it is
traveling.

Relative permittivity The amount of energy stored in a dielectric insulator per unit
electric field. and hence a measure of the capacitance between a pair of conductors in
the vicinity of the dielectric insulator. as compared to the capacitance of the same con-
ductor pair in & vacuum.

Ringback The effect of the rising edge of a logic transition meeting or exceeding logic
requirements. then recrossing the threshold before settling. Can be caused by a mis-
match of logic drivers and reccivers. poor termination techniques. and impedance mis-
match of the net to the devices.

Ringing The effect within a transmission line that contains overshoot (going past the
maximum voltage level of the circuit and below the low-voltage reference level) before
stabilizing to a guiescent level.

Rise time Time required for a logic signal to switch from a low state to its high state.
Commonly measured between the 10% and 90% voltage Tevels.

Signal line  Any conductor used to transmit a logic signal from one c¢ircuit o another.

Skew The effect of a signal being delayed with respect to another signal due to different
path lengths. or a delay during a transmission state that may cause timing errors in the
design. Skew can be affected by conductor impedance, differing conductor lengths.
power supply vartations. device tolerances. and load capacitance of inputs.

Stub A branch of the mamn line ol a signal net generally used to reach a load that is not
on the direct signal path.

Switching noise  When devices are switching, current is either drawn from or passed to
the power supply through the power/fground paths. When this current contains high-
frequency components, the self-inductance of the package leads and traces becomes
significant with respect to transients or switching. These transients are caused by the in-
ductance of the power/ground loop. The lavout must be designed to reduce this indue-
tance as much as possible.

Threshold  Threshold violations are caused when a rising pulse edge does not reach the
voltage threshold of the device input. Weuk drivers or poor terminations are often the
cause. although it can also he created by device drivers with a large rise time versus
pulse width tme.

Transmission line  Anv form of conductor used to carry o signal trom a source to a load.
The transmission time is usually long compared o the speed or rise time of the signals. so
that coupling. tmpedance. and terminators are important in preserving signal integrity.

Undershoot A condition in which the voltage level does not reach the desired ampli-
tude Yor both maximum and mimumum transition levels.
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The Decibel

In the field of engineering, a common unit of measurement or reference is required. This
often misunderstood unit, a logarithmic function, is the decibel (dB). This logarithmic
function is required because of the scaling range of units involved. Most ratios are dimen-
sionless. while some ratios are magnitudes expressed in dB (reference).

The basic unit of measurement is the logarithmic ratio of two products. Absolute
power. voltage, or current Jevels are expressed in dB by giving their value above or ref-
erenced to some bause quantity. The following describes power gain (P, > P)) or loss
(P. < P)inasystem.

/

. P“!”\
Power Gain.  dB = 10log{ | i

[h13
In many situations. reference must be made for voltage. current, field strength, and the

like instead of power. The tollowing describes formulas for voltage and current gain ra-
ttos. The unit dB 1s dimensionless.

! H a " V\BLHJ/R\ 1 ’ V«\Ln '\_‘ - le!
Voltage Gain:  dB — 10 log ( “mz/R ) = 10 Jog ( V(“ /} = 20 log ( v )

’ : R} s ’Im ‘

Current Gain:  dB = 10 log ( ”QE-R ) = 10 log ( [“”‘} = 20 log ( I‘ ‘)

n in i

A pattern follows for voltage and current. An exception is the common reference of
dB ubove or belovw one milliwatt. denoted as dBm. Radiated electromagnetic fields are de-
scribed in terms of tield intensity. These units are V/m (Volts per meter) for electric field
strength or A/m (Amperes per meter) tor magnetic field strength. The common units of
measurement for the following voltage and current field strength intensities ure



Appendix A ® The Decibel

1uwv/m = 0dBuvV/m
ImV/m = 0dBmV/m
IuA/m = 0dBuA/m
ImA/m = 0dBmA/m
ImW 0dBm (Note the pattern difference.)

fl

Most regulatory limits are described in pV/m. For example, 100 4V/m limit trans-
lates to 40 dBuV/m. The equations that describe this conversion are

V/m >

dBpV/m = 20 log ()W
pY/m 08 10 [pV/m,
A \

dBuA/m = 20 log m(g/m)
[A/m,

Conversions between units are easy. For example:

L uV=0dBuVv =-107 dBm For a 50 Q system
V(uV) =90 + 10log,((2) + P(dBm)  For a given impedance Z in ohms

Five commonly used variations exist for the decibel. An example of these vuriations
follows to present the concept of dBs using different units.

/ P
dBm = 10 log | -
dBuV = 20 log( 7)

dBpA

It
o
]
=}

G

dBuV/m = 20 log |

TpVolt/meter !

, v
iIBuA/m = 20 log :
dhpAm 08 (\ IpAmp/mcIer,)

dBV,/m/ 120 KHz = 20 log |

o } at a 120 kHz bandwidth

T Volt ' meter

Several pitfalls are related to use of the decibel, owing to the impedance of the system.
Not all systems have the same impedance: hence. difterent values will be obtained under
this situation.

m {dBm =10 log ¢ PI/OOOT walts)

8 | voltina S0-ohm system is equal to:

"1 volt?/50 ohms ,
dBm = 10 log e = 10log (20) — 13 dBm
00T wans ;
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® | volt in a 600-ohm system is cqual to;

1 volt?/600 oh :
VQ,,,/_J,E) = 10log (1.67) = 2 dBm

dBm = 10 log <m/70 001 watt

There is a common mistake most engineers make when performing decibel (loga-
rithmic) math. This is known as the 6 dB problem. We must ask ourselves, *When does 6
dB not equal 6 dB™? Examples of this mistake follow. If the reference level is doubled,
the logarithmic function increases by 6 dB. Three times the increase in the reference isa
9.5 dB increase.

= 1000 puVolts = 60 dBuV

® 1000 mVolts = 60 dBUV
2000 wVolts = 66 dBuUV

s 1000 wVolts = 60 dBuV
3000 tVolts = 69.5 dBuV
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These equations show that a periodic signal is a summation of sinusoidal signals of multi-
ple frequencies and amplitudes. Therefore, a periodic signal corresponds to a particular
frequency range. A Fourier transform converts time-based signals to frequency domain
energy. The Fourier transform is

Flw) = f F(t)e~dr

The Fourier envelope is used to quickly calculate the worst-case frequency spectrum en-
velope. For a given periedic square wave signal with a finite rise and fall time, the fre-

FO u ri e r A n a Iy S l S quency spectrum envelope is calculated as

Every periodic signal is represented in both the time and frequency domain. Conversion
between time and frequency domain is accomplished through use of Fourier analysis.

. . . . . where A = peak amplitude (volts or amperes)
Digital PCBs are always discussed in terms of operating frequency of the oscillator or T = gulse wigth (megsured at haff—maximum)
processor. Although this frequency value is important for the speed of operation, the edge T = pulse period
rate of the oscillator will determine the RF spectral distribution of energy created. The ¢ = rise time from 10-909% of the edge transition
mathematics licated, sults ) e . . ] ro = ; ..
¢matics are complicated, but the results are simple. Most periodic continuous wave y = fall time from 90—10% of the edge transition

forms in the time domain will be observed in the frequency domain.
The same signal can be observed on both an oscilloscope (time domain) and a spec-
trum analyzer (frequency domain).

Do . . o . If z, # tf, the smallest of the two should be used.
Periodic signals are represented by a series of sine and cosine functions.

The amplitude of the signal in the frequency domain, A,, is calculated using

. A, .
(i = 5t E(A“ cos (rw 1) + B, sin (hw 1)) A =24 T
! T

=

2

s where v, = = patural {i amental f ey . . . . A . . .
where Pl wural fundamental trequency where A is peak amplitude in the time domain. Corner frequencies. f, and f. are calcu-
K lated using the following. Duty cycle 6 is also shown.
¢ =1
(e i 1 ) 1 T+ T,
[ ok h=__ hLh=_- 8=
i 181 ™, T

~ o

2 ' Examining the corner frequencies, we note that the rising and falling edge of the pe-

! AT T l f(r)cos (nw fde riodic signal may not be the same and is often very different. With this situation, use of
' ; the faster of the two comer frequencies is required; this is generally the transition from
‘ high to low state.

The following figure illustrates a frequency spectrum representation of a periodic
waveform (trapezoidal) with both corner frequencies identified. The amplitude of the sig-

nal (frequency domain) falls off at =20 dB per decade up to corner frequency f,. Above /).

: T
5
¢ B = ; ‘ Fle) sin (naw nde
]
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the signal amplitude falls off at —~40 dB per decade. The spectrum amplitude beyond £, is
defined by

A= 24
S fwmuT
The current in the nth harmonic is

sin(awd) sin(nt /T)
nmd nwt /T

=2,

where / = peak-peak amplitude of the wave

d = duty cycle
¢, = rise time
T = period of the signal

n = harmonic number

The unit of /, is the same as /,; thus, the equation is dimensionless. For harmonic calcula-
tions, let’s assume the rise and fall time edges are the same. If the two edges are different,
the smaller of the two must be used for worst-case analysis. For a 50% duty cycle
(d = 0.5), the first harmonic (fundamental) contains an amplitude of /| = 0.64/ with only
odd harmonics present. This is for the case where the rise time (¢,) is much less than
period (T).

The following figure illustrates the envelope of harmonics for a symmetrical wave.
The amplitude of the harmonics decrease with frequency at =20 dB per decade rate up to
a frequency of 1/nt,. Beyond this point, the harmonics fall off at —40 dB per decade rate.
As the rise time increases (becomes slower), energy in the higher order harmonics de-
creases.

A

-20 dB/decade

P ac -~ —0V 3 >

-40 dB/decade

(iog) '
dBuV/MHz

f, p Frequency, MHz (logarithmetic)
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Note that changes in duty cycle and transition times will reduce the frequency spec-
trum envelope. As the frequency is doubled, the radiation increases by 6 dB if all parame-
ters remain the same. If the frequency is doubled, we must cut the rise time in hall o ac-
commodate this faster signal. This decrease in edge rate will increase the amplitude of the
signal by 12 dB.

In looking at the figure, for a 30% duty cycle, only odd harmonics are shown. For
small duty cycles, that is, when the period becomes significantly long compared to the
pulse duration, only a few harmonics within the envelope will reach the maximum level.
There harmonics are observed as EMI because of their large amplitude.

An illustration of the spectral profile envelope of a signal does not show phase or
polarity. At every muitiple of 1/1, there is a 180 degree reversal due to the fact that har-
monics follow a sine or cosine function of frequency. Measurement equipment, such as
spectrum analyzers, is insensitive to phase and will only display the absolute value.

When harmonics are spaced close to each other (many harmonics). they will not be
added together. When measurements are performed using a spectrum analyzer, we tune
the analyzer for a specific resolution bandwidth. Resolution bandwidth of a spectrum ana-
lyzer is the ability to display discrete frequency components within a specific trequency
span (beginning and ending frequency range). The noise that is displayed from a periodic
signal will appear as a narrowband signal. This means that the receiver will only see one
harmonic at a time within the selected resolution bandwidth.

The designer must strive to limit and control the noise spectra of digital signals.
Switching noise, typically in the MHz range. is a byproduct of digital electronics. This
switch noise will find its way outside of the intended environment and cause EMC prob-
lems. In reviewing the spectra of these pulses, some parametric behaviors are observed.
The spectrum is governed by amplitude (Af), which is in turn a fuaction of the pulse am-
plitude. A. Limiting the pulse amplitude has a direct effect on the RE noise created. A
slower edge transition time creates a smatler spectrum of RF energy. Wide pulses concen-
trate energy at lower frequencies than do narrow pulses.
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Power and Voltage/Current Ratios

Ratio VorlindB PindB
10 120 60
10° 100 50
10 80 40
10 60 30
10° 40 20
10 20 10
9 19.08 9.54
. 18.06 9.03
Conversion Tables i
6 15.56 7.78
5 13.98 6.99
4 12.04 6.02
3 9.54 4.7
2 6.020 3.01
| 0 0
107 -20 -10
107 ~40 =20
107 ~60 =30
Common Suffixes
Suffix refers to Voltage/Current
dB Power Ratio Ratio
dBm | milliwatt
JBW ! watt 120 10" 10°
dBuw 1 microwatt 100 101 10°
dBV I volt 80 1o* by
dBmV I miltivolt 60 ik 10°
dBuv I microvolt 40 10 10°
dBV/m 1 volt per meter 30 1 32
dBuV/m I microvolt per meter 20 10° 10
dBA I amp 10 10.0 32
dBua ! microamp 6 4.0 20
dBpA/m ! microamp per meter 3 2.0 I3
0 1.0 1.0
-3 (.50 0.71
-6 .25 0.50
—10 0.10 0,32
=20 167 0.10
-30 10 0.03
~30 10 10 -
~60 o 107!
-80 1™ 10
—100 IO 107

-120 - 10"

298
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Conversion of dBV, dBmV, dBpV versus dBm for Z = 5002
and dBpV
dBuV nv dBm Power Level
dBvV dBmV dBpV
=20 .1 -127 0.0002 pW
—-120 —-60 0 ~10 0.316 -117 0.002 pW
—100 —-40 20 0 1.0 -107 0.02 pW
-80 -20 40 s 1778 -1 0.063 pW
—60) 0 60 7 2.239 -100 0.1 pW
—40 20 80 10 3.162 -97 0.2 pW
=20 40 100 15 5.623 92 0.632 pW
qg ;18 120 20 10.0 -87 2.0 pW
2 140 30 0.03162 -77 0.02 pW
40 100 160 40 0.10 -67 0.2 pW
60 120 180 50 0.312 -57 20pW
60 1.0 -47 20.0 pW
70 3.162 -37 0.2 uw
80 10.0 =27 20uwW
90 31.62 -17 20.0 uW
100 100.0 -7 2000.0 uW
Conversion of Volt/m to mW/cm’ for Linear and dB Scales 120 LoV +13 20mW
Vim dBpV/m mW/cem? dBmW/cm?
100X 107 0 2.67x 1010 ~155.8
L0008 20 267107 -135.8
Loox 10+ 40 2.67x 107" -115.8
FOO0x 107 60 267x 1071 -95.8
100 % 107 30 2.67 x 107" -75.8 Frequency—Wavelength—Skin Depth
100 % 107! 100 267 %107 -55.8 -
1.00 120 2.67x 107 -35.8 Frequency A A2m Skin Depth
1.00 < 10 140 267 x 10 -15.8
1.00 < 107" 160 2.67 42 10 Hz 30,000 km 4,800 km 820 mil
100 < 107} 180 267 242 60 Hz 5,000 km 800 km 340 mil
OO 10" 6 1.06 107" ~149.7 100 Hz 3,000 km 480 km 260 mil
2000 [0 12 124 % 107" —143.7 400 Hz 750 km 120 km 130 mil
GO0 10T 15 9.55 % 107" ~140.2 1 kHz 300 km 48 km 82 mil
L0000 18 170 = 107" 1377 10 kHz 30 km 4.8 km 26 mil
100 kHz 3 km 480 m 8.2 mil
1 MHz 300m 48 m 2.6 mil
10 MHz 30m 48 m 0.8 mil
100 MHz im 0.48 m 0.3 mil
1 GHz 30 cem 4.8 ¢cm 0.08 mil
10 GHz Acm 4.8 mm 0.03 mil
A = wavelength

A21 = near field to far field distance conversion
distance: metric (metersi

T
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BRIEF SUMMARY OF INTERNATIONAL EMC REQUIREMENTS
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Basic Standards

General information about what is being measured and the test techniques. Prepared
by the IEC (International Electrotechnical Commission) which oversees the work of
CISPR (Comité International Spécial des Perturbations Radioélectriques, a.k.a. Interna-
tional Special Committee on Radio Interference). CISPR is responsible for establishing
emissions limits, susceptibility levels. and test procedures.

Generic Standards

For use in specific environments (such as residential, commercial, light industrial,
or heavy industrial) generic standards apply to all products or product families for which
no dedicated or specific EMC standard exists. These standards are approved by CEN-
ELEC (Comité Européen de Normalisation Electrotechnique, or European Standardiza-
tion Committee for Electrical Products), or ETSI (European Telecommunications Stan-
dards Institute) and submitted for publication in the Official Journal of the European
Union (OJ) after adoption by the European Parliament. The standards submitted for publi-
cation are based on the work of the IEC and CISPR.
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Product/Product Family Standards

For specific products or product families (such as Information Technology Equip-
ment—ITE). Where a specific product family standard exists, it takes precedence over
generic standards. Prepared by IEC, CENELEC, or CISPR.

Note: Test requirements are subject to change at the discretion of various regula-
tory agencies. The reader is urged to verify the applicable and current requirements that
are in force at the time of product design and release.

Generic Standards (Sample List)

EN 50081-1 Electromagnetic compatibility-—Generic emission standard
Part 1: Residential, commercial, and light industry.

EN 50081-2 Electromagnetic compatibility—Generic emissions standard
Part 2: Industrial environment.

EN 50082-1 Electromagnetic compatibility—Generic immunity standard
Part 1: Residential, commercial, and light industry.

EN 50082-2 Electromagnetic compatibility—Generic immunity standard
Part 2: Industrial environment.

Note: Due to constantly changing requirements, adoption, and publication of stan-
dards by the European Parliament, the issue date is not provided for all standard.

Product / Product Family Standards (Sample list)

EN 55011 Limits and methods of measurements of radio disturbance charac-
teristics of industrial, scientific, and medical (ISM) radio-frequency
equipment (CISPR 11).

EN 55013 Limits and methods of measurements of radio disturbance char-
acteristics of broadcast receivers and associated equipment
(CISPR 13).

EN 55014 Limits and methods of measurements of radio disturbance charac-

teristics of household electrical appliances, portable tools, and sim-
ilar electrical apparatus (CISPR 14).

EN 55020 Limits and methods of measurements of radio disturbance char-
acteristics of broadcast receivers and associated equipment
(CISPR 20).

EN 55022 Limits and methods of measurements of radio disturbance charac-

teristics of Information Technology Equipment (CISPR 22).
EN61000-3-2 Mains harmonics.
EN61000-3-3  Mains flicker.

Note: The date of adoption or release is not listed. These standards have had
amendments incorporated or have been reissued several times. Each action changes the
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effective date of issue. When use of these standards is required for compliance purposes,
one should refer to the latest edition or release date that is appropriate for the product.
Amendments may or may not be applicable to the product being certified at date of test.

DEFINITION OF CLASSIFICATION LEVELS—EMISSIONS

In North America (the United States and Canada) the Same
Definition Exists

A digital device that is marketed for use in a commercial, industrial, or
business environment, exclusive of a device which is marketed for use
by the general public or is intended to be used in the home.

Products are self-verified for compliance.

A digital device that is marketed for use in a residential environment, notwith-
standing its use in commercial, business, and industrial environments.
Products require certification from the Federal Communications Com-
mission (FCC). Canada accepts FCC Certification.

International Definition, Defined Within EN 55022
and CISPR-22

Equipment is information technology equipment which satisfies the
Class A interference limits but does not satisfy the Class B limits. In
some countries, such equipment may be subjected to restrictions on its
sale and/or use.

Note: The limits for Class A equipment are derived for typical com-
mercial establishments for which a 30 m protection distance is used.
The class A limits may be too liberal for domestic establishments and
some residential areas.

Equipment is information technology equipment which satisties the Class
B interference limits. Such equipment should not be subjected to restric-
tions on its sale and is generally not subject to restrictions on its use.

Note:  The limits for Class B equipment are derived for typical domes-
tic establishments for which a 10 m protection distance is used.

Appendix D ® International EMC Requirements

FCC/ INDUSTRY CANADA EMISSION LIMITS

For FCC and Industry Canada, the frequ

ency range to be measured is based on the highest

fundamental internally generated clock frequency per the following list.

Less than 1.705 MHz

From 1.705 MHz to 108 MHz
108 MHz to 500 MHz

500 MHz to 1 GHz

Above 1 GHz

Test to 30 MHz
Testto 1 GHz
Testto 2 GHz
Testto 5 GHz

Test to 5th harmonic or to 40 GHz. whichever is
lower

FCC/DOC Class A Radiated Emission Limits

Frequency Distance Quasi-Peak Limit
{MHz) (meters) (dBpV/m)

301088 10 39.0

8810216 10 435

216 to 960 10 46.5

Above 960 10 495

FCC/DOC Class A Conducted
Emission Limits

Frequency

Quasi-Peak 1imit

0.45 10 1.705 MHz
1.705 to 30.0 MHz

60.0 dBuVv
69.5 dBuV
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FCC/DOC Class B Radiated Emission Limits

Frequency Distance Quasi-Peak Limit
(MHz) (meters) (dBrV/m)
301t 88 3 40.0
8810216 3 435
216 t0 Y60 3 46.0
Above 960 3 54.0
FCC/DOC Class B Conducted
Emission Limits
Frequency Quasi-Peak Limit
0.45 0 30.0 MHz 48.0 dBuvV
Summary List—FCC and DOC
FCC/DOC Limits
Frequency A Limit B Limit
0.45-1.705 60 dBuV™ 48 dBuV*
70530 MHz 69.5 dBuV* 48 dBuV*

30-88 M2
K&8-216 MHz
216960 MHz
960 Mz

3O dBpY @ 1om

435 dBuvV @ 10m
46.5 dBuV @ 0m
495 dBUV @ 10m

40 dBpV @ I m
435dBuvV @ 3m
46 dBuvV @ 3m
54 dBuV @ 3Im

“This s the narrowbuand fimit

o the broadband hmitis (3 dB higher.
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INTERNATIONAL EMISSION LIMITS SUMMARY—SAMPLE LIST

Class B Limits for Light Industrial Equipment and Primarily Residential Areas

Frequency Range, MHz
0.15 -0.5 -5 30 230 1000
SPECIFICATION dBuv dBuv dBpv dBUV/m dBuV/m Notes
QP (D) AVG (1) QP AVG QP AVG QP (D QP
EN 50081-1 66-56 56-46 56 46 60 50 30 37 @ 10 m, B limit
EN 55011* 6656 5646 56 46 60 50 30 37 @ 10 m, B limit
EN 55013 (2) 66-56 56-46 56 46 60 50 45-55(3) — dBpW, Absorbing
Clamp (3)
EN 55014 66-56 56-46 56 46 60 50 45-551(3) — dBpW, Absorbing
Clamp (3)
EN 55020 66-56 56-46 56 46 60 50 45-55 (3 — @ 1Om
EN 55022 66-56 56-46 56 46 60 50 30 37 @ t0m
Class A Limits for Industrial Areas
EN 50081-2 79 66 73 60 73 60 30 37 @ 30 m, A limit
EN 5501 1* 79 66 73 60 73 60 30 37 @ 30 m. A limit

EN 55022 79 66 79 66 73 60 30740 37/47 @ 30 m/@ 10 m

Notes: (1) The dash between two numbers (e.g., 66-56) means the limit decreases with the logarithm of frequency.
(2) EN 55013 has other limits for emissions from receivers and televisions.
(3) Absorbing clamp measurement is for the frequency range of 30-300 MHz only.

*EN 55011 is for equipment covered under EN 50081-1 and EN S0081-2, and is the product standard for industrial, scien-
tific, and medical equipment Group 1. This standard defines limits for radiated and conducted emission. Detailed specifi-
cation limits for EN 55011 are shown in the next subsection for Group 2 products.

EN 55013 is for equipment covered under EN 50081-1, not intentionally generating RF from household electronics.

EN 55014 is for equipment covered under EN 50081-1, not intentionally generating RF such as brush motors and 50 Hz
speed controls. This is also the emission product standard for Household Appliance Equipment (HHA).

EN 55020 is for equipment covered under EN 50082-1 for immunity from radio interference from household electronics

EN 55022 is the emission requirement for products covered under both EN 50081-1 and EN 50081-2, which includes Infor-
mation Technology Equipment (ITE).
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Emissions—EN 55011 Industrial Scientific
and Medical (ISM) Equipment

For all other EN 55 XXX specifications, refer to the International Emissions Limits
f;lll?ll?l(ll'\l

Special Note:  Due to the unique specification limits for EN 55011, this section is
provided for completeness only.

Classification of ISM Equipment

Group | ISM—Group 1 contains all ISM equipment in which there is intentionally
generated and/or used conductively coupled radio frequency energy which is neces-
sary for the internal functioning of the equipment itself.

Group 2 [SM—Group 2 contains all ISM equipment in which radio frequency en-
ergy is intentionally generated and/or used in the form of electromagnetic radiation
for the treatment of material, and spark erosion equipment.

Line Conducted Emissions. Emissions levels less than Class A limits (Table IIA),
or as agreed with the competent body. The need for mains terminal disturbance voltage
limit for Class A equipment in situ is under consideration.

TABLE IIA  Mains Terminal Disturbance Limits for Class A Equipment Measured
on a Test Site

Class ... Equipment Limits dB(j. V)

][ Group 1 Group 2*
1
Frequency band (MHz) } Quasi-peak Average Quasi-peak Average
|
|
0.15-03.50 | 79 66 100 90
0505 : 7. 60 86 76
330 | 73 &) 90 80
Decreasing with Decreasing with
‘ logarithm of logarithm of
;’ frequency to 70 frequency to 60

“Mames rerminal disturbance voltage limits for Group 2 Class A equipment requiring currents greater than 100A are under
consideration,

TABLE HHB  Mains Terminal Disturbance Limits for Class B Equipment Measured
on a Test Site

Class B Equipment Limits dB(pV)

Groups 1 and 2

Fregquency Band (MHz) Quasi-peak I Average

06
Decreasing with logarithm

56
Decreasing with logarithm of
| of trequeney to 56 trequency to 46
! 56 46
IR [§10] 50

|

1

I

I

S [
S 080 i
|

(S0 =
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TABLE ITIA Radiated Emissions for Group 1 Equipment

309

Measured on a test site Measured in sifu
Group 1 Class A
Frequency Band Group 1 Class A Group 1 Class B limits with measuring
MHz 30 m measurement 10 m measurement distance 30 m from exterior
distance distance wall outside the building in
dB (uV/m) dB (nV/m) which the equipment is situated
dB(pV/m)
0.15-30 Under consideration Under consideration Under consideration
30-230 30 30 30
230-1000 37 37 37
TABLE IIIB Radiated Emissions Limit for Group 2 , Class A
Limits with Measuring Distance 30 m
From Exterior Wall Outside the On a Test
Building in Which the Equipment Site
Frequency Range (MHz) is Situated dB(u.V/m) dB(pV/m)
0.15-0.49 75 85
0.49-1.705 65 75
1.705-2.194 70 80
2.194-3.95 65 75
3.95-20 50 60
20-30 40 50
30-47 48 S8
47-68 30 40
68-80.872 43 S3
80.872-81.848 58 68
81.848-87 43 33
87-134.786 40 50
134.786-136.414 50 60
136.414-156 40 50
156-174 54 64
174-188.7 30 40
188.7-190.979 40 50
190.979-230 30 40
230400 40 50
400-470 43 3
470-1000 40 50
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SUMMARY OF CURRENT INTERNATIONAL

TABLEIIIC  Radiated Emissions Limit for Group 2, IMMUNITY REQUIREMENTS
Class B Equipment Measured
on a Test Site

Frequency Measurement International standards for susceptibility (immunity) are provided by the IEC 1000-4-X
aa}';d Distance 10 m series. This series describes the test and measurement methods for the Basic standards,
’ dB(p.V/m) which are specific to a particular type of EMI phenomenon. It is not limited to a specific
0.15-30 Under consideration type of product. Internal to this immunity series are the following.
30-80.872 30
3?.8;;—81.848 50 ® Terminology
135.7861?;‘2??4 28 ® Descriptions of the EMI phenomenon
136.414-230 30 ® Instrumentation
=30-1000 37 ® Measurement and test methods
® Ranges of severity levels with regard to the immunity of the equipment.

The International Electrotechnical Commission (IEC) 1000-4-X series is based
on the well-known IEC 801-X requirements. IEC requirements, when adopted by the
European Parliament, are reissued with a new number, the EN 61000-X series. Cur-
rently, immunity tests are mandated in Europe, but only recommended in North Amer-
ica, and are optional worldwide. Not all [EC 1000-4-X standards have been converted to
EN 61000-4-X standards. Minor differences exist between the IEC and EN series.

Note: Before starting any compliance test program, one should verify the need to
apply a specific test and whether the standard being used has been updated by a newer
version or has changed status from proposed to mandatory. Standards development in Eu-
rope has constantly been evolving.

BASIC IMMUNITY STANDARDS

IEC 1000-1 General Considerations

1EC 1000-2 Environment

IEC 1000-3 Limits/Generic Standards

IEC 1000-4 Test and Measurement Techniques
IEC 1000-5 Installations and Mitigation Guideline
IEC 1000-6 Miscellaneous

IEC 61000-6-1 Electromagnetic Compatibility (EMC)
Generic Standard. Immunity for Residential.
Commercial and Light Industrial Environ-
ments.

e R i i

Under IEC 1000-4 are the EN 61000-4-X immunity specifications detailed in the follow-
ing listing.
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COMPREHENSIVE LIST OF IMMUNITY STANDARDS PERFORMANCE CRITERIA FOR IMMUNITY TESTS

Standard

EN 61000-4-2
EN 61000-4-3
EN 61000-4-4
EN 61000-4-5
EN 61000-4-6
EN 61000-4-7

EN 61000-4-8

EN 61000-4-9

EN 61000-4-10
EN 61000-4-11
EN 61000-4-12
EN 61000-4-13
EN 61000-4-14
EN 61000-4-15
EN 61000-4-16
EN 61000-4-17
EN 61000-4-18
EN 61000-4-19
EN 61000-4-20
EN 61000-4-21
EN 61000-4-22
EN 61000-4-23

EN 61000-4-24

EN 61000-4-25
EN 61000-4-26

EN 61000-4-27
LN 61000-4-28

Description

Electrostatic Discharge (ESD)
Radiated electromagnetic field
Electrical Fast Transient/Burst (EFT)
Surge

Conducted disturbance by RF

General guide on harmonics and interharmonics measurements
and instrumentation (not a standard; procedure only)

50/60 Hz magnetic field

Pulsed magnetic tield

Oscillatory magnetic field

Voltage dips and interruption

Oscillatory waves “ring wave”

Oscillatory waves 1 MHz

Harmonics, interharmonics, and main signaling
Voltage tluctuations

Flickermeter

Conducted disturbance in the range of DC to 150 kHz
Not assigned

Not assigned

TEM cells

Mode stirred chambers

Guide on measurement methods

Test methods for protective devices: HEMP radiated distur-
bance

Test methods for protective devices; HEMP conducted distur-
bance

Test methods for equipment and svstems; HEMP

Calibration of probes and instrument for measuring electro-
magnetic ficlds

Unbalance in three-phase mains

Variation ol power frequency

Note: Most of the EN 61000-4-x specifications have never been written or re-

leased. This includes standards identified as -12 and above. Titles have been issued and
working aroups have been assigned for many of these tests. When performing compliance
testing. one should vertfy which standards are mandatory for a product along with re-
quired test fevels and performance criteria.

A functional description and a definition of performance criteria, during or as a conse-
quence of EMC testing, shall be provided by the manufacturer and noted in a test report
based on the following criteria:

Performance Criterion A. The apparatus shall continue to operate as intended.
No degradation of performance or loss of function is allowed below a performance level
specified by the manufacturer when the apparatus is used as intended. In some cases, the
performance level may be replaced by a permissible loss of performance. If the minimurm
performance level or the permissible performance loss is not specified by the manufac-
turer, then either of these may be derived from the product description and documentation
(including leaflets and advertising) and what the user may reasonably expect from the ap-
paratus if used as intended.

Performance Criterion B. The apparatus shall continue to operate as intended
after the test. No degradation of performance or loss of function is allowed below a per-
formance level specified by the manufacturer when the apparatus is used as intended. In
some cases, the performance level may be replaced by a permissible loss of performance.
During the test, however, degradation of performance is allowed. No change of actual op-
erating state or stored data is allowed. If the minimum performance level or the permissi-
ble performance loss is not specified by the manufacturer, then either of these may be de-
rived from the product description and documentation (including leaflets and advertising)
and what the user may reasonable expect from the apparatus if used as intended.

Performance Criterion C. Temporary loss of function is allowed, provided the
loss of function is self-recoverable or can be restored by the operation of the controls.
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INTERNATIONAL IMMUNITY REQUIREMENTS FOR MOST PRODUCTS

EN 6[000-4:2 EN 61000-4-3 ENV 50204 EN 61000-4-4 EN 61000-4-5
' ' El'ectrostatlc Radiated Radiated RF Electrical Fast Transients Signal
Specification Discharge RF Immunity Immunity Transients Leads
EN 5'\)‘082—{ 8 kV (Aip) 801000 MHz 900 + 5 MHz 500 V, Signal 1.2/50us
nger¥c Ilmn‘ 4 kV (Direct) 3 V/m Pulse modulated 500 V, DC power AC Power: 1kV-CM
Light 1.nduslnal 1 kHz, 80% AM 50% duty cycle 500 V, Process 500V-DM
equipment 200 Hz 1000 V, Power DC Power: 500V-CM
(Note 1) 5/50 ns, 5 kHz 500v-DM
Process:  500V-CM
Criterion B Criterion A Criterion A Criterion B Criterion B
EN 5().082-2 8 kV (Air) 10 V/m 900 + 5 MHz 1000 V, Signal 1.2/50us
Gencn; Himit . 4 kV (Direct) 1 kHz, 80% AM Pulse modulated 2000 V, Power AC Power: 4 kV-CM
Hcavy. industriat 80-1000 MHz 50% duty cycle 5/50 ns, S kHz 2kV-DM
(Nz([q:ljp)mem except 3 Vim @ 200 Hz DC Power: 500V-CM
2 §7-108 MHz 500V-DM
174-230 MHz Process: 2 kV-CM
470-790 MH2 1 kV-DM
Criterion B Criterion A Criterion A Criterion B Criterion B
EN 55()14-2 8 kV (Air) 80-1000 MHz Not proposed 500 V Signal 1000 V, DM
Appliances and 4 kV (Direct) 3V/m 1000V, AC 2000 V, CM on
power tools 5/50 ns, 5 kHz power only
1.2/50 Us
Criterion B Criterion A Criterion B Criterion B
EN 60601-2 Not Yet Proposed 1000 V, DM
Medical devices B kV (Ain 26-1,000 MHz 500 V, Signal/IO 2000 vV, CM
3kV (Direct) 3viM 1000V, AC 1.2/50 Us
80% AM-1 kHz 5/50 ns, 5 kHz power lines only
Cniterion B Criterion A Criterion B Criterion B
EN 61000-4-11
EN 61000-4-6 EN 61000-4-8 Voltage Dips, EN 61000-3-2
Conducted RF Radiated Interruption, Power Line EN 610600-3-3
Specification Immunity Magnetic Variation Harmonics Flicker
EN 50082-1 0.15-80 MHz 3 A/m +10%, ~15% (A)
Generic limit 3V 50 Hz -30%, 10ms (B)
1ight industrial 1 kHz ~60% ,100ms (C)
equipment 80% AM, -95%, 5000ms (C)
(Note 1) 150 € Source
Criterion A Criterion A Criterion (x) above
EN 50082-2 0.15-80 MHz 30 A/m +10%, ~15% (A)
Generic limit HIAY 50 Hz -30%, 10ms (B)
Heavy industnal 80% AM, ~60% ,100ms (C)
equipment 1kHz -95%, 5000ms (C)
(Note 2) 150 € Source
Criterion A Criterion A Criterion (x) above
EN 55014-2 0.15-230 MHz Not yet Not yet Not yet Not yet
Appliances and Category 11 proposed proposed proposed proposed
power tools 0.15-80 MHz
Category IV
1V, Signal
3V, Power
Criterion A
EN 60601-2 Not yet Not yet Not yet Not yet ot yer
Medical devices proposed proposed proposed proposed proposed
Note 1:  Severity levels and frequency ranges are subject change. Consult test requirements for current values in effect at date of testing and certification.

Note 2:  Additional test requirements exist and are not detailed above. Refer to EN 50082-2 for details.

Performance criterion:

Level A:  The apparatus shall continue to operate as intended. No degradation of performance or loss of function is allowed.

Level B:  The apparatus shall continue to operate as intended after the test.
Level C: Temporary loss of function is allowed, provided the loss of function is self-recoverable.
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A20, 163

OV reference, 81, 113, 187
ground plane, 56, 109
ground traces, 113
image plane, 56
power return plane, 57

3-W rule, 100, 210

5/5 rule. 83

10-W rule. 177

A

absence of copper, 107
alternate return path, 83
alternate RF current return path, 94
Ampere’s Law, 28-29, 36
amplitude. 16
analog and digital components, 122
analog
circuits, 261
ground. 111
power, 111
antennas, 18
intentional. 18-19
unintentional, 18-19
anti-resonance, 128
aspect ratio, 95

asymmetrically placed components.

118

backplane grounding, 274
backward crosstalk, 205
balanced circuits. 269

basic concepts of radiation, 20

Index

behavioral characteristics of components, 24,

77
bifurcated lines. 242
bond wires. 187
bridging, 108
analog ground. 1 11
analog power. 111
ferrite bead-on-lead. 109
grounding, 110
bulk capacitor
definition. 126
selection of. 152
buried capacitance, 141
bypass capacitors
definition. 126
selection, 148-152

c

capacitance
buried. 141
calculation of, 140, 143
dielectric material, 143
distributive, 141
etficiency. 143
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capacitance (cont.)
lead length inductance, 143
power and ground planes, 134, 138, 144
relative permittivity, 140
capacitive
coupling, 205. 261
crosstalk, 57, 77
decoupling, 108
loading, 180
reactance, 192
capacitors
capacitance, 129
dielectric material, 129, 140, 143
energy storage, 131
ideal. 130
impedance. 129
internal to a component, 155
lead length inductance, 133
parallel placement, 136
peak transient current, |53
physcial characteristics, 129
placement. 147
power and ground planes, 134, 138
resonance, |32
retrofit, 145
self-resonance, 130, 133
causes of EMC, 19
characteristic impedance, 160, 216
clock
distribution networks, 34
drivers, 58
skew, 58, 178
skew buffers, 58
speed. 185
closed loop
boundary, 36
environment, 28
CMRR. See common-mode-rejection-ratio
common-impedance
coupling, 251, 256, 262, 266
inductance. 266
power and ground. 266
traces. 262
common-impedance path
avoiding, 264
common-mode
chokes. 269
currents. 41, 44, 53,88
decoupling capacitor, 73
radiation, 46
voltage, 45-46
common-mode-rejection-ratio, 270

Index

component characteristics
bond wires, 76
capacitive crosstalk, 57
capacitive overheads, 54
drive current, 56
edge rate, 54-55
Fourier analysis, 56
frequency domain, 56
input power consumption, 54, 56
inrush surge current, 54, 57
interconnect pads, 77
lead length inductance, 60
logic crossover currents, 54
output resistance, 56
packaging, 60
power peak inrush surge, 54
radiated design concerns, 76
rise and fall time, 56
specific resonant frequency, 56
time-domain, 56
component packaging, 60
ground bounce, 60
lead bond configurations, 14
lead length inductance, 60
small loop antenna, 60
wire bond leads, 68
component placement
radiated emissions, 77
conducted emissions (definition), 3
conductivity, 28, 39

conductive
coupling, 13
immunity, 3

connector pinout assignment, 112
containment (definition), 3
conversion between

common-mode currents, 41, 44, 46

differential-mode currents, 4143, 4546
copper wire, 4()
coupling paths, 13-14
crosstalk, 203, 216

backward, 205

capacitive coupling, 205

design techniques to prevent, 207

far-end, 204

forward, 205

frequency domain, 205

inductive coupling, 205

mutual capacitance, 204

mutual coupling, 204

mutual inductance, 204

near-end, 204

Index

polarities, 206

time domain, 205

unit of measurement, 206
crosstalk in terminators, 237

how to remove, 238

lead length inductance, 237

multiple terminators, 237

signal bounce, 237
critical frequency, 49
current loop, 36
current ratios, 51

D

daisychaining, 242
data line filters, 108
common-mode, 108
DC resistance, 262
decoupling (definition), 126
power and ground planes, 134
decoupling capacitor
calculation of, 149
placement, 144
selection of, 148
device capacitive overhead, 54
die shrink, 83, 185
dielectric constant, 28, 48, 140, 166, 169, 172,
189
dielectric losses, 166, 169
differential microstrip/stripline
line-to-line impedance, 177
differential-mode
capacitor, 71,73
currents, 22, 4145, 88
radiation, 42, 53
differential traces, 177
digital and analog components, 122
digital-to-analog partitioning, 122
dimensions, 17-18
diode network. 236
distributed capacitance. 8%, 161, 180
distributed capacitive load. 200
divergence theorem, 28
double-sided boards, 82, 114, 116
driver impedance, 162
dual stripline. 175-176
duty cycle skew, 59

E

edge rate, 53-55, 160, 186
effective relative permittivity, 166, 172

319

electric

charge, 28, 35

current, 35

dipole, 31

field coupling, 14

field strength (calculation), 62

fields, 28, 33, 46, 92

shock, 249, 253

sources, 30-31
electricalty long trace, 163, 188, 195
electromagnetic compatibility (definition), 2
electromagnetic

field, 160

field coupling, 14

interference (definition), 2

waves, 166
electrostatic discharge (definition), 3, 5. 82,

94

embedded microstrip, 172-174
EMC. See electromagnetic compatibility
EMC environment. 6, 11, 13
EMIL. See electromagnetic interference
emissions, 11,15
end termination, 226

edge rate degradation, 226
equivalent series inductancc. 26, 129, 143
equivalent series resistance, 26, 129, 143
ESD. See electrostatic discharge
ESL. See equivalent series inductance
ESR. See equivalent series resistance
external inductance. 263

F

Faraday cage, 28
Faraday’s Law, 28-29
far-end crosstalk, 204
far-tield etfects, 31-32
ferrite beads, 26, 104
field transfer coupling. 273
flat straps. 266
flux cancellation. 35,45, 30, 8489949,
114
FM radio band. 6
Fouricr, Baron Jean Baptiste Joseph. 17
forward crosstalk. 205
FR-4 material, 167
diclectric propesties. 167
frequency response. 168
laminate. 168
material, 168
resin system, 168




free space

impedance of. 32

plane field. 32
frequency, 1617
frequency domain, 17, 36. 163
tunctional

partitioning, 97

subsections. 97

subsystems, 106
fundamental concepts of suppression
2 common-mode RF currents, 50
4% current transients. 50
pull-up/pull-down current ratios. 51
radiated emissions, 50
RF voltages. 50

G

Gauss's Law, 28

gridded ground system. [19
ground

Index

digital circuits, 262
electric shock, 249
fundamental concepts, 249
ground currents, 250
ground loops, 268

ground noise voltage, 251
hybrid ground, 261

I/O connectors. 277
impedance. 252

metallic structure, 271
multipoint, 259

overview, 247

reference system, 165
resonance, 271

signal voltage referencing, 271
single-point. 17, 256

star, 264

stitch connection, 93
voltage referencing, 249
wires, 112

bounce. 19. 60, 65, 66-68. 74. 93, 136
currents. 250

glitches, 635

arid structure, 112, 119

isolation, 269

loop. 260, 268

noise margin. 67
noise voltage. 51. 33,63, 88, 110
pins, 112

relerence svstent, 63
stitch. 259

straps. 264

voltage magnitude. 66
wire bond leads. 68, 77

eround planes. 45,56

benetits. 134
capacitunce, [36
discontinuity. 100
impedance. 202
placement. 144

structure, 87

vrounded heatsinks. 70

common-mode decoupling capacitor, 71, 73
dielectric insulator. 73

ditferential-mode capacitor, 72
thermodynamie domain, 70

H

hidden schematic. 7, 24. 27
hybrid ground. 261
capacitive and inductive coupling, 261

[/O connectors, 277

image plane, 38, 56, 81. 87, 95
common-mode currents. 8%, 99
definition. 9
ditferential-mode currents. 88, 99
distributed capacitive load, 88
ground plane structure, 88
interplanar capacitance, 88
mutual partial inductance, 88
violation. Y9
voltage gradient. 88

immunity (definition), 3

inpedance, 17-18
loop area, 144
free space. 32

inductance
copper plianes, 260
definition, 84

vrounding
i analog crrcuits, 261
2
] hackplune. 274

Chassiy, 254

definition, 217

mutual partial inductance, 86, 87, 89
partial inductance. 85, 87
self-partial inductance. 84, 86

trace lengths, 260

inductive coupling. 205, 261

Index

inductors, 26
inrush surge current, 54, 57
intentional radiators, 17
interconnect pads, 77
Interconnecting and Packaging Electronics
Circuits Organization, 167
interconnects, 112
connector pinout assignment, 112
ground pins, 112
ground traces, 112
ground wires, 112
power distribution network, 112
routing configuration, 112
internal inductance, 263
interplanar capacitance, 88
IPC. See Interconnecting and Packaging Elec-
tronics Circuits Organization
isolated
area, 107
plane, 105
isolation, 107, 269
balanced circuit, 269
common-mode choke. 269
optical, 108, 269
transformer, 108, 269

J
jitter, 74

L

layer jumping, 102
layout concerns
asymmetrically placed components. 118
double-sided boards, 114, 116
flux cancellation, 114
gridded ground system. 119
radial routing. 118
single-sided boards, 114, 115
symmetricaily placed components, 116
lead bond configurations, 64
fead fength inductance. 39. 60, 63, 133, 143,
197
line filter. 254
line impedance, 162
loaded characteristic impedance. 180
loaded propagation delay, 180
localized ground plane, 120
logic crossover currents, 54
logic families
CMOS, 54,57.39

ECL, 54, 58, 59, 165
GaAs, 58

HCMOS, 57

LVDS, 59

TTL, 54, 57, 59, 165

loop

antenna, 43, 60
area, 91,92, 192
control, 94
impedance, 144
structure, 84, 92

Lorentz force relation, 28

magnetic

coupling, 14
field, 28, 33, 35
field coupling, 14, 92
lines of flux, 35
sources, 30
Maxwell’s equations, 28-29, 34-37
metal screws
inductance, 271
microstrip topology, 171
coated microstrip, 172
dielectric constant, 48, 172
embedded microstrip, 172-174
impedance. 171
intrinsic capacitance, 171, 173
surface microstrip, 171-172
moat, 107
multiple terminators, 237, 239
dual terminations, 239
termination effects, 239
multipoint ground, 259, 271
ground stitch location, 259
resonance, 271
mutual
capacitance. 204
coupling, 204
inductance, 204
partial inductance, 84, 86, 87

nature of interference, 16
amplitude. 16
dimensions, 17
emissions. 16
frequency. 16
immunity. 16
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nature of interference (cont.)
impedance, 17
time, 17

negative reflections, 217

noise margin upset, 194

noise margin, 67

near-end crosstalk, 204

near-field effects, 31-32

noise coupling, 12-16,
capacitive, 15
conductive, 13
coupling paths, 13
electric field, 14, 33
electromagnetic field, 14
emissions, 12
immunity, 12
inductive, 15
magnetic, 14, 33
mechanism, 33

noise source, 8

Norton equivalence. 17

0

Omega layer, 228

optical isolators, 269
oscillators, 6, 75

output resistance, 56
output-to-output skew, 59
overdamped, 193
overshoot, 188, 216

p

parallel capacitors
effectiveness, 136
paraliel termination, 227
analysis of effects, 230
input shunt capacitance, 227, 230
noise margin, 228
power dissipation, 228
resonance. 128
when to use, 230
part-to-part skew, 60
partial inductance, 84-85, 87
partial split plane, 105
partitioning, 97. 106
functional subsystems, 106
quiet areas. 107
quiet ground, 107
passive component behavior. 23
PCB traces, 25
characteristic impedance, 166

peak power currents, 54
permeability, 28, 39
point discontinuities, 200
positive reflections, 217
power distribution
network, 112
system, 93
power disturbances, 5
power filtering for clock sources, 74
ground bounce, 74
transient current surges, 75
power peak inrush surge current, 54
power planes
benefits, 134
capacitance, 136
placement, 144
Poynting vector, 32
propagation
delay, 53, 55, 58, 166, 189, 195
path, 9
speed, 165
pulse
skew, 59
width, 59, 200

a

quiet areas, 106-107
quiet ground, 107

R

radial routing, 118
radiated emissions, 77
definition, 3
radiation resistance, 19
radio frequency (definition), 3
RC network, 234
analysis of effects, 236
propagation delay, 226
time constant, 234
trace impedance, 234
when to use, 236
reflected
pulse, 201
voltage, 189
reflection equation, 190
reflections. 188, 216
electrically long trace. 183
reflected voltage, 189
voltage margin, 188
regulations, 4
relative permuttivity, 140, 166

Index

Index

resistivity of materials, 263
resistors, 25
carbon composition, 25
carbon film, 25
film, 25
leads, 26
mica, 25
wire-wound, 25
resonance, 132-134
anti-resonance, 128
parallel, {28, 140
power and ground plane, 140
review of, 126
self-resonance, 133
series, 127, 140
return
current, 36
plane, 56
RF (radio frequency)
current, 36
current return path, 45
definition, 3
energy, 17
return current, §1
voltages, 19, 57
RFI (radio frequency interference), 4
right hand rule, 35
ringback, 190
ringing, 188, 191,216
electrically long trace, 188
reflected voltage, 189
voltage margin, 188
round
conductors, 266
wire, 264
rounding, 192
routing concemns, 178
clock skew, 178
crosstalk, 178
propagation time, 178
trace impedance, 178
routing configuration, 112

S

safety ground, 249, 253
electric shock, 253
green wire, 253
ground path, 254
series choke, 254
secondary short-circuit fuse, 108
self-compatibility, 6
selt-partial inductance. 84. 86

series resonance, 127
series termination, 221
analysis of effects, 223
edge rate degradation, 223
output impedance, 222
series resistor calculation, 221
voltage level, 222
when to use, 225
series-point grounding
series and parallel connection, 256
shield ground, 108
shunt capacitance, 192
signal distortion, 191
signal integrity, 185187
edge rate, 186
noise margin, 187
signal voltage referencing, 249,
254
single-point ground, 256
hybrid, 264
star, 264
simulation software, 193
skew
duty cycle, 59
output-to-output, 59
part-to-part, 60
single stripline, 174-175
single-sided boards, 114, [15
skin depth, 202
skin effect, 29, 39, 89, 263
slots in planes, 101
slotted holes, 100
SMT. See surface-mount technology
sockets. 64, 181
source termination, 221
spectral plot, 6
split planes, 104
standoffs, 271
star ground. 264
static fields, 29
stray capacitance, 69
stray impedance, 253
stripline topology, 174177
advantages, 174
dual stripline, 175-176
impedance, 174, 177
propagation delay, 175, 176
single, 174175
suppression, 8
definition, 3
surface-mount technology, 63
susceptibility. 12, 15
definition. 3
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f susceptor, 9 transfer mechanisms, 13
i symmetricaly placed components, 116 transformers, 27
‘ common-mode isolation, 27
parasitic capacitance, 27
2 T transient current surges, 75
T-stubs. See bifurcated lines transmission line effects, 186
TDR. See time-domain reflectometer oversh‘oot, 138
TEM. See transverse electromagnetic field rf:ﬂe.cnons, 188

termination impedance, 162 ringing. ‘88
3 termination methodologies, 217 fransmission fines 17 Ab t th A h

diode network. 218, 236 basics, 162 ou e Author

end termination, 226 crosstalk, 217 )
1 parailel, 218, 227 dielectric constant, 166, 169, 172
RC network, 218, 227 distributed capaciance, 161, 180
g series. 218, '221 distributed circuit, 164
f source termination, 221 distributed line, 163
Thevenin, 218, 230 effects, 163, 186, 216
terminator noise, 237 electrically long trace, 163
lead length inductance, 237 electromagnetic field. 160, 169
3 multiple terminators, 237 e]ectromqgne.tlc wave. 169
i : signal bounce. 237 :umpeg c;rcun, 16‘: 3
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trace impedance, 231
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through-hole components, 100 v
time-domain, 17, 163

time-dornain reflectometer, 48, 166. 190
time-varying currenis, 29- 30
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velocity of propagation. 47. 166, 168
vias. 181, 187,197

voltage gradient. 88, 110

voltage reference, 19, 249

trace discontinuities, 216
trace impedance. 178
trace routing. 242

bifurcated lines. 242 W

daisychaining, 242
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