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Preface 

EMC and the Printed Circuit Board: Design, Theory, and Layout Mude Simple is a com- 
panion book to Printed Circuit Board Design Techniques 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 Circuit Board 
Design Techniques for EMC Compliunce: 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 i n  addition to loss of market share. delayed shipment, 
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-tcchnol- 
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 requiremencs, in addition to having the product func- 
tion as desired. 

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

When management decides to bring in a consultant after production has started, 
having failed an EM1 test, causing a stop-ship situation, it is too late for efficiency. Gener- 
ally, nothing can be done without major expenses being incurred. I 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 EM1 (Electromagnetic Interference) problems due to 
incompatibilities between equipment. EMC is achieved; EM1 occurs. According to com- 
mon usage, EMC refers to the total discipline concerned with achieving electromagneti- 
cally compatible equipment and systems. EM1 refers to the event or episode indicating an 
incompatibility, for example, a lack of EMC. EM1 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 differences between my two books on EMC and PCBs are as follows. 
Prirztrd Circitit Board De.sigr~ Trclzniyur.sfi)r EMC Cnrnpliancr provides informa- 

tion for those who have to get a product designed and shipped within a reasonable time 
frame and within budget. I t  illustrates that a PCB may exh~bit an EM1 problem, i t  briefly 
explains why the problen~ occurs, and i t  shows how LO solve the design flaw during lay- 
out. It does not go into detail on how and why EM1 occurs. theoretically. 

University textbooks are available (listed in the References sections) that cover all 
aspects o f  theoretical physics related to EMC. Numerous other publications present EMC 
concepts in a brief manner, giving just enough detail t o  make one aware o f  theory with 
minimal ~nathcrnaticul analysis. Many managers and \(>me engineers 110 not care ahout 
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why something happens. Printed Circuit Bourd Design Techniques for EMC Complictnce 
has compiled a track record of successful results. 

EMC and the Printed Circuit Board: Design, Theov ,  and Lilyout M~zde Sirrlple is a 
companion book targeted at those designers who want to know how and why EM1 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 understand 
technical concepts. This book is written for ease of understanding a subject that is gener- 
ally not taught in universities or other educational environments, again using a minimal 
amount of math. 

In the present book, we examine two sides of the coin-time domain (signal func- 
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; rather. only 
the way one examines a signal. Test instrumentation also differs. Chapter 2 illustrates 
using simplified physics, with minimal mathematical analysis, how these two domains 
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 he 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 EM1 get developed within a PCB?" Recognizing a need to fill a gap that currently 
does not exist within the published literature in the public domain worldwide (at time of 
writing). I want to enlighten the reader to a field of engineering that is considered to be a 
Black Magic art. Those who do not take electromagnetic compatibility seriously provide 
job security for EMC engineers. EMC engineers know various tricks of the tradc on how 
to apply rework or a quick fix to a PCB to pass a particular test. These 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 ad- 
vanced is to change design habits and thinking from Band-Aids to low-cost suppression 
layout techniques during the design cycle. 
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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 Cnmnplin~~ce, 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 satisfy both 
international and domestic regulations and voluntary industrial standards related to EMC 
compliance. 

The information presented in this book is intended for 

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

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. 

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

'Thi\ book is applicable for use as a reference docurnen1 throughout any design project. 
With these considerations in mind, the reader should understand that EMC trnci thr, 

PI-itrtr~cl Circuit Botrrd is written for the engineer who never htudied applied electrornag- 
netics in school. requires a refresher course. or has rninimal hands-on experience with 
high-spcect. high-technology product designs. As we well kilo*, 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 digitai design requirements. Because EMC may be in- 
sufficiently covered in engineering schools. training courses and seminars are now being 
held all over the country and internationally to provide this information. 

Only a minimal amount of mathematical analysis is presented here because the in- 
tent of this book is to present n busic untiersti.ndirlg rind cozalysi.~ of how a PCB creates 
R F  energy, a n d  tile t n a n i ~ r r  in which R F  energy is prcipagatrd. 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 en!: 'Iron- 
ment. It is more cost-effective to design a product with suppression at the source than to 
"build a better box.'' Containment measures are not ~ I I N ~ V S  zci_inomically justified and 
may degrade as  the iife cycle of the product is extended beyond the original design speci- 
fication. For cxample. the end user often removes covers from enclosures for ease of ac- 
cess to repair o r  upgrade. In many cases, sheet metal covers are never replaced. particu- 
larly those internal suhassernbly 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- 
plane assembly. As a rehalt. containment measures become compromised. Proper layout 
of  ti PCB with aupprcssion ~cchniques also promotes EMC compliance with use of cables 
and interconnects. whereas Sox shielding (containment) does not. In addition to EMC 
compliance. signal functionality concerns exist. It does us no good if a product passes 
EhIC tests and then fails to operate as designed. 

'r I his . book provides details on why a variety of  design techniques work for most 
PCB layout applications. I t  is impossible to anticipate every possible application or design 
concern. The concepts presented arejirndatnutltal in nature and are applicable to a11 elec- 
tronic products. While evcry design is different. the basics of product design rarely 
change unless new components and materials become available. 

Herein we discuss high-tcchnology. high-speed designs that require new and ex- 
panded techniqurx tor EMC suppression at the PCB level. Many traditional PCB tech- 
n i y u e  are not cffective for proper signal functionality and compliance. Components have 
hccome faster 2nd luore zoinplex. C'se of  cusiom gate array logic and appl~cation-specific 
integrated circuits (ASIC.;) presents new and chtlllenging oppcirtunities. The design 
and layout nf a PCB to suppress EM1 at the source can be realized while maintaini~~g 
systemwide functionality. 

Why uorr-?; about EMC iornpliance'.' After all. isn't speed the rnost important de- 
sign parameter! Legal requirements dictate the ntaximu~ll permlsslble Interference p o t ~ ~ -  
rial ot' Jigital products. Thesc requirements are based on experiences in the marketplace 
rclatc~l to cniissio~l .~nci imrnunlrc compla~nts .  Often. uuppreasion technique\ on ,I PCB 
I a !  i p r i g  I i t  I .ign:~l-to-noise pcrf'ormancc:. 

3 .I FUNDAMENTAL DEFINITIONS 

'l'he t'ollou in? ha\ic rtSrrns arc ~ ~ s e d  t h r o ~ ~ f i l i ~ ~ i t  this hook .  

k t - o t t i  o i  1 I .  The c:tpahili~> ~ ) t  >!lc,.t! IC:~! anLj ~ I ~ ~ c . t r ( ) r l l i .  
5 : ~  \tcni\. L.u~lip~rlent.  .ind c!t,\icc\ to opcratt- in thcir intc.rtc!r.ti i.1~-crrcrmafinerlc ertvi- 
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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) 

Electronzagnetic Intet$errnce ( E M I ) .  The lack of EMC, since the essence of 

interference is the lack of compatibility. EM1 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 terrn 
refers particularly to RF signals, but EM1 can occur in Lhe frequency range 
from "DC to daylight." 

Rariio F r r q u e n q  (RF).  A frequency range containing coherent electromagnetic 

radiation of energy useful for communication purposes-roughly the range from 
1 0  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 Emis.sions. 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. 
Condiicrrti Emissions. The component of RF energy that is transmitted 
through a medium as a propagating wave, generally through a wire or inter- 
connect cables. LC1 (Line Conducted Interference) refers to RF energy in a 
power cord or AC mains input cable. Conducted signals do not propagate as 
fields but [nay propagate as conducted waves. 

Suscept ihi l i~.  A relative measure of a device or a system's propensily to be dis- 
rupted or damaged by EM1 exposure to an incident field of signal. It is the lack of 
immunity. 

I m m u n i ~ .  A relative measure of a device or system's ability to withstand EM1 ex- 
posure while maintaining n predefined performance level. 

Elrc,tro.rt~ztic Iliscllnrgr (ESD) .  A transfer of electric charge between bodie\ 

of different electrostatic potential in proximity or through direct contact. T h ~ s  
definition 1s obsel.ved as a high-volt:ige pulse that [nay cause damage or loss 
of functionality to suscept~blc devices. Although lightning qualifies as a high- 
koltage pulse. the term ESD is generally applied to events of lesser amperage. 
and more \pccifically to events that are triggered by human beings. However. 
Sor the purpose:, of discus5ion. lightning is included in the ESD category he- 
cause the protection ~cchrliqucs arc very similar, though different in magnitude. 
R i t  1 t t t 1 1 1 i r  h product'\ relatlvc :~bility to withstand electrornagnct~c 
energy thal arrives via free-space propagation. 
C ' ~ ~ I ~ I ~ L , I L , ~  It?~tnlltlit>,. iZ procIuct'\ r-elatice ab~lity to ~cithstand elrctromag- 
netic enel-gy that penetrates i t  through external cables. power cords, and 110 
~nlcrconnects. 

t i t t r t  .A process whereby RF energ!! is prevcntcd from cuiting an enclo- 
sure. genera11> by shielding a product within a mctal cnclourc (Famciay cage or 
(iiiussian \iructure, or by uxing a plastic housing with KF conducti\,c paint. Recip- 
rocally. we can also speak of containment as prcvcnting KF energy trorri entering 
the enclosure. 

.i.uppre.ssrot~. The process of reducing or c1imin:lting RF energy that esists without 
I-clyirlg L ~ I I  :I >cco~idar> riiethod. juch as a rrlcial housin;! 01- ch ;~ \s~s .  Si~ppression 
rn;iy ~ni ludt .  \h~c.ldi~ig and f'ilter-ing as nzcI1. 
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1.2 EMC CONCERNS FOR THE DESIGN ENGINEER 

Within the field of EMC, multiple design concerns exist. Most items identified here are 
riot obvious. Past experience determines the amount of effort required to address these is- 
sues as they relate to EMC compliance along with signal functionality. Awareness of five 
key areas is mandatory for understanding why electromagnetic compatibility is required. 
With an understanding of these five areas. we can reduce difficult problems to simple ap- 
plications of design techniques and implementations. About 95% of all EMC issues en- 
countered are associated with the following. Each will be discussed separately [?]. 

I .  Regulation\ 

2 .  RFI 

3. Electrostatic discharge 

4. Power disturbances 

5. Self-compatibility 

1.2.1 Regulations 

Part of the need for regulations steins from complaints regarding interference to 
electmnic pn)ducrs used in both residential and commercial applications and pan from the 
requirement to protect vital com~nunication services. Without regulations, the "electro- 
magnetic environment" in which we live would be crowded with interference and only a 
few electronic devices could survive and operate. 

Regulations protect tlie radio spectrum and limit "spurious" radiation from both in- 
tended radiators (such as  trans~nitters) and unintended radiators (most electronic equip- 
inent). Numerous consumer complaints developed basically over interference to televi- 
sion and radio reception. 111 addition. aeronautical communication systems staned to 
break down: police and fire units were unable to use their radios for emergency purposes: 
and conimercial and residential electronic pn)duct, were failing in the field owing to the 
presence of  other electronic equipment located in the general vicinity. With these com- 
plaints. the Federal Communications Commission (FCC) developed a set of requirements 
tilr electronic equipment that woald limit the amount of intetierenm polluting the electro- 
magnetic cnvironrnent. The FCC ti)llowed the lead of Gerniany's Verband Deutscher 
Electrotechniker IVDE). which implemented mandator) requirements shonly after World 
War 11. Other countries worldwide have t'ollowed the VDE and FCC in developing re- 
quirements for digital products. 

Regulations a ~ n t r o l  not only en~issiuns but also susceplibility (or  immunity) Eum- 
pesns have taken the lead in mandating immunity tests; in North America, however, these 
.;anie teats arc only voluntary at the tinic of this wri t~ng.  

1.2.2 RFI 

Radirl Frequency lnterlere~lcr (KFI)  poses :I threat to electronic yhterns tiuc to the 
proliferation of  r:iciiv traiismltters that exist. Cellular phones, handheld radios, wireless rc- 
mote control units. pagers. 2nd the like ;ire now quite widespread. I t  docs not take a great 
tfz:il of I.LI(~I;I[c(! powe: : t j  i;iii\c hiii~ilj.U( interfrrencc.   typic:^! equipment failures uc-,ur i n  

the electric field level range of  1 to 10 volts/meter. For example. a 1 watt radio transmitter 
at I meter distance frorn an electronic device has 3 field strength of approximately 5 Vim, 
depending on the frequency and antenna used for measurement purposes. Preventing RFI 
from corrupting a device has become legally mandatory for a11 products used within Eu- 
rope. North America. and many , h i a n  countries. 

1.2.3 Electrostatic Discharge (ESD) 

ESD technology has progressed to the point where components have become ex- 
tremely dense along with srnall geometries (0.18 micron). The sensitivity of high-speed. 
multimillion transistor microprocessors is easily damaged by external ESD events. These 
events can be caused by either direct or radiated means. Direct contact ESD events gener- 
ally cause permanent damage of the device or create a latent failure mode that will trigger 
permanent damage solnetilne in the future. Radiated ESD events (caused. for instance, by 
furniture moving in a room. reflected ESD energy off a ,tructure. or a person walking 
across a carpet) can cause :in upset in the device that may result in improper operation 
without leading to permanent damage to the system. 

An ESD event is considered to be a broadband high-frequency problem with edge 
rates that are usually less than 1 nanosecond. This tr.;~nslatcs to a bpectral bandwidth prob- 
lem that can approach I GHz. I t  is not uncommon to observe ESD in the sub-nanosecond 
time period. This faster edge rate becurnes a problem well into the gigahert7 spectr~il 
bandwidth. 

ESD is treated under the irnniunity requirements for compliance with the EU's (Eu-  
ropean Union's) EM(: Directive. Most manufacturers ~vorldwide recognize this problem. 
These inanufacturers must design suppression and layout techn~ques into their product\ to 
guarantee that failure will not vccur in the field. 

1.2.4 Power Disturbances 

With more and more electronic equiprncnt bring plugged into the power mains net- 
work. potential interferencc t)ccurs. These problems include powcr-line disturbances. 
electrical fast transients (EFT), powcr sag and surges. voltage vurrationa (high/low bolt- 
ape Iekels). lightning trarl\ients. 2nd power-line hal-nlorric>. Older- products and power 

oh-frequency supplies were generally not affected by these disturbance\. With newer. hi= 
\witching power .;upplit\. rhe\e disturh:tnce\ ;\re \tartlng to heca~nt: noticeable as the 
sw~tching components conmmc .4C ~ol t ; ige  generall~ i.n thc <rest of the \va~eform. not 
the cornpletc wa~eforn i .  

Analog ;lnd digital dcvicc\ rzhpond cliffercntl to power-line clisturbance\. D~gital 
circ~lits :Ire ;lffected hq \pikc\ on the power 4ystcrn (EFT arlri lightnirlg). as well :is faiiilre 
clue to e,yct.ssively high or low \.oltagc Iz\el\. Analog d r v ~ i w  :rerierall!/ operati, or1 bolt 
age It.\els. wllich r1l;ry be &?I-aded hy a dis~urharlce chancing the rcll.rcncc le~i.1 o f  Ihc 
system's power source. 

Po~ber-line harnioltic\ Ii;t\e beconic a major concern. especially In Europe. Nonlin- 
ear loacl\ iswitching p o ~ t - ~ -  \i~pl>lic\l cons unit^ ,I(_' nl;iln\ pc)hc!. : ~ t  thch pr;~h of tllc c>cle 
rather. than o\'cr the entire \inc Lca\c. This \ ; ~ r ) i ~ l g  loacl 2crlcr;ilt's h;~rnlonic.s iirlci WALL,-  

tc,rirl tJi\lc,rlions that ;~ft.c.t the poucr tiistr~hution n e t ~ ~ o r h .  For L~uample, i t  1 5  coriimon to 
2.V) V p l ( * .  150 H /  ( th~r<l  ti;~r-~iionic~, or 3 0  ti/  11il.th h ; ~ r n i o n ~ i ~  pr-z\crlt 1ri  'I p o \ ~ t ' ~  
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system that is intended to operate at 50 Hz consuming various ievels 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. Whiie most of these concerns are known to the 
system designer, these failures are not recognized as an EM1 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 i:xamine this environment. 

Any periodic rign;.~l (clock) generates a wide spectrum of RF energy when viewed 
in the frequency domain. Figure I .  I illustrates a spectral plot of a nonsinusoidal oscillator 
in the freqcency 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 !70 lMHz 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 :han operating "frequency" is 
presented in Chapter 3. 

[Jsing this same oscillator uakefi~rrn. we exanilne a very narrow frequency range. 
Figure 1.2 shows that both even and odd harmonic. of the priniar? oscillator in the fre- 
quency range of 88-108 MH7 are precent. 

The FM radio band 188-108 MHz) is allocated to a specitic range of pre-assigned 
frequencies. Many digital products produce unintentional radiated RF energy within this 
frequency spectrum. especially lower order harmonics. In Fig. 1.3. we observe two traces. 
The upper trace displays FM radio signals. For t h ~ s  euample. the spectrum analyzer was 
configured to make the FM radio signal appear similar to the xignature charactenstics of 
our clock s~gnal.  To help differentiate between the clock Irurmon~cs and the FM radio sig- 
nals, a 10-dB displacement is observed in Fig. 1 .! with the i;M signals shown 10 dB 
higher above the oscillator. The lower trace is 3 narrok-hand view of the oscillator in the 
\ame frequency range. Notice that the signals rneas~~red ;ire harmonics from the 1.8432- 
MHz oscillator. With this situation. potential interference between the oscillator and FM 
xignal may exist. Thih scenario can be applied to any communications .;!stem. such as he- 
rweeri I nonintentional radiator (dig~tal cteklcei and ~~er t~naut i~; r l  ion~rnunications. or ;In 
emergency servlcrs hroadc:~s[. 

To illustrate ihr effects of .i design chiingt.. rile lowcr tlacc In Fig. 1.4 represents :I 

ccvnpliant product. Changing just one cornponeni. !no\ in? ;I \inglc tracc. or usirlg an alter- 
nate ~nantrricturer o f  .( logic i'arr~ily for !he .;anie l'unct~or~ t7JFl;x in p1ai:i. of. ;I 74LSxx~ 

Sect~on 1.3 . The Electromagnetic Environment 
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slur c u u . J  MHZ 

HARMONIC EMISSIONS - 1,8432 OSCILLATOR 

b~ REF 107.0 dBpV ATTEN 10 dB 

START 30 - " '  

i0 dB/ 

1.0 MnZ 
O C ~  =W I L ~ G I   HZ VBW 100 kHz SWP 50 msec 

I 

Figure 1.1 O\c~ll;ttor : ~ n d  relntcd harnwnic\ (1(&300 MFlcl 

now makes n compliant product noncompliant. This plot \hould enlighten those skeptic 
who believe that an alternate device that is identical in form, i'it. and function can be eas- 
ily substituteti. ,Although the component rnay he functionally 100% compatible. its effects 
on changing the overall EMC characteristics rnay he radicdly different. The edge rate of 
the wurct. d r i ~ c r  rnay differ between vendors. although functionality remains the barne. 
Yot all coriip)rlents are the same. EM1 conbidered. Cllapter 3 provides details on how and 
why different componellts w ~ t h  thc same function can c:luse furiitionality and EM1 con- 
;ernb. 

Although difficult to observe in Fig. I ..I. we arc able to distinguish the effects of a 
simple change to the circuit. cspecially in the middle frequency range of the plot. 

Designing products that will pass legally required EM1 tests is not as difficult 11s one 
rnighi expect. Engineers often strive to design elegant products, but elrgarlce somelimes 
must give way to product safely. manufacturing, cost, and. ol'course. EIMC. Such abstract 
problems c;in he challenging. p:~rtic~~larly if the engineer is unih~riiliar with compliance or 
manufacturing I-ecluirements We [nust remove the mystery f ron~ rhc "Hidden Schematic'' 
y ndrome. 

When an EM1 probleln c>ccllr\. the ensinccr \houlJ ;tpproach the \ituatic.rn \ogicaI\y. 
:\ .;inrple EM1 c nod el has three clcments: 
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I .  There must he :I iourci. of' rnt.rg! 
-l - -  -. I here must he ii r-ecep[os that i i  upsct by this ciiergy \ ~ h e n  the lntenity oI. ihz 

eicctromagne[ic irlterierence 1s :ihO\t' ;I toler:~h!c linlit. 
7 .  

. These mlist he :I c o ~ ~ p i i r ~ g  path h r t ~ c e n  [tic \ource ;iri(i receptor for the url- 
wanted energ). tran\lks. 

lntt.:-l:~~-t.rlct. t o  ~ . i i \ l .  a[! Il~scc. ~~lctncrir\  haxi: :o be prcjcnt. I I  orle of the three el- 
crnenlj I S  rcr~io\t'd. thcrc can he iio intt.rl;.rcric~t~ I t  therefore hcc:on~e\ the engineer., taxi, 
1 0  ~ietermine u t i ~ ~ , h  I \  tlicx i,:~iieit t,lc.ll~e~it to rcrllovr. C;eiierally. tles~gning ;i PCB th;lt 
'1iinin;itcr ino\l \otircer of KF ~nle:-t'crcn~~c is tlie I I I O \ I  ~ o j t - ~ . t ' t ' ~ ~ [ ~ \ ~  approach ic;llleli 
\ r ip [~sc \ \~on) .  '1-hc \orlrcc 01' ititr.rt'cr~~n~~ri I\ tile : ~ c l ~ ~ c  ? l m e ~ r ~  producing the original 
waw11111ii ibliilt i \  s~cli~ircti  1j 10 i lciig~i I ~ I C  I T H  to keep ltle Ill; e ( i e r g  cre:ited 1 0  o d y  
[how \cciiorli of [he hoard ~ch~c, l i  r e ~ ~ u i r c  thr\ encr-gy. T!le \econd ;ind third elements tcntl 
10 he ;ldcirc\\e~! i \ ~ t h  ~ o r l t ; i i l l l ~ l ~ l ~ t  I L > C ~ I ~ I L ~ L I C \ .  Pipure 1 i l l ~ l \ ~ r ~ ~ t c s  111e re1;111on\hip t ~ c  
! i \ C t ' l l  tli'w rlircc clcnlrnt\ LI~IJ pr-c\cnt\ a l i \ t  01 produc~s a\oc.ivterl ~ t i l h  each clenicnt. 

M'itl~ r-c\pcct to P('i35. oh\t.r \ (: rht. I ' o l l o ~  ~ n g .  

H A R M O N I C  E M I S S I O N S  - 1.8432 MHZ OSCILLATOR & FM RADIO 

h~ 
R E F  9 7 . 0  dBpV ATTEN 1 8  d B  

r I I 1 I I I 1 I 1 

I 

I 
L 

S T A R T  9F -- ""- S T O P  108.00 MHz 
) .YCI mmz 
RES BW 100 kHz VBW 100 kHz SWP 20 meec 

Figure 1.3 Occill~rnr's harrnon~cs and FM radio hignals super~rnposed. Norr: Fbl rad~o 

qtatlon, arc plotfcd I0 dB above oscillaior Tor clarity 

The propagation path ib  the medium that carries the RF energy, such as fie? 
space or interconnect cabling (common impedance coupling). 

a iated in- Receptors can be components on the PCB that easily accept harmful s, d 
terfrence from 110 cables and transfer this harmful energy to circuits and dc- 
vices susceptible to dicruption. 

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

In North America. interference to communication systerns becarnc a conczrn in the 19.30s. 
whereupon the IJnited States Congress eri~lcted the Communication5 A c t  of 1934. The 
I-+dcral ('ommunication~ Commission was created to oversce znforcement and admirlis- 
tra~ion of this act. H:ir!nful effects were being observed with the technology of this tirr~e 
period. enough to cause the U.S. government to take ;!ction. 

EM1 was 3\50 recogniretl a:, a prohlern during World War I1  with Lacuurn tubes. 
The terni~nology used wua Kadio Frequency Interferenct. (RFII. Llur~ng this period. spec- 
tsurrl \igI1aturcs 01. ~~or l~rnunica t io i~  ~ransrnitters and r-ecelvers W L ~  developed along with 
i-aciar \y\[erns. Hcc;luie 0 1 '  the \ i l C  ;11ic1 ~ ,xpcn\e 01. these ( le~ices .  ~h t ,  rnilirary owncci thc 
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DIFFERENCE IN LOGIC F A M I L Y  O N L Y  - SAME FREQUENCY 
@ REF 107.0 d B p V  A T T E N  i0 dB 

10 dB/ 
I I I 7 

I I ! 
I I 

\ I 

I i 

S T A R T  3 0 . 0  MHz  
1 

STOP 800.0 MHz 
RES BW 3 MHz V B W  100 kHz SWP 20 msec 

~n;!jority ;)f high-tet,hnology elccrror~ic. \?stems. Re\e;tsch and irtii)r-mation !rn EVC' :bas 
hr'pt h-on1 the general public under the guistx of i~ationnl security 

Followin? the Korean 'ii/rir most EMC wor-k was not classified unless i t  dealt with 
the specific5 of  a particular tacticc~l or 5trategic system yuch as the Vlinuteman I-ackct, R -  
5 2  horr~ber-s. ,tncl iimilar rl:il~t,~ry ;lnd c:;pionagc zquiprnent. Conferences on EM1 hrgan to 
he held rn !lie mid- 1')50\ wher; ~tn~.!;~siifieii  inf)rrn;ttiort wa. prcelltcd. The i'ir-\t confer 
encc o n  ilhll  iKFI) was held in 1956 sponsorecl by the IEEE (Inaritutr 01' Electric:ll anti 
Llt.ctronlc Cng~necri i  and iht. IRE ( lnst t t~t te  of  K a d ~ o  Eny~i~ecrc ) .  Durin? this tirne i'r;~nlc. 
11-lt. Arlll\. Siynal C'orp\ of Engineer. :ind thc l.nitcd N L I ~ C , ?  .\is Ft11-i~ ircateci \tr.ong [,ngc.r- 
In? pro,cram\ tlcalirig with EILII. RFI. ant1 rriatcci :{I-e:ts 01' EM('. 

In ~ht l  IC)60c. NASA (National Aeronaulic,ll and Space Zd~iiinistratlont hegan 
repped-up  EM1 ~ o n t r o l  prosrams for their la~i~ic!i \ .eh~cles :111c1 \ ~ ; I C C  jysteril pro.jects. 
c;cvcrnmen[al agencw,, ~ i n d  privulc col-poraric-;n becilr-nt. l r t \ !>l~~ed L\ ~ r h  i'omhatins EM1 i l l  

L Y I L I I ~ I ~ ~ C I I ~  xiici~ L 3 c c ~ ~ ~ - ~ t : b  \:vite!~i\. ch~rrcli org;Ins. t i l - F I  ;~r~iplifiers. .IIILI ttie Ilk?, 411 o! 

!hp\i. ~ l c \  rc.:r\ were i ~ ~ i ; i l o g - ~ ~ a s ~ d  \ ) X ~ C I T I \  

\ \  ti12rtai !ogle. clc\ic,i.\ A C S C  Je\cloped.  Ebll hcca~nc  :I gl-eaier conc21-n. In approxl- 
I I X I I ~ ~ ! ~ ,  l c~70 .  sc\t.:ir~~li ,*$;I\  ,ti~r-ted to L,t~~rr:ictt,ri/e EM1 111 ~ ~ ~ I I ~ ~ I I T ~ C Y  c l e < t ~ - o ~ ~ ! c ~ .  \%llich 111 

iluclcci I b \c.r \ .  ~~o~nr i ;o r i  .4b1/17Y1 srid~o\. rnetiic.al &vice\. .ludic, ~trid i 1dt.o rt.csorder\. :~ncl 
,111111:a i~  111, ~ ~ l i i ~ . ! ~  'L L I !  :L'$.\ 01. l l l ~ \ ~  I ? I - O C ~ L I C ~ >  \ \ t ' ~ e  digiti~l ll!i[ \.&<'!-(: I ~ ~ . C O I I I ! ! ~ ~  <>o. . - \ I ~ ~ I I ~ ~ ~ ~  
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Figure 1.5 [ t r~n\  ,~\\i)c~;~rcci \ \ ~ t h  rhe t l~rce cietncnts (it  rhc F:Ml rn\ilonmcnr 

iystenls are more xusceptible to problerns than digital equipment hecauae the threshold of 
iusceptibility in a w i t c h  or control circuit i h  higher than that o f  a high gain amplifier. 

In lhe law 1370s. prublenis assuciated with EMC ccrmpatibllity became an Issue for 
producrs that were begrnn~ng to he ~iseil ul th~rl  the coirt~ilerc~;~! ;11:1skctplitce. Thcse pr-oci- 
ucls irlciude home entert~llnnlent \?stems (TVs. VCRs. camcorders). persona\ computers. 
comrn~lnicatio~i eclu~priisnt. hoi~\eholci al?plix~ce\ with d i ~ i t ~ t l  log~c .  intthlligent rr;rnsport;r- 
tion \ystenl\. soph~cricntecl commerci:il avionic\. control \y\trtn\. :ti~dlo and video <ti \-  
plays. and numerous other applications. During this time periotl. the gener:11 public. he- 
came aware of EMC and the threat\ ,~iiociateci with i t .  

,After the general pl~blic hecame invol\,eti with EM1 associ;tteil with digital equip- 
ment u ~ e d  within rrsit1enti;ll area\. the Federal ( 'on~~n~~nic;triori\  Comniisiion (F('(') in 
the mid- ro late 1970s beg:ln !o prornuli~itc :In crnission\ .;tarlclaril for perwnal cornpiltcr. 
and iimilar equipnlent. Sincc personal cornpuler\ cornpri\ed juch :I Iiitge market. 'corii- 
rnercial entities hccame invol\tcl I r l  the field of LMC. ' l 'h~s L L ; I ~  clue in part to rnrlitar! uncl 
<pace tunding hclrlg tupcse~l off  tfuring rhli tlnlc perioii. Son .~lrno\r ,111 c l e ~ ~ t s o ~ ~ ~ c  i'~ltri1'- 

rlicnt I \  tlig11;ll. whether or not i t  n c e ~ i ~ .  to he 
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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 totally 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 iminunity 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 primatilv used. Since a lot of things 
are now done electronically that once were not. the opportunities and consequences of 
EMC are much greater. Because o f  this issue, a lot of peopie have had to deal with EMC 
for only 20 years, whereas the rnilitarq, 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 apprcach I GHz 

1.5 POTENTIAL EMIIRFI EMISSION LEVELS 
FOR UNPROTECTED PRODUCTS 

The complexity of a product 1s dependent on processing speed and other factors. The 
more complex a product is, the more likely i t  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 
cc>mplexit) arc plotted against processing speed. 

In the upper left corner of the table. products with processing .speeds of less than 10 
VlHz are conimonlv found. Ae \n,c procccd toward the bottom nght corner, systems are 
rriuch faster and more complex. These high-technology systems include RISC (Reduced 
Instruction Set Computing) CPl'c, Pentiurn! processors, and similar products. Most o f  
these products have edge rates in the suh- nzinosecond range and operate above i 00 MHz. 

1.6 METHODS OF NOISE COUPLING 

.4 product must he designed for twn lcvcls of periorrnance: one i s  to minilnize KF energy 
<kiting an enclosure iemissions), and the other is to m i n ~ m i ~ e  the amount of RF energy 
entering the enclosure (susceptibility or irrlmunit! ). Buth emission5 and imnlunity travel 
h\ cither radiated or conductive paths. This reiationship !c shown in Fig. i .(,. 

TABLE 1.1 Vlatrlu ot Potcni~al Ern~islon Lz\el\  !'or !:arIOtI\ Proci~lct5 

Product size/complexity 

Processing Low Medium Large 

speed S~ngle board I Motherldaughter board I Multiple modules 1 

Slow i Low 
< l o M H z  

Medium 
10 MHz < f .: 100 MHz 

To further csarninc coupling paths. it must be realized tha\ the propagation path 
contains multiple transfer mechanisms. These are detailed in Fig. 1.7 and include 

Medium 

High 
> I00  MHz 

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

7 .  Direct RF energy radiated from the sourcc transferred to .-4C mains cables or 
signallcontrol cables of the receptor (path 2 ) .  

3 .  RF energy radiated by AC mains. ignal. or control cable5 from source to r'e- 
ceptor (path 3). 

4. RF energy conducted by common electrical power 5upply line5 or by conlrnon 
signal/controt cables (path 4).  

Large 

Medium 

In addition to the four coupling path<, there are four trarhfrr nlcc!ianisms that eui5t 
lor e:ich couplinz path. These four mechanism\ are 151 

High 

1 .  Cunducrivc. 

2. Eiectromagnctic. 

3. Magnetic field t\uh\et of rlectromagnzt~c ~derltlfied \eaaratei~, i n  Fig. I 7 )  

4. Elt.ctric. field I subset of. e1ectrorn;lgnetic identified ceparatelq In 1.7 I. 

Medium to h ~ g h  

Propagation 
N o w  source . Receptor 

path - 

H ~ g h  to very h ~ g h  

High to very high 

Control ernlsslons Control suscept~btl~ty 
I Reduce n o w  source level I R e d u ~ e  proo~icjatlon efflclency i 

f Reduce propagat~on e f f ~ ~ ~ e n c y  i (increase reCWtor immllnltVi 

Very high 
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Figure 1.7 Coupling path mechanisms. 

If the noise coupling mechanism can be ascertained. a logical solution can be determined 
to reduce the coupling. 

Conductive ci~upling is identified as common impedance coupling. This coupling 
occurs when both noise source and susceptible circuits are connected by a mutual imped- 
ance. A minimum \if two cvnnections is required. This is because the noise current must 
flow from a source !o load and then return to the source. Figure 1.8 illustrates two circuits 
and a power source. Current Srom each circuit flows through both the shared impedance 
of the power subsystem and interconnect wiring, all caused by shared metallic connec- 
tions. For this figure. the shared connection is the return line. 

Magnetic coupling occurs when a portion of magnetic flux created by one current 
loop passes through a second loop formed by another current path. .Magnetic flux cou- 
pling is represented by mutual inductance between the two loops The noise voltage in- 
ducted in the second loop is V2 = M,,d lA i t .  where M,? = mutual coupling factor and 
dl,/dt = the time rate of change of current in the [race. Magnetic ilux couplin: is shown 
in Fig. 1.9, 

Electric field coupling occurs in low-impedance circuits. The effects are small rela- 
tive to other coupling that may occur. In a circuit there is mutual cap;lcitance il. we have 
high Z, in par;illel with Z. (see Fig. I . I t ) ) .  Capacitive coupling occurs when A ponion of 
the electric flux created by one circuit terminates on the conductors of another circuit. 
Electric tlux coupling ktweml two iircuits can he represented by nlutual capacitance. 
The noise current ~njected into the susceptible circuit is approuin~rltely I = r,iC'/tlt. 

PCB Trace PCB Trace 

I I 

Figure 1.8 ( ' , \ l i d u c t ~ ~ e  rransler i i l t .c.h;~~l~\n~ 

Section 1.6 Methods of No~se Coupling 

\ Magnet~c flux linkage 

Figure 1.9 Magnet~c field coupling. I 1 1 1 

Electromagnetic field coupling is a combination of both magnetic and electric t'ields 
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 thurnb is: 

The higher the frequency, the greater the efficiency 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 ' 'I  ."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 . 1 1  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. 1.1 1. 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. distrihuted effects 
are observed.' Energy, which has been propagating clown the trace with a iharactcristic 

Voltage 
source 
dVidt 

4 
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Return trace 

Signal line 

Signal !ine 

Return trace 

Cc = line-line capacitive coupling 
CL = line-pair capacitance 
L = inductive coupling 

Figure 1.11 Coupling model for traces 

impedance Z,,, wiii arrive I the load. If the load impedance. Z,,. is the same as the source 
impedance. all energy will be absorbed in the load. If the load islpedance is high. the sig- 
nal will reflect back to  the source since the signal cannot be consumed by the circuit. This 
reflection can he identified as ringing or overiundershoots. Transfer impedance. both in- 
ductive and capacitive. also exists inside components (Chapter 3 ) .  Internal gmund bounce 
further degrades the quality ( i i the tritnsmitted signal (Chapter 7 ) .  

1.7 NATURE OF INTERFERENCE 

Interference can he grouped into two iategorie*. internal and cxter~lal. The internal pmb- 
l e ~ n  can be due to signal degradation along the transmission path along with parasitic cou- 
pling between adjacent circuits. in addition to field coupling between internal subassem- 
blies. such as a power supply to a disk dr ive  Stated more specifically. the problems are 
signal losses and reflections along the path and crosstalk between adjacent signal traces, 

External problems are divided into emissions and r u s c ~ t i h i l i t y  concerns. Emis- 
sions are prinlarily from harmonics of clocks or other periodic signals. Remedies concen- 
trate on containing the periodic signals to as small an area as po\sihie and blocking the 
parasitic coupling paths to  the outside world. 

Susceptibility to external influences. such as ESD or  radio t'rcqucilcy interference. 
are related primarily to energy which couples onto 110 lines and the11 becomes transbrred 
to the iriride of ~ t l e  uni t  The principal recipie~~ta i r e  higtl-speetl I I I ~ L I ~  i i~les 211d sensiti\e 
;a!,j:~rcnt traceb, porticulariy those termiilated with cdse-triggered ilerii:c5. 

I'here are iibe major cons~derat io~lr  in EMC ,inal>si\ 121. 

i .  F J . I , ~ ~ c ~ I I , > , .  Where in the kequcnc? jpectrunl !s !he pn,ble[-ri observed! 
2 .  1 .  IlOw rtr(?ng ir the \ourcc ' n c r ~ y  level. :lad h . 1 ~  ;rcii, 1 %  potpn- 

11;11 I t )  l:au\e Il;ir.n~hl intcrfi'renct. ' 
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3. Time. Is the problem continuous (periodic signals), or does it exist only dur- 
ing certain cycles of operation (e.g., disk drive write operation)'? 

4. Impedance. What is the impedance of both the source and receptor units and 
the impedance of the transfer mechanism between the two? 

5.  Dimensionr. What are the physical dimensions of the emitting device that can 
cause enilssions to occur'! RF currents will produce electromagnetic fields that 
will exit an enclosure through chassis leaks that equal significant fractions of a 
wavelength or significant fractions of a "rise-time distance." Trace lengths on a 
PCB have a direct relationship as transmission paths for RF currents. 

Whenever an EM1 problem is approached, it is helpful to review the above list 
based on product application. Understanding these tjve items will remove much of the 
mystery of how EM1 exists within a PCB. Applying these five major considerations 
teaches that design techniques make sense in certain contexts but not in others. For exam- 
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 EM1 problems 
exist. Many engineers blindly apply single-point grounding for all product designs with- 
out realizing that additional and more complex problems are created using this grounding 
methodology. 

How does one make use of the above list? It is common to think of a . current . source - .  

being created from a voltage applied across an impedance (Thevenin equivalent). It IS. 

however, more advantageous to consider voltage as a result of current traveling through 
an impedance (Norton equivalence). Using the Norton network, many EM1 questions are 
answered as it is easier to  visualize EM1 using the Norton configuration. E-field coupling 
involves the induction of common-mode voltage sources, whereas H-tield coupling can 
end UD with either common- or differential-mode currcnts (depending on victim wiring). 

Current is preferable to voltage for a simple reason: current always travela around a 
closed-loop circuit following one or Inore paths. I t  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 p ~ t h  from source to the load. we inlist 
consider a11 possible paths through which the return currents rnay travel. 

1.7.1 Frequency and Time (a la Fourier: 
time domain u frequency domain) 

It is common for design engineers to think in terms of the time frame. EM1 is gener- 
ally viewed in a frequency frame. RF energy is a periodic wave front that propagates 
throtlgh vi\rious mediums Different wavelengths of the .;ine w;\vr are recorded :la EMI 
t i ~ r  those products that are not designed to be intentional radiators. It is difficult to undcr- 
itand :in EM1 problem in the time ciortiain alonc. (Conversion brtwren the time ancl frc 
quency domain is detailerl in Appendix B ~lsing Fourier analysis., 

R:lron Jean Bapticte Joseph Fourier 1 1768-- 1830). a French mathernatic~i;~~~ ant! 
physicist. formulated a method for :~nalyzing periodic functions. Fourier proved that any 
periodic wavel.orm can he decomposed into an infinltc \erie$ of \in(: w:l\es. each :\t an 111- 

l e g a l  lnultiplc or harmonic of a t'undumentnl frequency. The cornl>ox~tion 01- the har~non- 
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ics is determined during a mathematical operation known as a Fourier transform. Fourier 
transforms can easily be calculated for simple waveforms and displayed with modem in- 
strumentation. 

1.7.2 Amplitude 

The impact of amplitude is obvious. The higher the amplitude, the more interfer- 
ence one may encounter. It beconies important to limit the peak amplitude of the RF en- 
ergy to only that necessary for circuit. device, and system performance. 

1.7.3 Impedance 

If both source and receptor are not the same ilnpedance, one should expect greater 
interference problems than a source and receptor with identical impedance. This is be- 
cause, for example. high-impedance sources can have rninirnal impact 011 low-impedance 
receptors and vice versa. Sirtiilur rules apply to radiated coupling. High impedances are 
associated with electric fields. Low itnpedances are associated with magnetic fields. 

1.7.4 Dimensions 

Physical dimension.; play a significant factor related to the wavelength of an R F  wave. 
When dealing with pl2ysic;lI dimensions of a PCB trncc. or the slot (aperture) opening of an 
enclowre. this aspect o f  EkIC comes into view. Circuit analysis can no longer be assumed 
with lumped circuit parameters if nurr~erical modeling is used during the design cycle. 

The need to minimize the physical length of a trace or aperture opening relates to the 
electrical parameters of high-speed digital devices. When the speed of propagation becomes 
;I significant portion of the propagational delay frvm source to load. we ,tart to observe ef- 
fects where field coupling beconss  noticeable. When the trace length hecomec, physically 
long relative to a uabelength of a particular frequency. or in time domain terms. when the 
rise time becomes less than the propagational delay between source and load. the trace as- 
.iurnes the characteristics of a transmission line. All transmission lines must be terminated in 
their chamcteristic impedance tor optimal transfer of the signal. While this practice is re- 
lated primarily to preserving signal integrity. it also helps to control EMI. 

Regarding EMJ, we n?ust concern ourselves with preventing creatior~ of an antenna 
by having ;I PCB tracc ( o r  wire) a.ppn)ach a dirnmsion that is the same as the offending 
source. When the tracc approaches ;I particular wavelength of thi. u f f e ~ l d ~ n g  signal (or 
portion of a w:ivttlengthi. an efficient antenna will exist. 

1.8 PCBs AND ANTENNAS 

84 P('B can ~rct ;I\ 211 ;interln;1 to s:~cJiate R F  erlerg!l through 1.1-cs \pace or c:lupic. ttlrough .i 
~ , a h l e  iiiterconne~.t. h he11 LVC 13/l\ i~bout  the P(.R ~icting :I\ :i!l aiitct~~la. what e ~ a c t l y  do we 
rncan" An ~uitenna i h  an cfficicnt and integral part ot radio freqt~enc\. ~ o r n ~ n t ~ n i ~ ~ ; ~ t i o ~ i .  Wc 
nccd L I I I ~ C I I I ~ : L ~  10 opCr;1te .I\ ~ ~ ~ t e n t ~ o ~ i ; i l  r;ld~;~toss. blast PCBs ;~ct  as an t~rl intent i~n;~l  sadiu- 
tor arid arc. rtyula:t-ci h \  inlt>rn:rtional I+fC' ~~*c{ui~.e~rlcnts  u n l c a  des~gn  ~.erluircmen~s i n -  
cludc i t  :I\ blaing C I  ~ r ;~n \~r l i t t e r  l-r:i~~\i~iitter\ arc rrg~~l:~tcci by seg~~latory s c ~ ~ ~ ~ i r c n ~ e n , ~ .  If 
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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 rc- 
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' 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 100 MHz. because 110 cables are approximately 2 to 3 ins- 
ters in length and are sometimes long relative to a wavelength. At higher frequencies, sig- 
nificant radiation is generally i~bserved 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-i~~ode cable 
radiation. a reduction in the drive voltage is the easiest suppression tech~lique to irnple- 
ment. RF voltages exist because of 

Impedance of circuit traces (which in turn is derived frorn lead inductance). 

Ground bounce ( a  point of uniform potential). 

Bypassing or shielding with respect to g r o u ~ ~ d  to reduce the drive voltagc avail- 
able to the unintentional antenna. 

A sche~natic revresentation of an antenna is shown in Fig. I .  12. The antenna. presents :I specitic .-.. ~ 

impedance to the source driver that vanes with frequency. At resonmce, the reactive compo- 
nents. 1. and C. cancel out. Radiation resistance is maximum. RF energy is thus radiated. 

To minimize the effects of an unwanted antenna zxisting in a PCB. EklC clehign 
and suppression techniques are required. These include establishing a good ground \ys- 
[mi in the layout i l l  ajditirrll to the uir. of  a Faraday LaSr. i to cr>nt;lin K I  eitli\\ion RF fil- 
terS also reduce unwanted RF s i ~ n a l s  with minimal effects o n  the dr\ireJ ciata. a\ long 
the filter IS properly chosen f o r  its intended tunction. 

1.9 CAUSES OF EMI-SYSTEM LEVEL 

.I.hl\ book de:lls w ~ t h  the concepts that c a ~ ~ s c  or arc rcl:~teci to thtL crc;lt~ori (11 L:.Wi iv~ihiil ' I  

PCB. A product is not co~iiplete without merltionir~p (,[her aspect\ o f  ;I iie+11 !I1;1t 11II;.ct\ 
ic>rupl~snce. .I~tiesr other a\pei.t\ itre ;i\\oci;ited ~ i t h  \ysteru-lc\cl ( i e , ; i ~ i ~ .  I)e1;11lc~l ~ I I \ C L I \ -  
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sion of the following is beyond the scope of this book; the focus is on PCBs. Excellent 
reference material is provided in the References sections for those interested in other as- 
pects of EMC system-level design. - 

The most common areas of concern for system-level EMC compliance involve 

Improper use of containment measures (metal versus plastic housing) 

Poor design, implementation. and grounding of cables and connectors 

Incorrect PCB layout (includes) 
1. clocks and periodic signal trace routing 
2. stackup arrangement of the PCB and signal routing layer allocarion 
3. selection of components with high spectral RF energy distribution 
4. common-mode and differential-mode filtering 
5. ground loops 
6 .  insufficient bypassing and decoupling 

To implement system-level suppression. the following techniques are generally required: 

Shielding 

Gasketing 

a Grounding 

Filtering 

Decoupling 

Proper trace routing 

Isolation and separation 

Circuit impedance control 

I/O interconnect !esign 

PCB suppression tcchniques designed internal to a component package 

Even with all of these items, multiple techniques of both suppression and containment to 
achieve a compliant product can be required. Depending on the complexity of the sysam, 
speed o f  operation. and EMC requirements where shielding ir needed. proper PC7R layou[ 
will minirni~c shielding requirements. 

1.10 SUMMARY FOR CONTROL 
OF ELECTROMAGNETIC RADIATION 

111 order to rccli~cc or e!irnin:ite the potential for electromagnetic radiation. several basic 
conccpts n l u ~  he ~~ndcrstoc~d. These arc listed below and detailed in later chapters. 

References 

3. Reduce the energy being coupled to the antenna structure; use self-shielded 
trace routing and reduce differential-mode to common-mode conversion. 

4. Reduce the effectiveness of the antenna's propensity to radiate RF energy. 

High-frequency currents on an antenna are necessary to cause electromagnetic radiation. 
These RF currents can be reduced by differential-mode filtering and slowing down the 
edge rate of digital logic devices. We can reduce the convrnion of differential-mode 
(DM) to common-mode (CM) currents by improvitlg the impedance balance of the cir- 
cuit. Since we generally cannot control the length of an external U 0  cable. reducing the 
length of one-half of the antenna will make this radiator less efficient. 

For RF energy to exist, there must be a voltage reference difference between two 
circuits. As a result, maintaining all metal structures (ground planes. ground traces, chas- 
sis, etc.) at a uniform or equivalent potential eliminates this voltage reference difference. 
This voltage reference difference is often due to inductance within the circuit and struc- 
ture. 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 (pFi of capacitance are significant at higher frequencies. 
related to RF emissions. 
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I .  Rcducc the intensity o f  the RF \ourcc (voltage :~nd current dricc levels). 

2. Provide ditfi.rcntia1- and commorl-[node filtering for high-speed cipn;ils o r  "he 
t)irliinced tiittcrcntial pairs with impcdancc-111atcheti 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 

'I'ruditionaliy, EMCI has been considered Black :l.lagic.; in reality, EMC can be explained 
by mathematical concepts. Some of the relevant equations and formulas are complex and 
beyor~d the scope of this book. Even if mathematical analys~s is applied, the equations be- 
come too coniplex for practical applications. Fortunately, simple models can be ftmnu- 
lated to describe how. but do not directly explain why, EMC compliance can be achieved. 

Many variables exist that cause EMI. This is because EM1 is often the result of ex- 
ceptions to the normal rules of passive component behavior. '4 resistor at high frequency 
acts like a series combination of inductance with resistance in parallel with a capacitor. .4 
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 ;1 capacitor in parallel across the two terminals. These expected behaviors of passive 
components at both high and low frequencies are illustrated in Fig. 2. I. 

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 
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Low Frequency 
Component High Frequency 

Behavior Behavior Response 

(Lumped version) Resonant wavelength at 
h~gh frequencies 

I 1,) 
Wire 

Wl- f 
Resrstor 

I I L------;-. 
Capacitor i t -  Jmw-- +-\/ f 

Transformer 

ReSDOnSe curves 
Solid line is low frequency behavior 
Dashed line is high frequency behavior 

Figure 2.1 C~~rnponrn t  charactcribtic at RF frequenc~es. ( S u ~ r r e :  Deslyners G~ricie to 
Eii.c.:r-unrupnetrc Compc~rrh~lirv, EDN.  O IWJ. Cahners Publishing Co. 
Reprinted w ~ t h  permiss~on.i  

not function as a capacitor because it has changed its functional characteristics to appeur 
as  an inductor due to lead-length inductance at high frequencies. Conversely, "When is an 
inductor not an inductor'"? tin inductor appears to function as a capacitor due to parasitic 
wire coupling at hieh frequencies. To  be a cuccesshll designer, one must recognize the 
limitations of passive components. Use of proper design techniques to accommodate for 
these hidden featurcs becomes mandatory. in addition to designing a prodt~ct to rrleet a 
rnarketrng functional specification. 

These behaviorc~l characteristrcs are referred to as the "hidden xchematic." Digital 

engineers senerally assume that components have hinyle-frequency response. As a re- 
sult. passive component selection is based on functional perfomlance in the time dornain 
without regard to the characteristics exhrbited in the frequency domain. Many times, EM1 
exceptions occur if the designer bends or breaks the rules. as \eel1 in Fig. 2.1 . '  

To restate the complex prohlems that exist. consider the fieltf of EMC ax ..I:!,~,.Y- 
fi~itix fliut i\ tiot O I I  ' i  . S I . I I P T ? I L I ~ ~ ( ,  or ~.v ,srmhl~ dt.rl~~it~,q." This staterrlent e.xplain5 why the 
field of EMC is consrdered to he ; , , I  ; ~ r t  ot' RI.ark hA.tni#. 

Once the hidden behavior of components is understood, i t  becomes a simple process 
to design products that pass EMC requirements. Hidden behavior also takes into 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 separate] y. 

2.1.1 Wires and PCB Traces 

One does not generally consider the internal wiring, harnesses. and traces of ;l 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 corn- 
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 he- 
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. (XL = 27~fL) ,  and is defined by Z = R + jX1. = j 2 7 ~ f L  at high fre- 
quencies. Capacitive reactance, Xc, = 1/2TCfC 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) becorncs 
the important part of this impedance equation. Above 100 kHz, intluctive reactance 
(j21cjL) 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 (o r  trace) operating 
above the audio frequency range is inductive. not resistive. and may be considered LO be 
an efficient 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 ;tllow a wire (or  trace) to become an 
unintentional radiator below 1 / 2 0  of ~1 particular frequency of interest. Inductive and ca- 
pacitive elements can result in efficiencies throiryh circuit resonance that mech;~nlcai di- 
~nensions do not describe. 

For example. assurnc. a i 0-im (race has R -. S i  tn!!. . - \ s s ~ r t ~ ~ r t l ~  Y 1111 C I ~ .  30 nt I totai 
(details o n  deriv:ltion are presented 111 Chapter 6). \ye :~chic\e  a n  :ntiucti\,i. ~r~~~ictni icc o f 5 0  
11112 at 100 kH7. For  rhoic tr;lces \ $ i r h  hequenc~cs ;lbo\t. I00 A i l / .  r h i .  traci. hccoilies 
inductive. The resistance becomes negligible anti is no longer part of the ctluation. Thi.: 
10-cm trace is calculated to be an efficient radiator ~tbove 150 MHL (h/?O of 100 kH7r .  

2.1.2 Resistors 

Resistors are one of the most comniunly used components on a I'CR. Keh~stor\ also 
have a limitation rel:itcd to EMI. Dependiny on the type of mr~ter~al  ubeti for the rc\istor 
(carbon composition. carbon Film. mica, wire-wound. etc.). a limitation exists rc1:ttctl to 
liequency Jomaln requirenlellts. A hue-wound resistor i c  not .;urtable t'oi liigli-trecluenc> 
applications tiue to excessive inductnnc~e rn tilt. wire. Filrn rusixtol-s uonlan \ollie indue- 
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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 
occur. 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 / (37ifC) where X(. is capacitive reactance (unit of ohms), f. is fre- 
quency in hertz. and C is capacitance in farads. T o  illustrate this fornlula, a 10 pf elec- 
trolytic capacitor has a capacitive reactance of 1.6 !2 at 10 kHz. which decreases to 160 
uR at 100 MHz. .4t 100 MHz. a short-circuit condition would exist which is wonderful 
for EMI. However, electrical parameters of electrolytic capacitors with high values of 
equivalent series inductance (ESL) and equivalent series resistance (ESK', limit the ef- 
t'ectiveness of this particular type vf capacitor to operation below 1 MHz. 

Another aspect of capacitor us~igc lies in lead-length inductance and body structure. 
This subject is diccussed in detail in Chapter 5 and will [rot be examined at thrs time. T o  
w ~ m m a r i ~ c .  pari~sitic inductance in the cap~zcitor'a wirc bonci leads causes the capacitor to 
function as an inductor above self-resonance and ceases :o function as ;I capacitor for its 
intended function. 

2.1.4 Inductors 

Irlcluctor:, dre L I ~ C C I  for LMI ~ ~ ~ n t r o l  withi11 a PC'B. For an inductor. inductive re- 
actance irrc:-e:rsc. l i r l t b : ~ r - 1  with irrcrerising i requenc~, .  ' f h ~ s  is tiescribeti by the formula 
YI- = 27~ fL .  ~vhel-t. .YL. is inductive I-eactancr (Ohms, ,  I '  is fre~luency (hertz). and L i~iduc- 
lance (henrie.;). 

For cu:r~nple. an "icleal" 10 rrlH inductor has a rrvctarrce of' 678 ohrns at 10 kH7. 
Thi\ ~n t iuc~r~ve  rcactanc~c Incrc:l.;t.i to 0.2 L112 ; ~ t  100 MHL. The inductor now appears to 
he an open i.11-cuit at 100 MFIL. If ~ 4 c  hunt  r o  pass a iignal at 100 MHz. greirt clifl.iculty 
uill he present I-elated to signal cluality (time domain concer11J. Like a cupac~tor. the elec- 
trical Ixrramclcrs ut this inductor (paras~t ic  c;~p;~citance between windings) limits this par- 
ticular dc-vi~~e to It,s\ than I t l t i r .  

The que\tion no& .it hitncl is n.h:~t to (10 at high frcquen~res w11er1 :in inductor cannot 
hc ~lhctl. f.cn.rte I>t-;ids c;in hecoille itre s:iv~or. Ferrite rn~itel-ial\ .ire irlloys ot. iron/magrlc- 
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sium or ironlnickel. These materials have high permeability that provides for high- 
frequency and high-impedance with a minimum of capacitance that is observed between 
windings in an inductor. Ferrites are generally used in high-frequency applications be- 
cause at low frequencies they are basically inductive and thus impose few losses on the 
line. At high frequencies, they are basically reactive and frequency dependent. This is 
graphically shown in Fig. 2.2. In reality, ferrite beads are high-frequency attenuators of 
RF energy. 

Ferrites 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- 
sistor. 

The fact is that ferrites are "dissipative devices" where they dissipate high- 
frequency energy as heat. This can only be explained by the resistive, not the inductive, 
effect. 

Impedance 

Figure 2.2 Charac t e r~~ t~cs  of ferrite material. Frequency 

! Inductive reactance 

2.1.5 Transformers 

IZI 

Transformers are generally found in power supply applications in addition to being 
used for isolativn for data signals. 110 connections, and power ~nterfaces. Depending on 
the type and application of the transformer, a shield may be provided between the primary 
and secondary windings. This shield. connected to a ground reference source. is designed 
to prevent against capacitive coupling between the two sets of windings. 

Transfornlers are also widely used to provide com~non-mode ( C M  ) isolation. These 
devices depend on a differential-mode transfer ( D M )  across their input to magnetically 
link the primary windings to the secondary windings in t h c ~ r  attempt 10 transkr encrgy. 
As n result. CM voltage across the primary winding is rejected. One flaw that 1s inherent 
in thr manufacturing of transfomlerc is signal source c;rpncitance betweell the primary 
and secondary windings. As the frequency of the circuit increases, i o  tic~cs capacitive cou- 
pling: circuit isolation is now comprornisecl. I f  enough pari~sitic capacitance exists. higtl- 
irequwcy RF energy c first tl-ana~ents. ESD. light~ng, etc.) miry pass t h ~ . o ~ ~ g h  thc ti.ans- 
former irnd caust an upset in the circuits on  the other \ iJe  of tht. i\ol;ition q:\p th;lt 
received this traniient evcwl. 

region 

lnductive 
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Having examined the hidden behavior characteristics of components, we now ex- 
plore why these hidden features create EM1 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. Thew 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 si~nple terms, a few fundamental principles are 
examined. The letters J,  E, B,  arid H refer to vector quantities. Basically, 

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

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 
1 .  conductivity--relates current flow to electric field (Ohm's law in materials): 

J = o E .  
2 .  pern~eability-relates niagnetic flux to magnetic field: B = m. 
3. dielectric constant-relates charge storage to an electric field: I) = EE. 

where .I = conduction-current density. A/m' 
G =  conductivity of the material 
E = electric field intensity, V/rn 
U = electric flux density, coulombs/m2 
c = permittivity of vacuuln. 8.85 pF/rn 
B = magnetic f l u x  density. ~ e h c r f m '  gjr Tcslu 
H = magnetic field. A/m 
p = permeability of the mediurn. H/m 

blaxwell's first equation is known as the tiivergenci. theorem based on Gauss's law. 
1'111s ~~ppl ies  to the accumulation ot'an electric charge that creates an electrostatic field. E.  
This i s  best ohscr-ved between two boundaries. conductive and ~ionconductive. The 
boundary-contiition behavior refcrenceti in Gauss's law causes the conductive enclosure 
(also called :I Faraday cage) to act ;IS an electros~atic shi~lti.  At the bound:lry. electric 
charges are kept on the inside ot'the boundary. Electric charges that evist on the c~utside of. 

the boundary art. rxcludrd from ~nlernally generateti t'ielcls. 
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Maxwell's second equation illustrates that there are no magnetic charges (no 
monopoles), only electric charges. These electric charges are either positively charged or 
negatively charged. Magnetic monopoles do not exist. Magnetic fields are produced 
through the action of electric currents and fields. Electric currents and fields emanate as a 
point source. Magnetic fields form closed loops around the current that generates these 
fielas. 

First Luw: Electric Flux (from Guuss) 

Second Law: Magnetic Flux (from Gauss) 

Third Lclw: Electric Potential (from Furuduy) 

Fourth Lnw: Electric Cilrrent (from Ampere) 

f H di = l ( J  + 'E) cis = I,,,,;,, C X H = J + - - -  a t  

Maxwell's third equation, also called Faraday's Law of Induction. describes a mag- 
netic field traveling in a closed-loop circuit. generating current. The third equation has a 
companion equation (fourth equation). The third equation describes the creation of elec- 
tric fields from dz~~rzging magnetic fields. Magnetic fields are commonly found in trans- 
formers or windings. such as electric motors. generators. and the like. The interaction of 
the third and fourth equations is the primary focus for electromagnetic compatibility. To- 
gether. they describe how coupled electric and magnetic fields propagate (radiate) at the 
speed of light. This equation also describes the concept of "skin effect," which predicts 
the effectiveness of magnetic shielding, In addition. inductance is described which allows 
antennas to exist. 

Maxwell's fourth equation is also identified as Ampere's law. This equation states 
that magnetic fields arise from two sources. The first cource is current flow in the farm of 
a transported charge. The second source describes how the changes in electric fields trav- 
eling in a closed-loop circuit create magnetic fields. These electric and magnetic sources 
describe the actions of inductors and electromagnetics. Of the two sources, the first is the 
description of how electric currents create magnetic fields. 

To summarize. Maxwell's equations describe the root causes of haw EM1 is created 
within a PCB-time-varying currents. Static-charge distributions produce static electric 
fields. not msgnc(lc fields. Constant currents protiuct: both static rl\agncrlc 2nd ilicctric 
tields. .I'~me-vary~ng currents producc both electric ancl magnctic liclits. 

Static fields store energy. This is the basic function of a capacitor: accumulation of 

charge and retention. Constant curreni sources are a fundarrlen~al concept for the use of an 
inductor. 
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2.3 RELATIONSHIP BETWEEN ELECTRIC 
AND MAGNETIC SOURCES (MADE SIMPLE) 

Having 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 .  Current umplitude it1 the loop. The field is proportional to the current that exists 
in the signal trace. 

2.  Orienrutiorl i$ rhe source loop nntennu relative to tJle meas~ir in ,~  devicv. 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 
rather than cross polarized. For example, if a loop antenna is horizontally polar- 
ized, i t  must be in an identical polarization; however, if the measuring antenna 
is a dipole, it must be vertically polarized! 

3. Size n f the  loq?.  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- 

+ v + v Loop antenna 

Distance, r 

Osc. Signal trace RF energy 

Return current 

1 - - 
Reception of emlssion 

Source of emissions 

Figure 2.3 Ktz II-:II~\IIII\\I~~ o f  a Inapnctlc iic.id 

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- 
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 field falls off as the 
square of the distance. When the distance is electrically '@r," 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 hi%). The 
wavelength at this distance is the speed of light divided by the frequency. This 
formula can be simplified to h = 300if where h 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 EM1 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 ump1itude.s in tllp l o o p .  The fields created are proportional to the 
amount of current flowing in the dipole. 

2. Orientation o f the  dipole relative to the meczsuriny rlt,~ic.r. 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 n small fraction of a wave- 
length. The larger the dipole, the lower the frcquency that is observed at the ter- 
minals of the antenna. For a particular physical dimension, the antenna will be 
resonant for a particular frequency. 

-1. Di,srunce. 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 electr~c cornponents) and far- 
field is illustrated in Fig. 2.4. All waves are ir combination of both electric and magnetic 
field components, We generally call this combination of electric :inti magnetic field corn- 
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Figure 2.4 Wave impedance versus distance from E and H dipole source?. (Stjurce: 
,Voi.\e Keduc.tron Tt~c.lin~quc>~ it1 E1ec.tr.onic.r S~srems  2nd rdit~on. H .  Ott. 
C 1988. Reprinted by permission of John Wiley & Sons, Inc.) 

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. (, = I / \ F,,E,, = 3 x 10' mls, where p,, = 37t * lo-' H/m and &,,=8.85 * lo-" F/m. The 
electric field cornponent is measured in voltsltneter. while the magnetic field component 
is in ampsimeter. 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 
h a v e  impedance. Z,,, the characteristic impedance of free space. is independent of the dis- 
tance from the source. and doec not hinge on the characteristics of the source. For a plane 
u.;lve in free hpace. - --- .~ 
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For most applications of Maxwell. noise coupling methods are represented as 
equivalent component models. For example, a time-varying electric field between two 
conductors can be represented as a capacitor. A time-varying magnetic field between 
these same two conductors is represented by mutual inductance. Figures 2 . 5  and 2.5b il- 
lustrates these two n o i ~ e  coupling mechanisms. A discussion of mutual inductance is pre- 
sented in Chapter 4. 

Figure 2.511 Noise coupling method---electric 
field. (Source. Noisc~ Rcduc.riotl Techniqur.~ it1 
Elrcfronic..~ Sy.~tems. H .  Ott, O 1988. Reprinted 
by permission of John Wiley Sr Sons, 1nc.i 

Figure 2.5b Noise coupling method-magnetic 
field. (SOIII.(.P. N o i s t ~  Redtrc.rro17 T C Y / I ~ ~ ~ ~ I ( P . (  it1 
f /c[.rt-ot~cc.x . S \ T ~ ~ ~ I I I .  2nd eel. I I. Ott. 'C 19x8, 
Rcprintsil by permi\\ion of Jvhr~ Wiley & Son\. 
inc.) 
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For this noisc coupling model to be valid. the physical dimensions of the circuits 
must be srnall compared to the wavelengths of the signals involved. When the model is 
not truly valid. we can still use lumped component representation to explain EM(' for  the 

u reasons. followin, 

I .  Maxwell's equations cannot be applied directly fix tnust real-world situations 
due to complicated boundary cunditions. If we have no level of confidence in 
the validity of the approximation of the lumped modeling. then the model is in- 
valid. 

2. Numerical rrlvdeiing does not show how the noise generated is dependent on 
system parameters. Even if a modeling answer is possible, system-dependent 
parameters are not clearly known. identified. or shown. along with the explar~;~- 
[ion in itern I above. 
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Why is this theory and discussion about Maxwell's equations important for PCB design 
and layout'? The answer is simple. We need to know how fields are created so that we can 
reduce these RF-generated fields within a PCB. This reduction applies to reducing the 
amount of RF current in the circuit. The RF current in the circuit directly relates to signal 
distribution networks dong with bypassing and decoupling. RF currents are ultimately 
generated as harmonics of clock and other digital signals. Signal distribution networks 
must be as small as possible to minimize the loop area for the RF return currents. Bypass- 
ing and decoupling relate to the current draw that must occur through a power distribution 
network, which has by definition, a large loop area for RF return currents. 

In addition to the loop areas that must be reduced, electric fields are created by un- 
terminated transmission lines and excessive drive voltage. Electric fields can be reduced 
through use of proper termination, grounding, filtering, and shielding (containment). 

2.4 MAXWELL SIMPLIFIED-FURTHER STILL 

Now that the fundamental concept of Maxwell's equations has been reviewed, how do we 
relate all this physics and advanced calculus to EMC within the PCB. To acquire a full 
comprehension, we must "overly simplify Maxwell" as it applies to a PCB layout. In 
order to apply Maxwell, we relate his equations to Ohm's law. 

Ohm's Law (time domain1 Ohm' 7 LUW (freauencv domain) 

V = I * R  v,, = I,,* Z 

where V is voltage, I is current. R is resistance, Z is impedance (R + j.71), and the subscript 
rfrefers to radio frequency energy. To associate Ma,m;ell Made Simple to Ohm's L i l~ l ,  if 
RF current exists in a PCB trace which has a "fixed impedance value," an RF voltage will 
be created that is proportional to the RF current. Notice that in the electromagnetics 
model, R is replaced by Z, 3 complex number that contains both resistance (real compo- 
nent) and reactance (a complex component). 

For the impedance equation, varicus forms exist depending on whether we are ex- 
amining plane wave Impedance. circuit impedance. and the like. For wire. or a PCB trace, 
use Eq. (2.3) .  

where .ki = 2nf-Z (the component ln the equation that relates only lo wlrec or PCB traces) 

When a (,otnpottrnr has a known resistive and inductive clement, such as a t r r i te  
head-(111-lead. a r-esihtor, a capacitor. or other device with parasitic cnmponents. Eq. i2.4) 
1 5  applicable. L I ~  the magnitude of impedance versus frequency must he considered. 

.- ~. . 

I%/ = I R ?  +,)x: (2 .4)  

Section 2.4 m Maxwell Simplified-Further Still 35 

For frequencies greater than a few kHz, the value of inductive reactance typically 
exceeds R; in some cases this might not happen. Current takes the path of least imped- 
ance. Below a few kHz, the path of least impedance is resistance; above a few kHz, the 
path of least reactance is dominant. Because most circuits operate at frequencies above a 
few kHz, the belief that current takes the path of least resistance provides an incorrect 
concept of how cllnent flow occurs within a transmission line structure. 

Since current always takes the path of least impedance for wires carrying currents 
above 10 kHz, the impedance is equivalent to the path of least reactance. If the load im- 
pedance connects to wiring, a cable, or a trace, and is much greater than the shunt capaci- 
tance of the transmission line path, inductance becomes the dominant element. If the 
wiring conductors have approximately the same cross-sectional shape, the path of least in- 
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 
that the round-trip propagation delayed signal on the trace does not return to the source 
driver before the next edge-triggered event occurs when viewed in the time domain. In the 
frequency domain. an electrically long transmission line (trace) exceeds approximately 
h/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 
free space and causes noncompliance to emission requirements. These examples help us 
to understand Maxwell's equations and PCBs in extremely simple terms. 

It is understood that a moving electrical charge in a trace generates an electric cur- 
rent that creates a magnetic field. Magnetic fields, created by this moving electrical 
charge, are also identified as magnetic lines of flux. Magnetic lines of flux can easily be 
visualized using the Right-Hand Rule. graphically shown in Fig. 11.6. To observe this rule, 

Field or flux line 
(Magnetic flux) 
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make your right hand into a loose fist with your thumb pointing straight up. Current flow 
is in the direction of the thumb (upwards), simulating current flowing in a wire or PCB 
trace. 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 orthogonal 
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 cur- 
rents must retum to their source (Ampere's law) through a retum system. As a result. an 
RF current loop is developed. This loop does not have to be circular and is often a con- 
voluted shape. Since this process creates a closed loop within the retum 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 approximately 120h R or 377 fl, indepen- 
dent of the source. Obviously, in the far field. rnagnetic fields can be measured using a 
loop antenna and a sufficiently sensitive receiver. The reception level will simply be 
E / 1 2 0 ~  (Alm, if E is in Vlm). 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 zxaniine a typical circuit in both the time and frequency domain. Ac- 
cording to Kirchhoff's and Ampere's laws. a closed-loop circuit must exist if the circuit is 
to work. Kirchhoff's voltage law states that the algebraic sum of the voltage around any 
closed path in a circuit rnust be zero. Ampere's law describes the magnetic induction at a 
point due to given currents in tenns 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 mergy. There 
x e  trot two types of currents, time dornain or frequency domain. There is only one cur- 
rent. which may be represented in either the time domain or frequency domain! The RF 
retum path from b a d  to source rnusr also exist, ur the circuit would not work. Hence. a 
PCB structure [nust conform to Maxwell's equations. Kirchhoff's voltage law, and AIJI- 
pere's law. 

Maxwell, Kirchhoff, anci Ampere a11 state that if a circuit is to function or operate as 
intended. a closed-loop network inust exist. Figure 2.7 illustrates a typical circuit. When a 
trace goes from source to load. a return current path rnust iilso he yrehent. as required by 
both Kirchhoff and Ampere. 

Consider a typical circuit with a switch ir l  series w~th  a source driver (Fig. 2.8). 
When ?he switch is closed. the circuit operates as desired; when the switch 1s opened. 
nothing happens. For the time domain. the desired signal component travels from source 
ti-, load. This signal component must have a return path to complete the circuit. generally 

S~gnal trace P 4  
1 Return trace through a I 

ground reference systern Figore 2.7 ('lr)\c.tl loop L I I C U I I  
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Complete circuit with a ground return 
path. Circuit works as designed. 

Equivalent circuit with a 
poor RF return current structure. 

If a low impedance, direct line path from load 
to source does not exist, such as a slot in a 
ground plane, RF currents cannot return to the 
source to satisfy the circuit in an optimal Break in the 
manner. This RF return path will be forced RF return path 
to return through free space (377 ohms) if a solid 
metallic return path is not available, causing EMI. 

Figure 2.8 Repreaentat~on of a closed-loop c~rcuit 

through a OV (ground) return structure (Kirchhoff's law I.  RF current travels from source 
to load and must retum 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 orlr fundanlental concept sezardinz how EM1 i.: created \xtlthin 3 PCB. \ye ex- 
amined the basic niechanism of how magnetic lines of f l u s  are created within :I transmis- 
sion line. Magnetic lines of f lux  are created by a current flowing throuyh an impedance. 
either fixed or variable. Impedance in a network will always exist withln a trace. compo- 
nent bond leatl wire\. bias. and the like. It' rn~lfnetic I inc  of t luv  euist tn a ['('B. clefinecl 
by Maxwell. various transmission p;lths for RF energ); must 11lso cxi.;t. These tr:~nsnlis- 
sion paths may be eltfier racliatecl ~hrough free space or coriciuctecl ihrougli cable Inter- 
connects. 

'1.0 elirninate RF current? within ;I PCB. the concept oi'/711.\ (.o~lci,il(ltr(~tr or / / / I \  t ~ r l t r -  

inrizc~trotr nee& to be cliscussed. Although the term c~nri c~il~lriotr i:, i~scd throi~g!lo~~t ti113 

chapter. we Ilia)- substitute the term t~ri~linli:(ltiotl. Bec;~use rn:ignetic line.: of t'lltx truvcl 
courltcrclockwist. within a ~ranqrniqyion line. ~f we brinz the KF return \ ~ t h  p;~;iLlel ;uid 
aci-jacent to ~ t s  iorreponciir~g wurcc tract. the magnetic tluu lines obses\,cd in the return 
path (csunterclochwke firld). I-elntecl L O  the .;ource path (clockwtsz I'ieltl,. ivrll  he 111 the 
oppositc direction. When s c  comb~nt: a ilockuisc. fielcl with a iountcrcluchu~t~t~ i'icld. 11 
c:rnceIl:itiori effect is observed. I f  ilnwarited rnagnetic~ line.: t l f  f l u \  l~ctuccn a \ourct. :md 
return path arc cancelril or mrnimrzeci. then :I r~lciiated or condt~cted KF iLirrellt i:irlnol 
exrat except within the rn~nuscule boundary 0 1  the trace. I'he concrpr 01 ~mplc~ i i en t l~ l~  
flux cancell:ct~vn 1, s ~ l ~ ~ p l c .  llowcvcr. o ~ i ~ ~  n r u \ t  he Liwalt. 01' rrl;trty p!rlall\ :~ricl o~t:r.siglit. 



38 Chapter 2 . EMC Inside the PCB 

that may occur when implementing tlux cancellation or minimization techniques. With 
one small mistake, :nany 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.2 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 EM1 
cannot exist. It's that simple! 

How 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 [ I ] .  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. 

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). 

Capturing 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 RE: spectral distribution from com- 
ponent and trace radiation (use of slower edge rate devices). 

Reducing RF currents on traces by reducing the RF drive voltage from clock 
generation 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. 

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

m Properly terminating clock and signal traces to prevent ringing. overshoot, and 
underbhoot. 

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

Making proper use of bypass (not decoupling) capacitors when external I/O ca- 
bles are provided. 
Providing a grounded heatsink for components that radiate large amounts of in- 
ternal generated common-mode KF rnerzy. 

As seen in this tist. magnetic lines of flux are only part of the reason on how EM1 is 
created within it PCB. Other major areas of concern are aa f o l l o ~ s .  

Existence of common-mode (CM) atid differential-mode (DM) currents between 
circuits and I/O cables. 

Ground loops creating ;I magnetic t'ield structure. 

Component radiation. 

impedance mismatches. 

'R. F. (irrn~an. t I  OIL. :lnd (.. K Paul. 1')OO. "Eftect o f  an Irnagc plane o i l  PCH r a c l ~ u f l o n  '' PI-,,, l~c,l/r,l ,C? 

o/ [/I( ![,'/.'I: 1t1i(,1 rl[i/it)t1;11 . S Y ~ I I ~ I ~ I I I I I I  o r 1  kIita1 i 1 ~ 0 t ~ 1 1 1 ~ 1 1 ~ ~ / 1 ;  f ' ; J ~ ~ I [ I ~ I / I / ~ ~ / I I \ ,  Yt.vi Yorh [LEE. pp, 284~-20 1 

Section 2.6 . Skin Effect and Lead Inductance 39 

Remember that the majority of EM1 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 rzot DC, but high-frequency AC, current tlow 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 (6)  by Eq. (2.5) 

where w = angular (radian) frequency (2xf') 
y, = material permeability ( 4 ~  . lo-' H/m) 
o = material conductivity (5.82 . 10' mho/m for copper) 
f = frequency (Hertz) 

Table 2.1 presents an abbreviated table of skirl depth values at various frequencies 
for a 1 -mil thick copper substrate ( 1 mil = 0.00 1 inch = 3.54 x m). 

As any of the three parameters of Eq. (2.5) increases, skin depth decreases. The skin 
depth of conductors at high frequencies is vcry thin, typically observed at 0.0066 mils or 
6.6 . 10-" inch (0.0017 tnm) at I00 MHz. Current tends to  be dominant i n  a strip near the 

TABLE 1.1 S k l o  Depth for Copper Sub\trakr. 

i 6 (copper) 
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surface of the conductor at a depth of 6. 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.5 internal inductance equals its DC resistance independent of the wire ra- 
dius up to the frequency where the wire radius is on the o$er of a skin depth. Below this 
particular frequency, the wire's resistance irlcreases as L'f or  10 dBldecade. 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 L ' j  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 resultirlg from the finish on the copper surface. The resistance of the ~ o p p e r  ,- 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 
Coi~pled Logic [EL'I.! 1 where a vnltagc divider is formed by termination resistors and line 
resistance. 

where L is the length o f  the wire. r,, is the radius (Table 1.2).  and o is conductivity. The 
units must be appropriate for thc equation to work. As the frequency is increased. the cur- 
rent o w r  the wire cro\\ iection will tend to crowd closer to the outer periphery of the con- 
ductor. Eventually. the current w ~ l l  he concentrated on the wire's surface equal to the 
thickness of the skin clepth as lie!,cribetl by Eq. ( 2 . 7 )  when the skin depth is less than thc 
wlre radii15. 

d = skin depth 
1-1 - j?fl[nt.;lbiii1) of i o p p r  14x .. i 0 f-l/rnrrer.i 
cr = t h r  L ~ O I I C ! L I ~ : ~ ~ ~ : I ~ ~  o f ~ ~ p p c r  (5 .8  A 10- I I I I ~ O / I I ~ L ~ ~ ~ ~ I  I. 
I\ = ? T i t  

\\ licrtz 1 is the i.orld~rc.tor- Iengtlj and t i  I \  !hiL t i~ani~~!t ts  I I I  tlit. \arllc 1111it\ I ilichc?\ or L ~ L ~ I I [ I I I ~ C -  
~cr .) .  Bccs~~\cx 01' the iogar-ithnirc rcl:ltionliip 0 1  the i.:rrio //ti. the r.cacti:c i.onlyont.nt o f  
inlpctl:i~ic.~. I O I -  IL~~.yc.-~liainetci. \ ~ r r - c . i  dornrilatt.\ rhc ~ . c \ ~ $ t i \ c  zi)rriponcrl{ ; I [ > O \ C  o r l l ~  ;I f.eiv 

TABLE 2.2 Physical Characteristics of Wire 

Solid Wire Stranded Wire R,-solid wire 
Wire Gage Diameter Diameter (Q/IOOO ft) 

1AwC) (mils) (mils) 
@ 25 "C 

28 12.6 16.0 ( 19x40) 62.9 

15.0 17x36) 

26 15.9 20.0 ( 19x38) 39.6 

21.0 (10x36) 
19.0 (7x34) 

24 20.1 24.0 ( 19x361 24.8 

23.0 ( 10x34) 
24.0 (7x32) 

22 25.3 30.0 (26x36) 15.6 

31 .O (19x34, 
30.0 (7x30) 

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

I X 40.3 49.0 ( 19x30) 6.2 
47.0 ( 1  6x30) 
48.0 (7x26) 

16 50.8 59.0 (26x301 3.9 

60.0 (7x24) 

hundred hertz. Thus. it is impractical to obtain a truly low-impedance connection between 
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 differential-mode (DM) currents. 
Both common-mode and differential-mode currents determine the amount of RF energy 
that is propagated. There is a major difference between the two. Given a pair of wires or 
traces and a return reference source. one or the other mode will exist. usually both. Gener- 
ally speaking, differential-mode signals carry data or the signal of interest (information). 
Common mode is a side effect of differential-mode and is most troublesome for EMC 
compliance. ( A  representation of common-mode and differential-mode currents is shown 
later in this chapter in Fig. 2.10.) 

Common-mode currents. which are considerably less in magnitude than differential- 
mode currents, can produce excessive levels o f  radiated electric fields. The radiated ernis- 
sions of the differential-mode currents subtract. but tio not exactly cancel, since the two 
transmission paths are not 100% coincident. On the other hand. the emissions of common- 
[node currents add. In Lct.  it can be calculateti that 1.01. a I-meter length of cable whose 
wircs are separated by 50 mils ( a  typical ribbon cable). a differentirtl-mode currcnt of 
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20 mA, or 8 FA common-mode current at 30 MHz, will produce a radiated electric field 
at 3 meters of 100 pV/m, which just meets the FCC Class B limit [4, 51. This is a ratio of 
2500. or 68dB. between the two modes. This snlall 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 RF 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 VO interconnects that 
are driven from a PCB. differential-mode analysis is usually performed. It 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 Differential-Mode Currents 

Differential-mode current is the component of RF energy that is present vn both sig- 
nal and retum paths that are opposite to each other. If a 180" phase shift is established 
precisely. RF differential-mode current wiil be canceled. Common-mode effects may, 
however, be created as a resalt of ground bounce and power plane fluctuation caused by 
components drawing current from a power distribution network. 

Ilifferential-mode signals 

1 .  Convey desired information 

2.  Caube minimal ~nterference as the field4 generated opposc each orher and can- 
cel out if properly set up. 

With differential made. a circuit device setids out n current that i \  received by a 
1o:id. Ail equal value of return current must he present. These two equal currents, travel- 
ing in opposite directions. represent standard different~al-mnde opcratiorlh. We do nor 
want to eliminate differential-mode peifvrn~ance. Because a circuit bosrd can only be 
made to emulate perfect self-shieldiilg environment ie.g.. a coax I. complete E-iield cap- 
ture and H-field cancellation arc not achievctl. 'The remaining fields which are not cou- 
pled to each other are the .;ource of differential-rnode Ehll. In  the battle to control EM1 
imd c r ~ s s t ~ l k  in thc common mode, the key is to control excess energy fields thmugil 
proper source control and careful handling of the energy-coupling mechanisnls. 

2.7.2 Differential-Mode Radiation 

Dil.l'eicnti;il-~llo(ie radiolion is caused by the flow of RF current loop\ within ;I c > i -  

ten)'\ tructurc. For :i ym:ill-loop recr i~ing :lnter~na when vperarin~ in a field above a 
sroi~nd plane I lice \l);ice is 11oI ;i typic:il cnvimtlnlcnti. tlllr KF energ! ir descrihni ap- 
pro\in~atcl> a h  1.'. I 
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E = 263" 10-Ib (f" * A  $1,) - volts per meter ! i) 
where I = loop ;sea in m2.,/is the frequency (tli) ,  I ,  is the source current in A. and i is the 
distance kom the radiating clement to the receiving antenna (meters). 

The extra ground reflection can increase measured emissions by as much as 6 dB. 
In most PCBs, primary emission sources are created from currents flowing between 

components and in the power and OV planes. Radiated emissions can be modeled as a 
small-loop antenna canying interference RF currents (see F i g  2.9) When the signal trav- 
els from a source to load, a retum current must be present in the power retum system. A 
small loop is one whose dimensions are smaller than a quarter wavelength (N?) at a par- 
ticular frequency of interest which is illuminated by R F  current flowing within its struc- 
ture. For most PCBs, loops exist with small dimensions for frequencies up to several hun- 
dred MHz. 

The maximum loop area that will not exceed a spec~fic specification level is de- 
scribed by Eq. (2.10). 

Or, conversely. the inanimum field strmsth created from a cloyed loop boundary area is 

where E = rad~at~on Iimlt (pV/melcr) 
I. = d~stance between the loop dnd rnca<urlng antenna (1neter5) 
f = frequency (MHL) 
I, = current (mA) 
A = loop area (cm') 

In tree space. radiated energy falls off inversciy proportional (distance) between source and 
antenna. The loop area formed by a specific current component on the PCB must he known. 
and is the total area of the specific circuit loop between the trace and current return path. 
Equations (2.10) and ( 2 .  I l i are for a single frequency The eqa:ltion must be iolved for uach 
and cvery loop (different loop-size area) and for cach frequency of inkrest. 

Using Eq. ( 7 .  I O ) ,  we can determine if a particular routing t<~polosq 11ecil5 lo have 
ipeci:il attention 3s it relates to iadiatd cmissions This special uttentlon may involve re- 

Source 

Loop area 
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routing the trace stripline, changing routing topology, locating source and load compo- 
nents closer to zach 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- 
tenna without an RF current return path: A = 1 cm', 1, = 5 mA, f = 100 MHz. The field strength is 
52.6 p.V;m nr 10-meter distance. Radiated emission limits for EN 55027,' Class B is 30 k V , m  
(quasi-peak). This loop area. which is a typical trace routc on many high-technology PCB designs. is 
27.6 kVim above the limit! 

Section 9.7 . Common-Mode and Differential-Mode Currents 

Noise source 
In load 

Noise source 
in load 

D~fferent~al-mode current Common-mode current 
I total = 11 - 12 I total = I1 + 12 

Figure 2.10 Cornrnun- and different~ai-mode current configurations 

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 common- 
mode current will be the sun1 of the currents that exist in both the signal trace and return 
trace. This summation could be substantial and is the major cause of R F  emissions, espe- 
cially from I10 cables. Comnion-mode current is created by poor differential-mode can- 
cellation. This is due to the imbalance between two transmitted signal paths. If the differ- 
ential signals are not exactly opposite and in phase. their currents will not cancel out. The 
portion o f  RF current that is not canceled out is "common-mode" current. 

Comnion-mode signals 

1.  are the major source of radiation 

2. contain no useful information 

Common mode begins as the result of currents mixing in a shared metallic struc- 
ture. c l~ch as power and ground planes. Typically, this happens because of the currents 
flowing through unintentional paths in the planes. Common-mode currents will occur 
when 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 of the return plane. 
Since planes have a finite impedance. these cornmon-rnode currents set up RF trarisient 
voltages on the pianex. These R F  transients set up currents in other conductive surfaces 
and signal lines that act :IS antennas to radiate EMI. Thc nioht conlnlon cause is the estab- 
lishment of common-rnode currents in conductors and shields of cable5 running to anci 
t'rom the PCB or cr~closure. The key to prevent co~nmon-[node EM1 1s to understand and 
control the paths of power .;upply and return currents i r r  [he board. by controlling the posi- 
tion of the power and ground planes :~nd  the currents withii~ the planes. and to provide 
proper RF grounding to the case of the systeril o r  product. 

In Fig. 2.10. current source. 1 1 .  rcprewnts the Ilow of current from source, F.. to 
load. 7.. Current tlow, I?. is curserl~ that is observed in the return syteirl ,  usually identi- 
fied as an irnage plane. ground plane. or OV reference. 'The rneasurcd radiated electric 
field of [he comnion-mode currrnts I c.:i~rsetl hy the s~~rnnlet i  contribution 01. both 1 1  and 
I2 current produccti fie!ds. 

'EY 55022 .  "1 I I I I I I \  . i ~ l i l  r i l c r h ~ ~ l \  01  inl<a,urcriir,ril I) !  i ; rcI io  i!i\tlrrh~i~ci. ~ 1 1 3 1 ~ . 1 ~ 1 6 1 1 4 1 1 < ~  0 1  L ~ I ~ O ~ T ~ ~ ~ I ~ ~ ~ I  

I C r l l l l t > l t ~ i l \ r  c((Ull>lllrllt. ' .I11 i i l l ~ ~ l ~ l ? . i I l O ! l ~ l  trs: \ / ) L ~ L i t , i 3 t l l i l l  

With differential-mode currents. the electric field component is the difference be- 
tween I1 and 12. If I1 = I2 exactly, there will be no radiation tiom differential-mode cur- 
rents that emanate from the circuit (assuming the distance frorn the point of observation is 
much larger than the separation between the two current-carrying conductors), hence, no 
EMI. This occurs if the distance separation between I1 and I2 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 (see Chapter 4. Scction 13). On the other hand. RF fields created by cornmon- 
mode currents are harder to suppress. Common-mode currents are the main source of 
EMI. 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 kor 
single- and double-sided boards). The RF current in the return path will couple with the 
RF current in the source path (niacgnetic flux lines traveling in opposite direction to each 
other). The flus 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 sonie 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 100c%). The portion of the differential-mode return current that does not get 
canceled out becomes residual RF common-mode current. This cituation will occur under 
many conditions, especially when a ground reference difference exists between circuits. 
This includes ground bounce. tracc impedance mismatches. and lack of decoupling. 

It is possible to relate differential-mode voltage t o  common-mode currents based on 
the relationship of the magnetic/closed-loop and electric field source. The relationship be- 
tween magnetic/closcd-loop and electric field 5ource was discussed earlier in this chapter. 

To  make this differential/common-mode cornparison to both magnetic/closed-loop 
anti electric field murces, consider a pair of parallel wircs carrying 11 differential-mode 
signal. Within this wire. RF currents tlow in opposite directlolls (coupling occurs). As ;I 

result. the RF fields created Lire contained. In reality. this coupling cannot be 100C't, as a 
finite distance will exist between the two wircs. This finite ilistancc is insignificant related 
to the overall concept being discussed. This parallel wire set will act as a balanced trans- 
mission line thai (Ielivers ;I clean differential (.;~gnirl-e~lded) s~gnal  to &I load. 

([sing this same ~vire  pair. 100h a[ wli;~t h;ippcrls \\hen c~omrnon-muile ~ol t i igc is 
placcd on this wire. N o  useful information i,  rl.anr~litted lo [he lo;d \inct. the wise\ c:u-ry 
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Trace inductance (- 10 nH/inch) 

Chassis around = earth around 

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

the same voltage. This wire pair now functions as a driven antenna with respect to ground. 
This driven antenna radiates unwanted (or unneeded) common-mode voltage with ex- 
treme efficiency. Common-mode currents are generally observed in 1/0 cables. This is 
why I/O cables radiate. The mechanism of how differential-mode currents create 
common-mode voltages is detailed in Chapter 3. An illustration of how a PCB and an in- 
terconnect cable allow CM and DM currer~t to exist is shown in Fig. ?. 1 1 .  

2.7.4 Common-Mode Radiation 

Common-mode !CM) radiatisn is caused by unintentional voltage drops in a circuit 
which cause some grounded parts of the circuit to rise above the referenced real ground po- 
tential. Cables connected to the affected ground system act as an antenna and will radiate 
Field components of the CM potential. The far-fieid electric term is described by Eq. (2.12). 

where L = dntenna length (rn) 

I ,  = common-mode current (.A) 
f = trequency (MHz) 
1 = d~qtance (m)  

With a constant current and antenna length, the electric field at a prescribed distance is 
proportional to the frequency. Unlike differential-mode radiation, which is easy to reduce 
using proper design techniques. common-mode rridiatton is a more difficult problem to 
solve. The only variablc available to the designer, if ii can be determined. is the common 
path impedance for the common-mode current. In  order to eliminate or reduce common- 
mode radiation. common-mode fields 1~1ust rlpproach zen). T h ~ s  is achieved using a scnsi- 
hle grounding scheme. 

2.7.5 Conversion Between Differential and Common-Mode 

Common-mode currents may bc unr-elated to [he intendrd s i~na i  \uui-cr ie.g.. they 
rilay bc frum o~her  devices). There may also be J component of. common-nlotle curreIlt 
thar 1.5 ?elatt.d lo the ~ g n a l  current. 
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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 differential-mode current, I,,. This is the 
desired signal of interest across R,. Common-mode current, Icm. will not flow through R, 
directly. This common-mode current will flow through impedance Z,, and 2, 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 iocated 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 I(,. If any inequality results in the network (2, % Z,), a voltage 
difference will be present proportional to the difference in impedance. 

v,,, = I,,*z,, - I,,*zh = I,,(Z, -- zh) (2.13) 

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. 

Figure 2.12 Differential to common-mode conv.:rslon 

2.8 VELOCITY OF PROPAGATION 

This section is provided as background discussion for use throughout this hook. Velocity 
of propagation. \ . , I .  1s the speed at which data is transmitted through a conductive 
niediurn. In air, the velocity of propagation is the speed of light. In ;I dielectric material. 
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the velocity is slower (at approximately 0.6 the speed of light, depending on the E, of the 
material) and is given by Eq. (2.14). 

where C = 3 * 10' meters per second, or about 1 1 .S1 inches/ns (30 cn~/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 
PCB, has a dielectric constant, E,. of 4.1 at 100 MHz. It was generally assunled that &, was 
in the range of 4.5 to 4.7. This higher value, used by designers fur many years, was based 
on measurements taken with a 1-MHz signal at the time the original measurement was 
nlade. and not on how the material works under actual operating conditions. 

In reality. a I-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 rnore accurate 
value of &,. may be determined by measuring the actual propagation delay of a signal 
within n trace using a Time Domain Reflectometer (TDR). The values in Table 2.3 are 
based on a typical. high-speed edge rate signal recorded on a TDR. The effective &, for air 
-1, much lower than PCB material conimonly used in the majority of products designed. 

For microstrip topology, the relative dielectric constant may be higher than the 
number provided by the manufacturer of [he material. This is because part of the energy 
flow is in air and part in  he dielectric medium.  microst trip topology and the explanation 
for why this dielectric constant difference exists arc detailed in Chapter 6. 
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TABLE 2.4 Frequencyrnavelength Conversions 

Frequency h h/?x h/20 Wavelength 

LO MHL 30.0 m 4.8 m 1.5 m (5 f t )  

27 MHz 11.1 m I .X rn 0.56 m ( l .8 f t )  

35 MHz 8.57 m 1.4 ni 0.43 m ( 1.4 ft) 

50 MHI 6.00 m 95 cm 0.3 m i 12 in.) 

80 MHz 3.75 m 60 cm 0.19 m (7.5 in., 

lOO MHz 3.00 m 48 cm 0.15 m (5.9 1n.1 

160 MHz 1.88 m 30 cm 9.4 cm (3.7 In.) 

200 MHz 1.50 m 24 cm 7.5 cm ( 3  in.) 

400 MHz 75 cm l? cm 3.6cm(1.4in.l 

600 MHL 50 cm 7.9 cm 2.5 cm ( l .O in. I 

1000 MHz 30 cm 4.8 crn 1.5 cm (0.6 In. i 

2.9 CRITICAL FREQUENCY (Al20) 

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

300 9x4 
f' (MHz) = -- 

- - 
A(m) A ( f t )  

Throughout this book. reference is made to critical frequencies or high-threat clock and 
periodic signal traces that have a length greater than U20. Miscellaneous frequencies and 
their respective wavelength distance are summarized in  Table 1.4 based on Eq. (2.15). 

2.10 FUNDAMENTAL PRINCIPLES AND CONCEPTS 
FOR SUPPRESSION OF RF ENERGY 

2.1 0.1 Fundamental Principles 

The fundamental principles related to radiated emissions deal with corr~mon-mode noise 
created within 3 PCB at KI; frequencies. Thl:, fundainer~tal principle deals with energy 
transferred from a source to load. Conlrnon-motir i~lrrents are generated everywhere 
in a circuit, not neccssarillj in the power distribution systenl. ('ommon-mode currents by 
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detinition are common to both power. return. and other conductors. To close the loop for 
common-mode currents. a chassis is commonly provided. Since the movement of a 
charge occurs through an impedance (trace, cable. wire, etc.), a voltage will be developed 
across this impetlnnce. This voltage will cause radiated emissions to occur if trace stubs, 
110 cables. enclosure apertures, and slots are present. 

The follusving principles are discussed in future chapters. 

I. For high-speed logic. higher frequency components will be present due to 
higher fundamental frequencies and shorter rise times (Chapter 3). 

2. 'To minimize the u'istrihlrrion of R F  currents, proper layout of PCB traces, com- 
ponent placement. and provisions to allow RF currents to retum to their source 
must be provided in an efficient manner to keep RF energy from being propa- 
gated throughout the structure (Chapter 1). 

3. To minimize cfevelopment of  c~on/morl-nlodt~ RF currents, proper decoupling of 
switching devices along with minimizing ground bounce and ground noise volt- 
:ige within a plane structure inust exist (Chapter 5 ) .  

J. T o  minirnizc pr.optr,ytrrioil of R F  currents. proper termination of transn~ission 
lirle structures must occur. At low frequencies. R F  currents are not a major 
proble~n.  / I t  !iigher t'requencieh. R F  currents will exist and radiate more readily 
within the structure (Chapter 8) .  

5 Probitit. tor .in o p t ~ m a l  OV reterence syatem. An ,ippropr~;tte ground~ng rnethod- 
ology needs to be Implemented (Chapter 9). 

2.1 0.2 Fundamental Concepts 

One of the fundamental concepts for suppressing RF energy within a PCB deals 
ui th  f71r.v i~orli~r~ll trt io~r or nri~lrmi:c~riorr. '4s Iiiscussed earlier. current that travels in a trace 
lor' Interconnect structurei causes magnetic. lines of flux to exist. 'These 1int.s of magnetic 
t ' luu create :IE electric t.ieid. Both t'ieltl .;tructilres allow RF c:nergy to radiate. (1' we cancel 
. ) I  ~iiiiiiniiri  ~llagnclic. iir~cs of t l t~x.  RF energy -111 nor be prehent other than wi th~n  the 
hourlciar;, between the trace and image plane. Flux cc~ncellation or minirni~ation L irtuaily 
gu;Irarltech cornpliancc with regulatory requirements. 

The f'ollowing two concepts must he understood to m i r ~ i m i ~ e  radiated t.rnls\tons. 

l .  'vlinirni/ta i~c~r~~inon-riioc!t' currents cre~ltcd :is :I rcit~lt  ot ,I \,olt:rsc travel~ng 
acro\s arl i11lped;111ce. 

?. biiniriitre thr' c f i \ t r~hut~o~l  of ~ ' :~ l i1 l11Ol1-1110~~~ ~ ~ u r r e n t j  fhrot~~llout  the rie!wc,rk. 

Flu\ citncellatlon or rn ln i rn l~a t~on  :i,itl:in a P('R i \  necebYar.1 hecause (11' the toilou- 
ill: . I ~ ' ~ ! U C I ~ C C  u ! ' ~ \ . c ' ~ i t \ .  

i ('11rrent tr;inV,le!lly are C ~ L I \ C ~ I  IT! ttic pso(iuitio~i oi' 11igh-fr'equcnc> slg11al5 
i based o r )  ,I cornhlnat~o~l  of' perlocl~c signals (e ,g. .  clocks) cind norlperiodic sig- 
!1;114 (e.::.. high-qpc,t'cl data h u s ~ ~ , \  i dernurldeci from the pc>\%t.r anti gso~rnd plane 
StrLIL~t~ll~~. 

2 KI: \.olt;i?c. 11-i tur-n. I \  tlic pi.i)tli~i.t of ~~Llrrenl t ra~l \ ic i-~\  <IIICI 11iC retLin1 p;~th pru- 
\. tdcd ( O h ~ i l ' \  l ; t \ i  \ ,  

3. Common-mode RF currents are created frorn the RF voltage drop between two 
devices which builds up on ir~adequate RF return paths between source and load 
(insufficient differential-mode cancellation of RF currents). 

4. Radiated emissions will propagate as a result of these common-mode R F  currents. 

T o  summarize what is to be presented in Chapters 3 and 3. 

Mlrltilayrr hoards ppr.o~,rde s~cperior ~ i g t 1 ~ 1  ylruliry and EMC perj'ornlance since .ci,ynai inlped- 
 ant^ c~ontrol rlrro~cyh srripline or mrcrosrrip is ohserl'ed. The tiistrrhrctron imprdnnce c~ftlzc, 
poM1er and ~yroundp1unr.s must he dramatit~ull~ redu(,ed. The.trp1ane.r conrain RF .r~?t~c~r.ul c,ur- 
rent surges causecl hy logic ~,rosso\~er, momentary shorts, und c.clput.irive loudin!: on si,qnul.\ 
rtjith wide huses. (:enrrai to the issue of mic.r.o.rtr-~p (ur str-iplit~e) is utzdersrar~ilrtl,q,~lux cunc~ella- 
tion or flus mininzi;crtion rlzur minimizes (conrroh) indur.tanc,~ irr uny trunsmi.ssion line. Vurio~cs 
logic. ii~r,ir,es nrtrv he clrcitc~ irs~nznietr~cul in their-pull-ripipull-(1on.n c.urrrnt rc~tioc. 

Asymnzc~trii.ul i.ltrrcJnt 11ru~. in u PCB t,urr.sr.r utr inlbalcrncril srtuarrun f o  c'.urst. This i n -  
halancc. relates to,flu.u c~unc~c~llation or- minlnzrrcrrioti. Flu,\- c~c~nc~ellution rc'ill ot.r.lrr rkrou,yh re- 
turn t,~rr.rents presrnt ~ . i r lnn  r h ~  ~ r o ~ r n i l  or. pow'c2r plunc~, or both, dc.pendin,g on s/c~e,!i~~p I I I I ~  

c~omponetit tec.hnology. Grt~erully, firo~rntl [nu~u t i ve )  rerurrisfijr. TTL is prtferred. For ECL. 
p o s i t i ~ . ~  t-erur-n is preferred This is ~ , I z y  ECL ,qenerolly rrrn.\ on 25.2V. ~l,iill (Ire more posiriv~ 
line t7r ,qro~rntl porent~t11 CMOS is nzore or I C S S  synznzi~fr.ic~i~/ so thclt on the u\Jerci,qe, /itt/e dif- 
ferc~nc.tz e.~ists hetrvt~an tlrr  round ernd i'olttrgr JIIURPS. 0 r 1 ~  n111xt look (11 the o~t i r t ,  equivalent 
c.irc,rtrt before nitrkrti,y r l  ~rcciyment 

Where three or more solid planes are provided in a multilayer stackup assembly 
(e.g.. one power and two ground planes). optimal f lux cancellation may be achieved when 
the RF flux return path is ad,jacent to the solid retum planes at a common potential 
throughout the entire trace route. The reason for this statement is one of the bus;(, firndir- 

r~er l tu l  c,ot~c,c~pls of irnplernenting flux cancellation within a PCB. 
To  briefly restate this important concept related to tlux cancellation or minimiza- 

tion. it is noted that not all components behave the same way on a PCB related to their 
pull-up/pull-clown currerlt ratios. For exrunple. .some devices have 15 mA pull-up165 mA 
pull-down. Other device.; have 65 mX pull-uplpull-doun ~ a l u e \  [o r  50%). When man) 
components are provided within a PCB. asymmetrical pouer consumption will occur 
when all devices switch simultaneously. This asyrnrnetricnl condition creates an imbal- 
ance in the power and ground plane structure. The fundamental concept of boarci-level 
suppression l ~ e s  111 flux cancellation (n11nilni7ation) of R F  currcnk within the board rc- 
luted to traces, components. and circuits reterer~ced to ;I OV reference. Power plilnes. due 
to this flux phase shift. rnay not perforrn as well for tluu cancellation :is ground planes due 
to the asymmetry noteti itbovt.. . \ s  :I result. optimitl perforrn:;nc,c may he ach~eveti when 
traces ;Ire routed acijaccnt to OV rel'crence plancs r:~tller 1h:ul acljacerlt tu pv\uer planes. 

2.11 SUMMARY 

The key po~nts  regardins hou. EV(' i.; cre;ited within the IY'H are 3s tc)llows 

I . Current tr;tnsieilts c.xiat t'rorrl the pro~iuction 01' Iligh-f~.ecluer~cy pcr~)ciic \~gnalh. 

2.  Kl* voltirgc drop\ hetwccn c~orilponcnt\ arc. !hc pl-oduct o l  ~'urr'cnt\ tr;~vrl~ng 
thi.o~~gli a comlno!i I-eturn impedance p:~th. 
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3. Common-mode currents are created by unbalanced differential-mode currents, 
which are created by an inadequate ground returnlground reference. 

4. Radiated emissions observed are generally caused by common-mode currents. 
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It is a well-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. 

T h ~ s  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 relate~i to emis- 
sions, susceptibility and self-compatibility concerns exist. 

3.1 EDGE RATE 

When choosing d~gital components for a particular application, design engineers ;Ire gen- 
erally interested only in functionality and operatiny speed, basing their selection on the 
propagation delay of the ~ntemal logic gates as published by the manufacturer, not neces- 
sarily the actual edge rate of input and output signals. 

As the speed of components :tccelerates (faster internal propayation tinlr I .  illcreases 
in DM currents, crosstalk. and ringing potentially can occur. There is an invcrsc rclation- 
ship between operating specd and EMl. Many componcnta have ~nternal log~c gates that 
orieratc :it ;t faster edge rate thnn the propagation clel:ty reclu~red for function~ility As o re- 
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sult, slower logic families (internal gates) are preferred for EM1 since propagation delay is 
the primary function of the circuit. Figure 3.1 illustrates the relationship between the in- 
ternal switching speed of a basic inverter gate compared to propagation delay. 

rise time fall time 

' prop is the propagation delay of the device. 

Note: Manufacturer may claim a riselfall time at  2 n s  max. 
In reality, this value may be well into sub-nanosecond values. 

Figure 3.1 Output switching time versus propagation delay. 

Speed is important only when the edge rate of a signal (rise or fall time) is fast enough 
that the desired signal changes logic state in the same or less time than it  takes to allow the 
signal to travel the length ofthe trace or wire. The actual clock frequency is a secondary con- 
cern for EMC compliance. whereas the actual edge rate is the primary concern. 

Various logic families are available with different design features. These features 
vary between CMOS. TTL. and CCL and include input power. package outline. speed- 
power conlbinatlons. voltage swing levels and edge rates. Cen;lin logic devices are now 
available with clock skew circuitry a) slow down the internal cdges of the internal logic 
gates while main~aining accurate propagation delay. 

- 
Une extremely important clevice parameter (fbr EMC) usually not specified by de- 

vice o~anuPacturers is j r )~ tn  p n ~ k  itzriiih r i q c J  i i a r .~~s i  ir~e) the pr)n+n- pirir Tlresc peak 
power cul-rents are [he result of logic crossover cuner~ts. tievice capacittve overlleads. 
and c;ip;~cil;~nci. c~~usvil  bj surge currents from [race capacit;~nre :lr~(l loading Jcvicc junc- 
tions. Thesr surgc currents trio) exllihil levels that ;ire rnaiiy inoltipler of the actu;lI signill 
currenth that are injected into a transmission line !tr:icc) 

Selecliotl 01' thc siouert logic folnily possihlr while nl;iintaining rdeilualc timis,. 
iliareins rniiiltnires EM1 effcctr iod  enhances s ign~~l  quality. We sboulil note here [hi,[ use 
of rtaadi~rrl :mcJ loupnwrr  Schottky I T L  logic. ( e . ~ . .  7JCS series) is beconllng less con,- 
mot1 in today's inarketpl;~ce Morewer. specialimd ilesign trchniijuc~ <iuring Iavout 
1b~1ally not rcquired wt~eti urtng \lower speed logic f:lrnilier. However. t ( ~ d : ~ y ' ~  I~igh- 
speed. high-teclim)lopy products require use of cxtrcmeiy f :~s i -ed~c lugti ill the 1.5-i .S 

m g e .  tI)r cx;ilnple. 7IACT and 74F series. Ll\e of ;I ?JHCT could he provi~io~;~l ly  
~ ~ u ; ~ t i  for replacement o l i ~  7IACT h r  111ost ;ippIications. with t l~e  acided helmfit o f  less RF  
"ni%\ioll.s gcner:ited. r\r :I gcncral ionsideratios. do riot ar, tiira2i ~ l i , i , , l (~r   ti^,,^ 

liorl~i/ /tt)/it! q ili~iy/.iit)i 01. L ~ , / I ( I I  r / ~ o  c.:~., . i , / r  i i , ~ r ~ , ~ / i \ ~  ~ i < , , ~ ~ ~ l , ~ i / , ~ ,  
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If timing requires fast logic families. the designer must address individually the is- 
sues of decoupling, muting, and handling of clock traces. (See Table 3.1 for details on the 
EM1 characteristics of different logic families.) 

Fast switching times (edges) cause proportional increases in problems related to re- 
turn 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. No two logic families are the same. Even the same components 
from different manufacturers may differ in construction and edge rates. Edge rate is detined 
as the rate of voltage or current change per unit time (voltjns or amperesins). 

When selecting a logic family, manufacturers will specify in their data book the 
maximum or ppical edge rate I ,~,,  or t ,  of the clocks and I10 pins. This specification is 
usually 2-5 ns maximum. It is observed that the minimum edge rate t,,,, may not be pub- 
lished. A device with a 2 ns maximum edge rate specification may in reality be 0.5 to 
1.0 ns. The significant contributor to the creation of RF energy is the edge rate. nor actual 
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 74ALSO4 (with a 4-ns edge). This one component specifcation 
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- 

TABLE 3.1 Chart of Logic Families 

Published 
RiseIFall Princ~pal Typical Frequencie, 

T ~ m e  Harmonic Observed as 

(hpprox. Contmtl EMI (loth harmonic) 

T, ff ' , F =  ( l l a r , )  Fmax = 10*F Log~c Family 

31-35 n\ 10 MHI IOO MHz 
741. xxx 

25-60 n s  I3 MH? 130 MHz 
74c uxx 

1 3 ~  15 II\ 24 MHL 710 MHL 
7JHC rs t  

I ( L l ?  ns ?? MHz 320 MHz 
74 Y X X  

15-22 11s 21 Mhr 210 MHz 
I tllp-flop) 

0.5  n c  74 MHz 340 MHz 
74LS x x x  

13-15 n.; 21 MHI '40 MHz 
(flip-flop1 

4 4  n s  XO MH7 X(X) MH7 
74H xxx 

3 4 11s 106 MHi. 1 . 1  G H z  
74s zx \  

< -  1' 115 (14 M l l i  040 MHL 
74HCT uxx 

2.- I0 n\ 160 MHr I 0 GHr 
74,413 x x x  

, ---3 11s 160 MHz I h GHz 
74ACT x x x  

I - 1 . 6  n \  212 MHI 2 .  I GH7 
74F xxx 

I 5 n \  212 MF17 
2.1 GHz 

ECL. IOU 
0.75 115 424 MHr 4.2 Gt l r  

kC1. IOOK 
I . (I  nu*' ?I8  MHt  ? 2 C H r  

HTI. 
0.3 n\* 1 . 1  G H r  I I (;Hz 

LVDS 
0 3 n\* 1 1 CiH/ ? I (:HI 

GaAs 

GTI, + (Ptnrlurn Pro1 0 3 ;IS* I I CH7 I I GHz 

*'Thest. r m n l r n u l n  c d p ~ .  iralc \;i\ur\. 
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TABLE 3.2 Selscr?d Cii;lrncteri$tic; of Logic Famllie? 

Voltaee Input DC Noiaes Typ~cal Output 
Swlnp Capacitance Margin 

L o g ~ c  i-'arn!lk Resistance R,, 
' V i  (pF)  (V) LowiHigh) R 

C>IOS, jv 5 5 
I .2 ?O0/300 

CMOS. 12\' i 2 5 -.. 3 3001300 
1 1 L  7 i . . -  5 0.4 301150 
TTL-LS 3.3 5.5 '1.4 ?0/160 
HCMOS 5 1 0.7 1601160 
S-TTL 3.3 4 0.3 15/50 
FAST & ,AS- TTL 3.3 4.5 i).j 15/40 
ECL. IOk 0.3 3 0.1 7!7 
GaAa I = I 0. I - 

cenzed with to ensurr urr EMI-compliant product. The frequently heard statement, "Use 
the siowert logic fanil: porsihle." is a result of the minimum edge rate parameter not 
being specifi~iud or guh!ishrd hy a component manufacturer in their data books. Edge rates 
of digital devices ore the source of  most RF energy created within a PCB. 

-. 
1 he rtnciin to use :he sjowest logic family stems from the relationship between time 

domain and crequency domain. Fourier analysis of signal edges in the time domain shows 
that ""'be rli)pc (edge rate, a i  the signal becon~er  faa r r .  a greater amount of spectra] 
bandwidth of RF energy is created. A det;iiled discussion of Fourier transforms and analy- 
sis is presented in .\ppentlix 0. 

Table 3. i provides information on the harmonic specirum of digital logic families, 
This chart c;m be used a? a i r k r e n c c  in deternlininp on o p t i m ~ l  logic tomily to use for 
irlinirniiirig EM1 emissions whilc aliowilig (Ilr proper functionality of the design. in e r -  
i n n  b e  . .  l .  the spectral di\tribuiion (bandwidth) is shown as I..rtt, with I ,  Lwinp 
the cdpe riiie. h ) r  bipolar rcchnologics. thc rise m d  i l l  limes az gener:lil~ different. with 
I the llisrer of' thc 1 ~ 1 0 .  The cquicaierli b:lndwidth presenicd in Table 3. I is calculated on 
the shorter lor faster) edge raie. either 5 or i, (fall tiinr or high-low transition). Rise and 
kill time ic iornrrionly referred io ;I\ the "cdge rate'. and is dcpentierii on the device load- 
ing (outpill) pln. T a b l c ~ .  1 consldei-s capacitive Iceding at ;~ppn)rimately ?O--lO pF in rep- 
t-esent rea<on:ihly !'as[ contiition\ and typicill board 1;ivout. 

. . 

Tahle i.:! show.; k,elcc~ed ch~u.acteristr~.i of  wverai l o g ~ c  t':rnlilie. Here it is uh- 
>cri,eii th.11 ilie oolpat rc\lslance. K,. of tllc logic gate is the cumcnt linliting parameter. 
This defines hou i1111cii drive C L I ~ ~ C I I :  IS pos\lble under 11 hea? supacitikc loati. i)r the 
qtiiv:~lr.nct: o f  .I ,.hortal i r x c  ;II :i spccific reu)n;irit frequency. Even a s!lurted g;ite olitput 
(linie of Iraniitlou) c:lnnot de1ibt.r. :I c.Lirre:il g r r ~ ~ t e r  than C K ,. 
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power source. Lt is common to refer to OV reference as being either the power return 
plane, image plane. or ground plane. Transition cumnts  are the main source of differential- 
mode currents and, hence, RF energy. 

I .  Examining Table ? . I .  we notice that the shorter the transition time, or the faster 
edge rate, a larger EM1 spectral profile exists. EM1 increases In severity with 
freuuencv. f (for conducted EM1 and crosstalk) and often f" (for radiated EMI). --. , 2 d  

2. The power supply transition current demands during component switching can 
be quite large. These currents have no relationship with the quiescent current 
required to establish a "I"  or "0" signal state in digital logic. For TTL and some 
CMOS technologies, inrush of surge current is created owing to partial con- 
duction overlap of the output drive transistors. During the time that the 
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- 
rent to a level that prevents damage to the drive circuitry. 

3. To avoid crossover conduction currents, manufacturers are providing Schottky 
barrier diodes to prevent the output transistors from going into excessive satura- 
tion. Other design techniques used within the fabrication of the component in- 
clude "output edge rate control." This is accomplished by replacing one large- 
output transistor with several smaller ones. The peak current surge is still 
significant, along with potential on-chip problems related to functionality if the 
component has a large number of output drivers. 

4. RF voltages and capacitive crosstalk can exist during the voltage swing be- 
tween logic low and logic high. . - - -  " 

5 .  The current that is required to change logic state from low to high or high to low 
is also larger than the quiescent current. This load current is calculated to be 

where C is the sum of the distributed capacitance of the load, pllts the trace ca- 
pacitance to ground. For single-sided boards, C is 0.1 to 0.3 pF/cm. For rnulti- 
laver, C is 0.3 to ? pF/cm, and input capacitance is as shown in Table 3.1. 

For example. it. we have a 3.5-V. 7-ns edge rate signal, with a 7-cm-long [race on ;i 

single-layer board, with a fanout of 5 gates, the transient output current is 

35v ,, ; (7 col * 03  10 1 '  l /  clll + 5 * 5 x 10 I '  F / pate) -: - - 47 mA ( 3 . 2 )  
1 n\ 

The peak current in this equation combines nonsymmetrical current usage with the power 
supply transition current For low-to-high transitions. this current is added to the quies- 
cent current. For high-to-low transition, the current is subtracted from the quiescent cur- 
rent. since the gate is surrA to ground and the capacitive charge from the load must tiis- . - . - . , - c. 

charge into the output driver's gate. which appears as a short to ground. 
For prodtlcts that are sensitive to input current draw. such as portable electronic dc- 

vlccs powered by :I battery with ;I limited time of operation. ~onsitleration niiist hc 11la~lc. 
t'or all components specil.ied in the Rill of Materials. This includcs all second-~OUSL~C corn- 
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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. either 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 EM1 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 resuits from similar components re!ated to functionality o r  
EMC compliance, especially if behavioral models are used tor simulation purposes. 

3.3 CLOCK SKEW 

With increasing perfdrmrtni: requirements In high-technology products. greater emphasis 
on the design of low clock 5kew circuits is required. Clock skew. the difference in time 
between sirnultaneous clock transit~ons within a network at various points of arrival, is a 
major component constraint that forms the upper bounds of  the system clock frequency. 
Keduct~on in .;ystem clock skew improves operational performance without having to re- 
sort to n higher >peed logic device such as ECL or GaXs. 

Sy?tem designerr: want lo i r t i i i~e :IS I I I U C ~  of the clock cycle as possible without 
adding unnecessar) timing guard bands. Propagation tielays of peripheral loglc Jo not 
scale with frequency. '4s n result. when thc clock period decreases. the designer has less 
time to perf'omi ~i specific iunction with more logic t lev~ce\  to trigger. This is often a diffi- 
cult task To achirve. :\ \.  able option IS to use a special clock yource that minimizes clock 
~lrlcert;1iflty. 

To :Ilu\trLltc thi\ \ituLliiori. a 3.{-VllI~ corlipvnent has a clock cycle of TC,,,, = 70 ns. 
. \  74fCT340. for cx:irnplr. has ;i high--lo\$ uncertainty (r,,,,, to ti,,,i) of approximately 
-3.3 n5.  I f  a pin-to-pin skew of  I .7 ns exi>ts or1 the part. along with the propagational delay 
\ ~ ~ t l l ~ n  the tr:ice. \,w rn:iv h~ive on14 25 ns e)f the clock period av;~ilahle ~nstead of 30 ns. 
.- 
: ,11\11rg thi\ ~ \~111l l l i e  to ;I 11t::% JCVZ!.  wc WL' 11131 'I ~O-MIIL system has a penalty of '5%. 
'I'hi\ allou'.; f'lr :i m;iuirnurn i>t' !Or;' of thc per loci pcrr~l~i ted for c!ock ci~srrihution. 

i f  Lise ot'r1iuIt1lt.\ci clock iirl\cr\ IS rcqu~scil. xid~t ional  clock skew rnav he adde(.l to 
:l i~,  circuit. ' [ I I I \  I\ ~ , \ i i ~ ~ t l y  ~ I I L ) ~  \ ie  ~ , o ! ~ f  ro ~ii,oiO. L h c  of " ~ ~ ~ L I ~ I I - ~ L I I ~ L I ~ . ' .  r i ~ [  ~ ~ ~ ~ i u l t ~ l e v c l . "  
i.iock \Leu hul't'c~-4 i b  bt.11ig p ~ - c t ~ ~ d e d  to atltlr-esh this j~rohlerrl. The dr;twhack of these de- 
L I L T \  i \  th~it.  ;1lthou~h \he) ~ C C I  tinling requiser~lcnti 111 the tirnc dom~lrn. a 1;irgc amount 
i l l '  r.ad~;itt,tl KF cilcrg) \. \ i l l  emanate f r o n ~  tllc t iev~cc package. when ohserved in the ?re- 
L I L I C I I ~ ~ !  ' k ~ ~ n s ~ n .  F?  c:? n i t11 \he hc\t cle\isri t e c t ~ ~ i ~ c l i ~ t ~ \  inlplerrlentecl for \upplesbin,p oi' RI: 
ewers) on .i PC'B. rcciucin? ratii,~tecl noise I'ronl .I coniponcnt I S  tiit't'icult. rl'not ~r l lpo~sible  
t c ,  t~lir~irn;~tt?. ckcepl tl?ro~ig!i i ~ o n t c ~ i ~ ~ ~ i ~ e n t  ;111~1 i15c ot ;I nict;ii 2;1\e. :I g r ~ u n d e d  lle;rt\ink. or 
,)\ c~:ill )? \te111 ~ h i ~ ~ l c l i n ~ .  

\ n  rrn!icwt,lriI ~ ~ i i r t ~ , ~ c l c ~ ~ a t i o ~ i  ~\lit .n il~'ig1111l; i b l t l ~  clock iisrvcr C I ~ C U I ~  1s t l i i ~ t  the 
~.pcc~i- ic:~r~c)~i \  pr;'1:dc~l :in3 i i ~ r  ; I  l'i.;i,tl. lur:ipccl ,:a!~ac.irii,c 1e)acl With V : I I . ~ ~ L I ~  tie\ Ice\ olr 
tile 11~.1. I I I ~ .  .~ay,;ii,i~:i~~cL> 01 !lie :rarl\n11\\iorl lilic :II;I;. l>c ,titt>rcti t'r-i~rn opt!ni;rl a;onditior;\. 
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hence exacerbating the creation of common-mode currents and increasing ground bounce. 
With this situation, various loads distributed over several inches of a PCB trace can con- 
tribute additional delay. The system designer must use caution to minimize total system 
skew. In other words. changing a clock driver to a low-skew device map not solve all tim- 
ing problems. In fact. an increase in KF emissions usually occurs. 

Skew is divided into three parts: duty cycle skew. output-to-output skew. and parr- 
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 I,,,, and r,,,,, related to propagation delay 
between components. This is illustrated in Fig. 3.2. Because of the difference in t,,,,, and 
i,,,,,, pulse width distortion of the duty cycle is identified as pulse skew. This shew is criti- 
cal in applications when both edges, or when the duty cycle of the clock signal. is impor- 
tant. This is generally observed in microprocessor designs [X I .  

3.3.2 Output-to-Output Skew 

Output-to-output skew is the difference between tht: propagation delay of all outputs 
of a clock driver. This skew is dependent on the design of the component's output transis- 
tors being identical. If the skew between all edges is a critical parameter, we need to add this 
time parameter to the duty cycle skew LO acquire total system skew. Generally. output-tv- 
output skew is smaller than duty cycle skew for TTL and CMOS devices. Because of the 
near zero-duty cycle skew of differential drivers. (e.9..  ECL or LVDS), a single device 
driver provides a clock signal to a load. or when multiple load devices on the net must be 
clocked at exactly the same time with respect to each other. This situation is caused by the 
design ot. the wafer (die) internal to the coniptonent packasr. Because of the manufact~~ring 
process used, this skew will be significmtly less than the propagation delay that is spccifieii 
in the device's data sheet. Figure 3.3 illustrates output-to-output skew 18). 

f .  = '  In ' o u t  
PW = pulse width 
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m Output-to-output skew 

Figure 3.3 Output-to-output skew 

3.3.3 Part-to-Part Skew 

The part-to-part skew specification is by far the most difficult performance aspect 
of a device to minimize, owing to the envin)nment in which a device is located in and the 
manufacturing process being used to manufacture the clock driver. This skew is signifi- 
cantly greater than duty cycle or output-to-output skew and is based on nonvarying envi- 
ronmental conditions. It is advisable to study carefully the data sheet on devices used to 
ascertain the conditions in which the part is guaranteed to function. If the pan-to-pan 
skew specified is different from the propagation delay window for the device, we can as- 
sume that constraints must exist for the device's part-to-part skew specificlion 181. 

3.4 COMPONENT PACKAGING 

Consideration must always h given to placement of corllponents on a PCB along with 
their interconnect traces. bus structures. and decoupling capaciton A design parameter 
that is generally rznt considered by design engineers (and always overlooked because 
"that's the way i t  is") is how digital cotnponents are packaged (silicon substrate i11 its pH)- 
tective case. either plastic or ceramic). Design engineers genemlly agree that a device is a 
device and must be used in a design based or1 desired functionality ;ind cost. The case 
piskagiog is a parameter that is generally outside the control of the design engineer, With 
this situation, why worry iiboat component packaging'? Speed is the only imponant para- 
meter in high-technology designs according to the marketing document or engineering 
1.unctionalily specification. In reality. conlponent packaging plays ;I major role in the ile- 
veloprnent or suppression of RF currents. 

The inrluct;i~a:r 01 individual leads withill a component pirkage cre:ltes several 
problems. the greatest concern bring that of Imd-b t~ ,y th  irirlir~~r~m~~e. This inductance al- 
iou\  sever;~l ahnom~al operating conditions to exist These concerns arc ground bounce 
;111ci creation of a s~iiall loop antenna that may radiate RF currents hi~sed on the physical 
dinicnsions that exist between source iincl 1o;ld. Ground hjunce cruses glitches to occur in 
iog~c input circuitry whenever the device's output $witches h,ni  o r r  logic state to m- 
o t h t - I .  (ir-ound bounce I S  discussed later in this chapter. 

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 significmt contributors to the cre- 
ation of EMI. This is especially true with very-large-scale integrated (VLSI) components 
and heavily populated PCBs with high-speed (edge rate) parameters. With multilayer 

Ue radi- 
?CB stackups, the trace radiating loops are so small that 1C leads can become a lar, 
ating antenna relative to loop area and the frequency 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 hoard. 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. 

Figure 3.4 Loop area between component\ 

With lead-length inductance in mind, the worst type of componenl 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 flowing he- 
tween components. Radiated emissions can be modeled as a small-loop antenna carrying 
interference current shown in Fig. 3.4. A small loop is one whose dimensions are smaller 
than a quarter wavelength id/4) at a particular frequency 01 interest. For n~ost PCBs. 
loops exist with small Jirnensions for frequencies up to sevenl hundred MHz. When a di- 
mension appmaches L1.I. RF currents within the loop will appeiir out of phase at a dis- 
tance such that the effect causes the field strength to be reduced at any given point. 

Common-modt. current is more difficult to control and nonnally detemline.; the 
overall emissions perii,rn1ance. Common mode is generally observed from cables affixed 
to thc uriit. RF energy is determined by the comrno~i-ntode potential (usually ground- 
wise voltage) ;~nd is not thc same ;is differential-alode radiated energ!. Conanon-m(3de 
current lnay be modeled as a monotonic ;Intennil driven by ground-noise volt;lge For ;I 

short monopole antenna of length 1. over :i ground plme. the iliagn~tuh of the electric 
field strength can be measured at a distance r- in the far firld. 

To p ~ d i c l  the maximunl electric field strength from ;I loop over a rout lJ  plilne. 
Tq. i3 .3)  is used 141. L)iffe,~ltisl-modr rrdi;ited clnisjtons IS bcst controlled in thc ricsign 
and laqo~it of the PCB or product. 
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14 1 14 

13 2 13 

12 3 12 

11 Gnd 4 1 1  Vcc 

10 5 10 

9 6 9 

8 7 8 

Typical 

Typical 14  pin DIP pinout configuration 

Figure 3. 5 ('oinpon'nl pack'lging related to RT: loop\-LIlP confignl.3~lon. 

(differential-mode) 

0 . 3 )  
- 1" ( 1  / I ) (  t )  roits per meter (common-mode) 

where E = effective radiated field (Vim) 
:1 = loop ‘ires (cn12) 
f = frequency (MHz)  
I, = the source current (mA 1 

I = length of the tmce or cable (meters r 
J = ilistaiicc from :tie radiating e!cment t o  the receivitl~ arltenna (lneters, 

The marln~utll loop ;ire2 th;it will ttot r e d t  in E-fieid levels to crcecrl ;i specific spccifi- 
cation level is dcscrlbcd by Ecl. (3.4). 

.I :. 380 El- 

/ .? l ,  (3.4) 

111 frce spi~uc itypic;llly described :IS ;I niirlitnu~li distance from tllr rsrii:ltinp Yourcr ;a 
acvclcn$li. ,IL. tlivi(ied by ?n). radiated energy iiecrease* w ~ t h  inverse pmpoflion ((1 ( f i r -  
Lance brtween :.oul-cc 2nd antenna. The loop area on the PCB must be known. which i s  the 
1ot;ll arc;i o l the  circuit between the trace and RF current return path 4 c o ~ ~ v o i u t ~ d  \hapr 
tnay he present. which i \  ;I[ timer difficult to detenrline for :I si~lgle frequency 01 irlteres[ 

usiriy F!q. 1 2.3 i. ?7hc equ:~tio~~ n~il>t be \ulve(i tor 1 ' 0 ( ' / 7  (1tic1 c \ * t , / . ~  IOO[J (ciiffcrer~t 1 0 o p - ~ j ~ ~  
;trea\) ancl for each frcqucncy ol' interest if thc full profilc IS to be understood. 

Lsing EL!. (3.31. we call Jeternline if 11 p:~rt~c~tl;lr routing topology need\ to hLLvc 
\pcii:lI  tentio ion ;is i t  rel:ite\ to radiilted cm~rsions. Thi4 specii~l ~~ltention mav involve 
sonle or :ill !)t'fhc t.oIlowing: r c . r ~ . ~ ~ t i t ~ g  the tr :w stripl~ne, charlgtng ro~tritlg (op()1()gy, 10- 
catilig wulcc :inll !(*a1 colnpone~tli closer irr c ;rh o l h ~ r .  or provitiirlg cxtcr~li~l \hiCldiIlg 01 

the as.;cnlhi) (i,c\n!ai!~nlenf :. 
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To help minimize loop area. we can select logic components (to the extent possi- 
ble), with power and ground pins located in the center of the package (not on opposite 
comers) or physically adjacent to each other. Power pins in the center provide for optimal 
placement of decoupling capacitors (when these capacitors are placed on the bottom side 
of the PCB). This configuration also minimizes trace length connections between the de- 
vice and decoupling capacitor, in addition to minimizing trace length inductance from the 
power and ground pins internul to the silicon wafer (die) of the package. Since a via is re- 
quired to bring both power and ground to the device (when both power and ground planes 
are provided in a multilayer PCB stackup assignment), these same vias can also he used 
for the local decoupling capacitor. 

Surface-mount technology (SMT) components have an advantage over through- 
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 plns are 
located in the center of the device instead of opposite comers. A similar reduction in loop 
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 
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 $table OV 
reference system must be available. RF flux will see this alternate return path (OV refer- 
ence), thus canceling out internally generated RF currents by minimizing differential- 
mode ground-noise voltage. 

With this consideration in mind. use of surface-mount technology (SMT) compo- 
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- 
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~ Y Y m Y Y U m U O U a Y O " m U O ~  
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length inductance also exists. Inductance is a component that generates RF currents. RF 
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 
inductance and hence create greater amounts of EM1 since the loop area is increased. 

Another design feature built into components that either promote or demote creation 
of RF currents is the manner in which IC package leads are bonded to the PCB. An exam- 
ple of two different lead borld configurations is shown in Fig. 3.7. 

1.7 mm (typical) 

N 
Typ~cal DIP (SMT) lead bonds \ 

mm (typical) 

Leadless chlp carrler Figure 3.7 Lead bonding to the PCB 

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. Multilayer 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 significant antennas. especially at high frequencies or with 
!ogic devices that operate in the sub-nanosecond range. Icsues 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 providerl. Table 3.3 prcscnts values of lead-length inductance of 
various logic package? (21. 

SMTs also provide superior perfc~r~nance in.er DIP components as there is approsi- 
rnatcly a 3004 redi~ction in package size. This translates to a 63 percent reduction in the 
lead length inductance in the radiating loop between the die and the mounting pad. In ad- 
dition. SMTs usc less board space with corresponding less tract' lengths between cornpo- 
nents (slnaller board sizc). With the usr of SMT componeilt~. thc tiecoupling capacitor 
loop area is also reduced (see Chapter 5). 

A v~~ric ty  of packaging c.onfiguratiorls exist. Alrnosr 311 p;ich:tgr\ when used at high 
speeds suffer from problems :~ssoci:tted with lead-length inductance. lead capacitance. 
anti heat disslpntian. The inductance ot' intiivid~~al leads within a devlce package creates a 
problerll iclentit'ictl a \  st o / / i r t i  1 ) o r r i r c  1 , .  ( ~ I . ~ L I I I C I  ~ ~ ) L I I I C , C  C ; I L I \ ~ S  glitclic\ i r i  logic inputs ci111-- 
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TABLE 3.3 Lead-Length Inductance of Var~ous Logic Packages 

Package Sire and Type Lead-Length Inductance 

14 pin DIP 

20 pin DIP 

40 pin DIP 

20 pin PLCC 

28 pin PLCC 

44 pin PLCC 

68 pin PLCC 

14 pin SOIC 

20 pin SOIC 

40 pin TAB 

624 pin CBGA 

Wire bonded to hybrid substrate 

ing a state transition from a driving source. We will now examine the magnitude of these 
glitches and their effects. 

3.5 GROUND BOUNCE 

A major concern associated with the development of RF emissions from a digital device is 
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 solvc especially when emissions from 
n product exceed regulatory requirements. Sometimes the unit ceases to function properly. 
When diagnosing u signal integrity problem, EM1 concerns may be eliminated or reduced 
when the signal integrity problern 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 
constantly changing. 
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the power supplv inductance und is nor due to rhe output c.upacitance or inducrance of the 
transmission line being driven. Ground bounce is also dependent on the physical location of 
the device driver- U S  well as t l ~ e  nuntber of outpl4ts that s ~ ~ i t c h  a! the same rin~e with respect to 
u power- and ground pad on the die. Boctnr-e is directly reluted ro t!ze dlldt of the output dri\.er- 
gate (switching .speed cf the pre-driver within the die circuitrv). 

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. 
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 acros5 C falls to OV, the stored charge flows back to ground, causing a masslve cur- 
rent surge within the ground return circuit. This current is identified as I,,,,,,,,,. 

vcc 

I I I 

Figure 3.8 Lead inductance wi th~n a component. 

As the capacitor's current is replenished with voltage and then discharged again. 
working against the inductance In the ground return pin, Lqrll,, a voltage C',, is induced be- 
tween the hystem 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 \',, as the 
ground bounce voltage. 

Another explanation of how ground bounce is created has to do with when a gate 
switches t'rom one logic state to another. Both n and p transistors of the gate arc on. and 
current is sunk between the power and ground planes of the PCB. This current places an 
,iddirional rt'cluil-ernt'nt or1 die power distribution network ullich rllay he insuffic~ent 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-log' 'ic 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 VSh  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 variadons 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',-, is assumed to be 
50 pF. A 5 V  potential across C', equates to 250 pCoulombs (& = CL') 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 (dlldr) 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. I0 is observed. The 
charge that is impressed acruss the PCB trace results in a common-[node voltage. I t  is this 
common-mode voltage that causes RF emissions. Because wc are unable to elinlinate the 
transfer 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 Llcross the 
power and ground structure of the PCB. 

Ground bounce gets worse under the following conditions. ;IS ;I rcsult o f  incre~lsed 
current drawn from the power distribution network. 

C:ip;~citive loading is increased. 
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1 PCB power plane 

input impedance 

lnternal Vcc power plane 

dQh 1 
Internal ground plane cL 

current Load 

Ground 
input impedance 

PCB ground plane 6 
Figure 3.9 Typical CMOS output 

Lead and trace inductance is increased. 

Multiple gates (devices) switch simultaneously. 

T o  remove ground bounce. several techniques are commonly used. Slowing down 
the output switching time is the preferred method. Certain components are now being pro- 
vided with clock skew circuitry to slow down the edge rate. in addition to providing a se- 
ries resistor internal to the silicon die. 

Other manufacturers use multiple ground wire bond leads internal to the device 
package. This is acceptable if the wires are evenly spaced throughout the device as  lead- 
length inductance is decreased. Spreading the ground connect~ons throughoul the compo- 
nents is better than lumping the pins together. 

When designing a PCB layout, a separate ground connection should be provided for 
each ground pin directly to the ground plane. Connecting two gnlund terminals together 
and running then1 through a single trace to ~1 colnrnon grounding point (via) defeats the 
purpose of having independent ground leads. 

Other methods to m i n i m i ~ e  ground bounce include 

Digital switching pulse ------. 
77 

O,nV 0- Posltive bounce 
P 

Ground bounce on ground plane Negative bounce 

Figure 3.10 'I'! j ~ ~ c : j l  glounti I,ouncc wavclornl 
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1 .  Load control-lower the capacitance and increase resistance. 

2. Lavotir-minimize the inductance during layout of the PCB for power and 
ground. not just the output signal traces. 

3. Componc~rlr packagirl,q-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 throclgh-hoie components for this reason. 

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

1. Decrease trace inductance for both the powerlground pins. 

2. Use double bonding wires from the die to the securement pads. 

3. Use wider mounting pads as opposed to narrow ones. 

4. Decrease the !engths of bond wires within the package. 

5 .  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 thc component's package. 

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

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

10. Locate power and ground pins adjacent to esch other. preferably In the center of 
the device su that induclancc can cancel ~nagrletic ~ ~ L I X  lines anti minin-rlte de- 
velopment common-mocie currents. 

I I .  Provide LON Inductance C~paci toi  c ' i l-r,~ (l-IC.~li capacitor., inter-nal to M~ilti- 
Chip-Module ( M C M )  packaging. 

I ? .  Use low-indi~ctance flip chip pacl\agirlg. 

3.6 LEAD-TO-LEAD CAPACITANCE 

:\ i;~ctur that ~ll'fects the R E  emibslon profile ut LI component. in atictition to lead-length in- 
ductance. is \tray capacitance betwcen adjacent p i n  internal to a device. Noisr voltages 
can couple bctwccn pin5 and cause t'u~~ctlonality concerns to exist. What really occurs in 
[his x~ t~~a t io r i  1s c,rosbtalk. I f  a high RF .;pzi.tr;~l prol'ilc \ignal i h  created with~n a compo- 
nent. and c;~pacitivr coupling occurs on an ad,jacent pin ( lead)  or trace, i t  b e c o m e  ex- 
treruel) diificull to isol;~te ;rnJ ~rnplenlrr~t design enhiincement\ fol. kuth signal i n ~ e ~ r i t ?  
or regulatory cornpliancc issues. An illustr.at~on 01' capacitive coupling that occur\ hc- 
tween coniponent l e a d  I s h o u r ~  111 Fig. 3.1 1 .  

'['lie pcrwntage of crosstall\ that c.uisth between two pins i \  descrihcil h! ELI. ( : . O ) .  

(.,lp;tcl[lte cr.o\\t~ll\  t)cc,omcs niorc. pronounccrl as the rise timt. I?ecomc .horler (l'astcr 
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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 to 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 = --- 
- TI"-so 

where C,, = mutual capacitance between lines 1 and 2. 
Z = the parallel impedance of the trace and terminator (Z,,IIR,) 

T,,,-,,, = 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 
VLSl processors with internal clocks in the 75-MHz range and above. These CPLI and 
VLSl 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 EM1 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 sincc ceramic 
packaging will dissipate more heat than a plastic package. Ceramic cases also cost more. 
Certain components. due to large junction temperatures between internal gates, generate 
more heat than the ceramic package can dissipate; hence. a heatsink is required for ther- 
mal cooling. 

Having brielly discussed the function of heatsinka in the thermodynamic domain. 
we now examine the rnetal 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. 

8 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 rnetal heatsink on top of the component provides a OV 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. 

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

The net result 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 deenergi1.e this anknna, the heatsink must be grounded. Although this concept 1s very 
simple to understand. i t  is virtually ignored within the field of PCB design for RF energy 
suppression. 

A VLSI component can be an effective radiator of KF energy. Adding a heatsink 
adds yet 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 efficiency 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 
rr~etal connection on a11 four sides. Use of u fence (similar to a vertical bus bar) from the 
PCB to thc hcatsinh will cncapsulate the processor. This fence will create a Faraday 
shield around the processor. thus preventiny common-mode noise RF energy internal to 
the package from radiating into frcc space or coupling onto nearby components. cahlej. 
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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 VLSI processors is approximately 400 to 800 MHz with heatsink 

Figure 3.12 (;rounded heatsnk theory 01' operation 

Ill 
- Radiated RF energy 

"Y" 

' I 4 4  Heats~nk w~th fins 
Dielectric mater~al 
[thermal compound-~nsulatori 
Wafer (die) 

Component package 
"Y" 

I!O pins from package to board 

Plac~ng a heats~nk on top of a component 

SMT pads for 
decoupllng 
capac~tors 
on top of U 
component 
package I]o 01 

Top vlew of component wlth SMT pads 
for decoupl~ng capac~tors (power'ground) 

package provldes a metal plane closer to the 
wafer "X . '  internal to the package than the 
physlcal dlmenslon between the wafer and 
a ground plane "Y " 

If heatslnk IS electrically conductive rad~ated 
coupling of common mode RF currents w~ l l  be 
capaclt~vely transferred to the heats~nk The 
metal heatsink then becomes a rnonoton~c 
antenna and will radlate RF energy generated 
Internal to the component Into free space or 
adjacent c~rcu~try 
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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 decoupi in~  capacitor. 

fl ll ll fl ll n - Heatsink fins 

- Thermal compound 

Component 

.F---- Mounting fence - Ground plane 

Figure 3.14 Grounding the heutsink 

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 RI-ound potentitrl. The active component is 
always at R F  \~nltcr,qe pofenricrl. 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 drcoupling capac.itor., while optional discrete capaci- 
tors located on top of the device package or directly on the PCB are used for c-l~ferrntiul- 
mode decoupling. This common-mode capacitor shunts RF currents generated within the 
processor to ground. 

Using a grounded heatsink creates 

1. '4 thermal device to remove heat generated internal to the package. 

2. A Faratlay shield 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 cornmon-n~otie RF cur- 
rents generated directly from the die. or the wafer, inside the package. by AC 
coupling RF energy frorri the die to ground. 

If a grounded heatsink is implemented, the grounding fingers of rhe fr.nce (spring 
fingers or other PCB mounting method rrnployed) must he connected t c l  a11 gl.ounci 
planes, or the OV reference htrucrurc in the PCB on at least 114 inch (0.125 cm) centerc 
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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 pf, 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 114 mechanical size of typical heatsinks, making them efficient suppressors 
of EM1 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 control- 
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. 

I .  Different manufacturers of oscillators have different power requirements, along 
with a difference in actual edge rates. Although the  oscillator^ may have the 
same frequency, not a11 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. 

3. KF nolse in a system changes when different brands of integrated circuits are used. 

To ininimi7e ground bounce and enhance power supply noise reduction. use of a filter 
circuit i s  required (see Fig. 3.15). These circuits will achieve a reduction of up to 20 dB in 
the frequency range above 20 MHz. Use o f  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 KF loop currents. Depending on the 
frequency of the oscillator. a current loop could be present causing radiated emissions. 
Ilse of \i~rfuce-rnc~unt devices i s  preferred over through-hole devices due to less lead- 
length inductance in the component package. 

T w o  methods can be used to provide power filtering for clock jources. One in- 
volves use of an RL.C' circuit, the other a ferrite hexi and capacitor combination, dia- 
cussed belo& 
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Ferrite 
bead 

0.047 uf i r p  Oscillator out  Oscillator 
(TTUCMOS) 

* Ground * Ground 
TTUCMOS with +5 V power (two different filtering methods) 

330 11 
Oscillator 

v,, (+5V) 
Ground 

0.01 uf 

Clock out 
Ferrite bead 

ECL with -5 V power (RLC filter) ECL with +5 V power (bead and capacitor) 

Figure 3.15 Sample filter c~rcu i t s  for osc~lla~ors. 

A large inductor or capacitor value will enhance the filter's attenuation at lower fre- 
cli~encies i f  this filter method is used. For any combination of L and C'. to achieve 20 dB of 
attenuation, Eq. (3.71 is used. 

where,f is frequency In hertz. 
If 3 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. (3.8). 

K - I <$ (ohms) 

W i ~ h  cithcr 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 he unable to provide the fast-transient current required by the oscillator due to induc- 
tance in the power path. This loc:~l filter would keep the current loop (power and grouncl) 
from the power Input circuit cniall. thus preventing this localized circuit from ~nfecting 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. 

Cuution: 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 EM1 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 dexigned for 

I. "Infinitely" fast rlse times (zero rise times). 

3. Unlimited funout drivc (unlimited power output). 

With these two items. i t  becomes even more importan! to recognize that these oon- 
ditions exist. Not all manufacturers produce the same product. ;~lthough they may be 
fonn. fit. and func~iori compatible. Nonconipli~~nt components must he handled with care 
l~sing the following tectin~ques. 

I .  Keeping ihort lead-lengths (lower the output loop area). 

1. Kccping clock uignalx  way fro111 110 clrcultry 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 EM1 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 sinlulation analysis is finding appropriate tools, including 
the developriient 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 comnion-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 

Uineers. from ICs will remain a subject for adventurous en,' 
Radiated emissions from components can be reduced through use of the following 

design techniques: 

Reduction of package size: antennaefficiency (lowers the effective area ofradiation). 

Reduction of high-frequency energy created within the die structure. 

Isolation of KF noise l~rociuced froril the die to any I( '  pins that connect to cytcr- 
1131 circuitry. 

Selected conibinalions ol'these tcchniquch must be used in order to reduce radiated 
en~issions. This ~ncludes designi~ig the component to have intercunnect pads on thc sub- 
strate agjacent to each other for power and ground to minimize ground boi~~ice. Edge rate 
control must be implemented on periodic clock cirnals (series recist:lncc or  equivalent 
technique) to reduce high-frequency KF coupling onto adjaccnt truces o r  othcr metallic 
btructureh. L0~4er impedance bond \\ire5 r r l i l i t  alao he provided. 

To minimize radiated e m ~ ~ \ i o n s  frorii components. see Table i,5, 
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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 more ground pins placed Use drivers with the slowest edge 
strategically around the devrce rate acceptable for proper operation 

Use a ground plane inside LJse small distributed clock drivers Isolate areas on the die where necessary 
the package instead of a single driver which contain clock logic 

Use additional groundipower Use drivers with the lowest drive Use split power-ground structures to isolate 
leads near the clock source voltage possible clock noise 

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

Group signals and power Use current limiting resistors isolate signal leada with ground wires 
leads together 

Use low-inductance bond wires Reduce die trace capacitance Separate 110 ports from clock pins 
in the package Use differential clock drivers 

3.1 1 SUMMARY FOR RADIATED EMISSION 
CONTROL-COMPONENT LEVEL 

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

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

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 rnetal enclosed packaging (oscillators). Ground the metal case 
or package to the OV reference with as many tow-impedance via connections as 
possible. 

For devices that contain ceramic packaging and a metal slug on top, provide for a 
grounded heatsink. Conceptually, this can be ~ncorporated in certain products: 
however, i t  may be difficult, if not impossible. to implement. 
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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 
for RF currents, especially with regulatory compliance concerns. 

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 OV 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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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 conlpliance may be required, which may include adding an ex- 
pensive metal cover or n1etali7,ed plastic enclosure. 

In addition to maximizing radiated enlissions 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 obsewed by free space. 
This radiated field 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 arc sensitive to ESD events. This sensitivity re- 
quires special handling during the assembly cycle. yet 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 
OV reference system is poor. it becomes difficult to fix an EM1 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. 
:\tiding in two more layers to a double-sided PCB, for example. a power and ground 
plane. requires only minimal work. yet will achieve improvement between 1 0  to 20 dB on 
radiated eniissiona 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 Bibliograph) . )  

EM1 test failures can negate the cost-effectiveness of  using less expensive douhle- 
sided boards. An extra round of EMC lest5 (eniissions and immunity). redeslgn and relay- 
out. ; ~ n d  a prototype huild t'or funct~on;~lity testing. tying up engineering resources and 
adding many weeks of delay to the schedule. can easily result in cogts exceeding tens of 
thoi~sands o1'doll;irs. An incremental cost in adding two more layers may be cheaper than 
trying to maintain a double-siciccl structure. Depending on the number o f  boards to be pro- 
ciuced. ,I coyt saving may occur using rnultil;~yer hoards. In one experience. $50.000 was 
spent ln ud(iitlonal engineering resources to optimize a double-sided boarti-all in an ef- 
tol-t to have $ IO.000 In production costs. hlnnngement rrlust consider these financial ~ a l -  
Lies het'ot-e nuking  a ~ieclslon t o  remain with an ill-con\idered design. 
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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 (m -+ I). 
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 R F  return 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 rnultilayer boards is predominant in this chapter because technology 
is evolving at a rapid rale. 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 EMI. Their components are always used with other com- 
ponents on a PCB: hence, many vendors consider thenlselves exempt from regulatory 
compliance concerns. A faster edge rate devicc will still work in slower speed products. 
Why. then. should semiconductor vendors worry about retooling their equipment to huild 
a slower speed device when a faster devicc can he made av;iil~tble for less money and be 
pin-for-pin compatible I 

A hl-iff discussion of single- and double-jided boards will be presentecl for com- 
plcteness. High-technology products require use of rnultil;r)jer .;tackup.;. 

4.2 515 RULE 

The 515 rulei ~ndlcates when use ol rnultilayer boitrds b e c o m e  necessary. The rulc st;ttes 
that when clock speecis in excess of 5 MH;.. or when rise times hstcr  than 5 na cxist. a 
nlultilayer ho~ird should be used as the "cmssover" point. beyond which faster ecigea and 
higher frequencies proportionally incrc:irc thc need f'or ~ n ~ ~ l t i l a y e r  hoarcis. Wit11 proper ~ l e -  
5ign and layout techniclues. the 515 rule can be cliariged to ~ r s c  t'ahtcr clock and ?dgc r:Ite\. 
o ~ r i v  if the. designer is aware 01' the prohle~r~s that can e\ist when usins these t';tstcr ctigc 
rate devices and h ~ g h  clock speeda. The designer must have cxtcm\ivc eupcricncc 111 de- 
signing high-technology pro(lucts using a sirnpler bo;lrd \ t a c l \ ~ ~ p  ;issi~nnlent.  'I'his I \  a11 
extrenielv difficult t:lsh to iicconipli.;h \cith minimal co\t 111 
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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 I?]. These are 

Purtiul irzdur~tunce: the inductance that sxists in a wire or PCB trace. 

Selfynrtial induttancc: the inductance from one wire segment relative to an infinite 
segment. 

Mlrrrl~ll partial incluc.toncc,: the effects that one inductive segment has on a second 
inductive segment. 

4.3.1 lnductance 

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, ;tnd planes 
on a PCB must be considered at the sanle time as lumped parameters of all circuit compo- 
nents. The most difficult parametcr to investigate or quantify is inductance. Urllike capac- 
itance and resistance, inductance is a dynamic property of a closed-loop current path. 

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

where \y = mi~gnetic llur :tnd I i c  the current in the loop structure. If the wire is configured 
in a closed-loop c-ircuit, the inductance is :I function of loop geometry as well as the shape 
ancl clilncnsions ot'the w ~ r e  ~tsell. 
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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 effects 
of inductance on a loop circuit. we must examine the effects of purticzl incl~icfance and 
mutual partial inductance. 

4.3.2 Partial Inductance 

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

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 

With Eq. (4.7,. the static current with~n each segment is identical. L,,,,,, is the total l l i~x of 
current in the loop. With this infonnation, we can deline partla1 inductance for a partlcu- 
lar segment as the ratio of llus coupling to the current uithin J particular itgillen[. 
Eq. (3.3).  

- 'b! - tluv due to 4egrnent "1" thdt couple\ the loop 
1 ,'""I" '""'L"! / \-I 7 1  

I ,tmplrtude of the current In \egment I 

The concept 01 partla1 ~nductance I.; for :I ulngle loop. Ohvrously, tiiftzr'nr loop5 i ~ ~ l l  have 
different values of part~al inductancc. 

The total internal inductance of ~1 conductor b i l l  decrease. hut the internal i~npeti- 
ance still increases with the square root of the frequency owing to skin effect. Because ol 
\kin effect. the irlciuctar~ce tha~  exists within the center portion ot' the cc~ntiuctor plays :I 

nlinor role in the overall inductive performance of the conductor. 'l'tle parametcr of inter- 
est is the partial inductance, which is frequency-independent. not the total ~~lt luc.~,t~~cc: ol 
the trace. W~rh knowledge of frequerlcy independent inductance. the rnl~tual ~nduc~;tnce 
between two p~lrallel conduc~vrs (or a trace over i~nagc pl;inci can he clctc~.n~ii~cii I>\, thc 
general equation, Ecl. (4.4). A rnorc det;tiled presentation of partl;~I ;ind rrturuai parti:~l in-  
ducrnnce is pro~idcd in Eq. (4.51. 
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4.3.3 Mutual Partial Inductance 

Section 4.3 S How Image Planes Work 

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 I. The seFpar- 
rial inductance of the conductor, L,, is the "ratio of net magnetic flux generated by a cur- 
rent I passing through the loop (or between a conductor and through infinity, beyond the 
trace), divided by the current I 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: l 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  ond duct or 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. (3.1) [ ? ]  . 

4 To infinity I 

I I I Wire segment 2 1 I 
Wire segment Wire segment 1 

Self partial inductance Mutual partial inductance 

Figure 4.2 I oop ,ircrt ~lt>t~lllng \clt ,~nrl I T I U I U L I ~  pnr t~ i~ l  ~nductance 

S + v2+ . 12 vl- v2- 

Figure 4.3 Mutual partial ~nductance between 
two conductors. Note: Any trace or conductor contains inductance 

dI  dl, V  = L  - - ' + M ;  ' dt (it 

dl ,  dl2 V z = M - + L  - 
dt dt 

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 V2 is the RF current return path. Assume two con- 
ductors constitute a signal path and its associated return so that I, = I and l2 = I ,  = -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 

According to Eq. (4.5). in order to reduce the voltage drop across a conductor. we must 
masimize the mutual partial inductance between that conductor and its associated conduc- 
tor within the same circuit. The easiest way LO 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 o r  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 EM1 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 rnagnitude and opposite in direction. This is why irnage 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 121. 

Since mutual partial inductance was examined for sig~ial traces, how does this in- 
ductance relate to power and ground planes separated by 3 tlielectric rnaterial'? The mutual 
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TABLE 4.1 Mutual Partla1 Inductance Between Two Parallel W~res  

Common Length 

Conductor Separat~on 1 inch 10 inches 20 inches 

112 in. (1.25 crn) 3.23 nH 137.9 nH 344.9 nH 
114 ~ n .  (0.63 crn) 6.12 nH 172.4 nH 411.7 nH 
118 ~ n .  (0.32 cm) 9.32 nH 207.3 nH 484.8 nH 
1/16 in. (0.16 cm) 12.7 nH 242.2 nH 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 
retum current will encounter a finite impedance (inductance). This retum 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 16). 

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

Signal trace 
's t ray  , I \ 

Ground plane 

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

Fipurr 4.4 S~~l~ei~rar ic  ri.pre\cntarlr)n ot' :I grourid 1)l:rnc L \ I L ~ I I ~ I  .I i'('L3 
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higher emissions than those created by differential-mode currents (I, and I,,,). This is be- 
cause common-mode RF current fields are additive, whereas differential-mode fields tend 
to cancel [6,7.8 1. 

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): 

dl, d l ,  
V,y,,d = L,? - - M - 

dt q"dt 

where in Fig. 4.4 and Eq. (4.6) 

L,T = 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 

My, = partial mutual inductance between ground plane and signal trace 

C,,,,, = distributed stray capacitance of the ground plane 
V,?,, = ground plane noise voltage 

To reduce I, 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 
exarrline how differential-mode, l,,,,, and common-mode, I,.,,, 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. If the cancellation of currents is not lo()%, 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 EM1 that propagates from a product. This is 
because the leftover RF return current in the retum 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 retum 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 [ l  I]. For TTL and CMOS. 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 retum path is connected to the power and ground pins of a coniponent will :I real 
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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 [?I .  

4.4 GROUND AND SIGNAL LOOPS (NOT EDDY CURRENTS) 

Loops are a major contributor to the propagation of RF energy. KF current will attempt to 
return to its 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 a voltage potential difference 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 rnost important d e s ~ g n  conslderat~ons t'or EM1 suppression on a PCB is 
ground or signal return loop control. An analysis must be made for each and every ground 
stitch connection (mechanical securement between the PCB and chassis ground) related to 
R F  currents generated from RF noisy electrical circuits. High-speed logic components 
and osciliators should ~ ~ l w a y s  bc locatcd as close as possible to a ground stitch connection 
to rllinirrlize the formation of loups ill thc form of eddy currents lo the chassis ground. 
This design requirement will now be examined in detail. 

An exal~iple of loopa that could occur In a computer with atiapter cards ant1 singlc- 
point grounding is shown In Fig. 4.6. As observed. an excessive sienal-return loop area is 
present. Each loop will create a distinct electromagnetic field ancl spectra. RF currents 
will create an electrornagnctic radiated field at a unique frequency. ctepend~ng on the 
physical size of the loop. Containment measures must now he ~lscti to keep these RF cur- 
rents from coupling to other circuits or radiating to the external environment as EMI. In- 
ternally generated RF loop currents are to be avoitieti. 

To expand on the conccpt of loop area shown in Fig. 4.6. u c  have Fig. 4.7 which 
shows the loop area hetwecrl two conlponcnts. 

'To rcitcratc the irnportancr of  min~rni/ing I(~op.; \s ithill ;I P(.'B .;tructurc. we 'uarll- 
ine the effe~,ta ;I loop has in crc:~tiny EMI. T h ~ i  corlccpt IS irnportalit 111 ilndcr\~nntl~n? hou 
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Figure 4.6 Ground loops within a PCB assembly 

RF energy is created within a PCB. (For a discussion of  how loops create EM1 within 
components. refer hack to Chapter 3. Section 3.4.) 

With RF ener!;y concentrated within a loop structure, how can this energy be re- 
moved if a return pati? IS not prcwided for the RF current? A ground connection to chassis 
ground or 3 OV i.?fe:.eilce source assists in removing this undesirable accumulation of RF 
current. illso ide:ltll'ied as loop area control. 

4.4.1 Loop Area Control 

Figure 3.8 illustrates how various loop areas are created within a PCB structure 
using both a single- and double-sided assembly and a multilayer stackup. The electmmag- 
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 area of ihe 
loup. T o  minimize magnetic field coupling. we must minimize the loop area. The electric 
field pickup reception is also dependent on the loop area forming the receive antenna. 

When an electric field is present, a current source is created between s two-conduc- 
tor system (power and ground). Electric fields d o  not couple line-to-line but rather line-to- 
ground, including conimon-rnode currents. Therefore, the only loop valid for this mode of 
coupling is the conductor lo chassis coupling. Of course, the H-fielti that accompanies the 
E-field also cc~upieh illto wiring loops (line-lo-lirle and line-to-ground). 

Source 

I 
I 
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It is generally overlooked during a PCB layout that loop areas may be created be- 
i aeen  the power and OV reference structure. Figure 3.8 illustrates a poor layout in the top 
drawing that may be performed by a PCB designer because it is easy to create using com- 
puter CAD suftware. This software permits easy routing of busses between components 
located next to each other. With a large loop area on the PCB. susceptibility to the pickup 
of ESD-induced (or  other) fields can occur. A multilayer stackup minimizes the potential 
of ESD disruption, in addition to minimizing creation of a magnellc field that will be radi- 
ated into free space. 

Usirlg power and ground planes helps reduce the inductance of the power distribu- 
t ~ o n  system. Lowering the characteristic impedance of the power distribution system re- 
duce> the voltage drop acrosx the hoard. With ICSS volt;igt' drop. ground bounie potential 
i h  minirni7ed. In addition io Iou.er~ng the characteristic impedance of the <tructure, we in- 
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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.) 

Large 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 emission problems. Although we may have high signal integrity (time domain), 
EM1 still exists (frequency domain) because signal loop areas create more problems than 
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 distribution 
network provides a low-impedance path that allows transfer of the ESD energy into a OV 
return reference plane. After all, loops are loops, and if they can emit fields, then they also 
can receive fields. 

In addition to reducing ground-noise voltage, an image plane prevents RF ground 
loops from being developed because RF currents tightly couple themselves to their source 
trace 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- 
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Figure 1.0 Kc'tluct~o~l 1 r 1  loop area5 that rxl\t u l t h ~ n  .I Pt'B i.).orrrce: Ir~t,rdrcc~r~~~r to 
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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 R F  impedance to earth or through free space. A large 
ground loop on the 1/0 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 hoard with marly 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 h/2O of the 
highest frequency of concern. not just the primary frequency (including hannonics). If 
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. 1/20 of a ~ J - M H L  oscillator is 23.4 cm (0.2 in.). If the straight-line 
distance between srly two ground stitch locations to a OV reference (in either the .I- and/or 
v-axis) is greater than 9.2 inches. then a potential efficient RF loop exists. This loop could 



Distance between screws (chassis ground) in any axis ( x -  or y-axa) should not 
exceed U20 of !he brghest edge rate generated within the printed circuit board. 

Figure 4.10 .-\spccr ratio 

be :he source of RF energy propagation. which could cause noncompliance with intema- 
tional EM1 emission limits. Unless other design measures are implemented, suppression 
of RF currents caused by poor loop control is not possible and containment measures 
( e . ~ . .  sheet metal) must be irnplernented. Sheet metai IS an expensive Band-Aid that might 
not even work for RF contain~nent. ,411 example o f t r ~ / ~ t ~ c . t  rtitio is given in Fig. 4.10 1 1  1. 

Proper placement of  colrlponents is critical in any PCB layout. Most designs incor- 
porate functional subsection4 (71. :1re:1\ (by logic:il fur~ction). (ircwping zach i'unctional 
area ac1,jacent to other subsections rrlinimizes signal trace lengths and reflections, and 
makes t r x c  routing easier along with maintaining ,ignal integrity. Vias \;hould he avoided 
where poisrble. for vras increase the inductance of the trace hy apprc~xrniately 1 to 3 nH 
cach. Figure 4.11 illu\tratea the functional ~ r o u p i n g  of subsections (or areas) using a 
btanii-alone C'I-'LT-inotherhoard as :in example. 

Extensiw use of  chassls ground stitch connection\ i \  also oh\er\'c.d i r ~  Fig. -1.11. 
f-ligh-frequency designs (fast edge rates) develop very high spectral frequency profiles 
L ~ r ~ c l  r-ecluise nzu rilcthotiologlci tor tlontiing ground plar~e!\~ to c.ha\\i\ ground. Use of 
thew nlultrpoint gro~111Cfing points eft'ectively pi~rtit~oris co~~iniori-nio& eddy currents em- 
,in:rtirlg Ironi \ar lou\  wgrrlcnt5 011 thc cle\lgn Iroiii coupling into other- segment\. Prodlrcts 
urth clocks .rhove 5 0  M H /  gcner-ally require fr-cquent ~ r i ) ~ ~ r i d  stitcfi connections to chassis 
grounci to nl~nrrnize lhc effects of corri~r~on-mode currents a n ~ i  gro~lrid loops preserlt be-  
tucen  fu~ictional sectlorlx. ,Zt lea\t four ?round point\ S I ~ ~ S O L I ~ I C !  e;~cIi s~~I>\ect ion.  Thesz 
p r . o ~ ~ n d  ~~or r i t s  i l lu\~ratr  ht.1 L;IW ~ ~ l ~ p l ~ ~ i l ~ ' n t ~ i t i o n  01' ;~spt>ct riltio. Note that :I chassis bond 
C'on1itciiOri I \cI~Z\~ t ' c l ~ l l \ ; i l ~ l l t l  i \  !OC:I~CC~ i)11 both L ' I I C ~ ~  01' thC' DC' ~?o \ ie r  corlncctor 
( Itel11 P i  u\cci I'or p o w ~ r i ~ i g  c.stcrn;~I pcriphcr.:ll tie\ iccs. RF ~ioisz gcl~eratrci or1 either the 
I'C'I3 or pt>r-iplieral pouei- \uh\y.;tcrn mu\[ bc :4(' \lluntcii to ch:tssls yl.aund h y  parallel  by^ 
p;15\ i . ; ~ p ; ~ c ' l ) h .  1'I:esi. ~.,1pacitor.\ ~ ~ ~ r n i n i i r z  ~ )o~ \ . e r~ - i~~p l~ Iy -~e~ ie r : i t e ( i  RI: current\ from 
L . o u p l i ~ i ~  11310 \i?~i.!! or ~ I : I L I  l ~ ! i c ~ ~ .  i<cn~o\; i l  0 1  l<l c ~ i s r ~ ~ n t \  011 : I I C  p o ~ + e s  c,onriector- ~viil 
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Figure 4.1 1 Multipo~nt grounding -~n~plementatlon 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. 110, bus interface, sys- 
tem controllers, PCI/IDE bus, SCSl bus, peripheral interface (fixed and floppy disk dri- 
ves), and other components. Associated with each subsection are different bandwidths of 
R F  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 areas. 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 othcr creative means. 

Proper partitioni~~g ~illows for optinla1 lunctionality. ease o! routin? traces. and min- 
imization of  [race lengths. I t  also pemiits srnallcr loops to sxist while optimizing signal 
quality. The design engineer will specify which components are ashociated wilh each 
functional subsection. Use the inthrniation provided by the component manufacturer to 
optimize component plncenient prior t o  routing any traces. 

4.6 IMAGE PLANES 

An irllagc plant. I a layer ol copper (voltage plane, ground plane. or chashra plane i ~ntemal to 
a PCB pl~ysicalllll; ;~r(iace:>t to  a circuii o r  iiynal plane. Im;~jie plane5 arc used ro provide a low 
rrnpztlance path for KF sign:il c.urrerrt\ to return to ~ h e ~ r  sourer i t l uu  return). thus corllplcting 
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the RF current return pat21 and reducing EM1 emissions. The term image plane was popular- 
ized by the German. Ott, and Paul [7] ,  and is now used as industry standard terniinology. 

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 
~nutual 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 i~nage 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 tracc 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. Skirz effect 
refers to current tlow that resides in the first skin depth of the material at high frequencies. 
Current iioes 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 nlatcrials have different skin 
depth values. The skin depth of copper is extremely small. above 30 MHz. Typically, this is 
observed at 6.6 * lo-" (0.0017 mm) of an inch at 100 MHz. RF current present on a ground 
plane cannot penetrate 1 oz. 0.0014" (0.016 mm) thick copper. As a result. both cotnmon- 
mode and differential-mode currents llow only on the top (skin) layer of the plane. No sig- 
nificant current flows internal to the image plane or on its bottom. Placing an additional 
image plane beneath this ground plane would not provide additional EM1 reduction. If the 
yecond plane is at voltlige potcntiai ithe primary plane at ground potential), a decoupling ca- 
pacitor will be created. These two planes can now be used as both a decoupling capacitor and 
dual image plane.; hut with some concern rcgarding flux iancellation (see Sect~on 2.1 ) [h]. 

With regard to in~age plane theory, the material presented herein is based on a 
finite-sized plane. typical of a11 PCB\. Image planes cannot he relied on for reducing cur- 
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(shaded area :~nder  !he return trace) 

If a low-impedance, direct line RF return 
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a differential-mode voltage IS developed 
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Figure 4.13 Common-mode and differential-mode currents 

rents on I/O cables because approxinlating finite-sized conductive planes is not always 
valid. When I/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 I1 and 12. 
This difference is negligible because of a 180 degree phase difference. The measured 
E-field due to cornmon-mode current is the sum of I1 and 12. 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 he 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 nonf~~nctionality. Flux cnncellation performance is sometin~es en- 
hanced when the signal routing layer is adjacent to  a ground plane, but not to a power 
plane. as described throughout this chapter. 

4.7 IMAGE PLANE VIOLATIONS 

For an iniage plane to be effective. all signal trace5 must he located adjacent to a solid 
plane and rnust not cross an isolated area of copper. Exceptions can occur using special 
trace routing techniques. I f  a signal trace, or even a power trace ( c . ~ . .  +I3 V trace in LI +5 
V power plane) is routed within a solid plane. this solid plane becomcs fragmented (split) 
into smaller parts. Provisions have now been made for a ground or Kt;  signal return loop 
to bc developed for RF return currents that are observed o n  the adjacent layer across this 
violation. This R F  loop occurs b~ not allowing RF current present in a ~ i f n a l  trace to seek 
;I straight-line. low-impedance p i t h  hack to its source. 

Figure 4. I4 illustrates a violation of the image plane concept. These planes can now 
no longer ]'unction as a solid OV reference lo remove common-mode R F  currents. The 
lo\ses ;lcro$s the plane segn~cntntio~ls m;ly .~ctuallq product. R F  fieltis. Vias placeci In an  
image pl;lne do n o t  degrade ttic irn;~girig capabilities of the plane. cSxcept ~vhere ground 
slot\ are provicied as disc~i.;i;ed neyl. 



Chapter 4 . Image Planes Section 3.7 Image Plane Violations 

Traces routed in the RF return current creating 

RF return path a large loop area. 

(slots in the plane) / 
\ /I- Signal plane 

c--- Image plane 

"Signal trace" on top layel 
crossing a broken image 
plane. RF current must 
return vla a long return path 
creating an RF loop antenna 
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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 I I ] ,  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(dlidt). With additional inductance in the return path. there is re- 
duced differential-mode coupling between signal trace and the R F  current return path 
(less flux cancellation). For through-hole components that have a space between pins 
(nonoversi7.ed 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 E = L(dl1dt). This length car1 
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 ~nirlimize trace length routing) whcn 11 solid plane does 
not exist in this ovcrsized through-hole area. When routing traces between through-hole 
components, use of the 3 - W  K ~ r l c  (defined later in this chitpter) niust be maintained be- 
tween the trace and through-hole clearance area. 

Ciencrally. a slot in a printed circuit board with throueh-hole components will not 
cause RF probletr~s for the majority of signal traces that route between the through-hole 
device leads. However. it can cause electromagnetic fields to be devcloped around the 
holes. For high-speed. high-threat' signals. alternative methods of routing traces between 

%igh-thrcnt rrler\ t c ~  h19h-harida~dtli. RI; \pt.ctral cornponcnlr that prop:lg;1te\ ns ;In electron~agnct~c t ~ e l d  
il11w.11 ,I t r ; ~ l t \ l t l o n  linr o r  tr;Ic~.. 1 hew \ I ~ I I ; I ~ \  I I I C I U ~ C  cIocLi, L I ~ C O .  ;~ddre\\ Iilws. ~11;tlog clrrults. and the like. All 
~ , f  these h igh ly  sen\iti\e c~rc.uit\ may rt~rher riicitnte Kf2cncryy. or he \u\crptihlr roan rxtcmully ~nduccd ficltl t l ~ \ -  

I L I I  t1arlc.e. trqurrlng ,I I T I ~ ~ I ~ ~ I I I ) I ~ .  low-1r11pc11anc.e KF rctltl-l1 p ~ t h  t o  c~)rl~plett. the clo\cd-loop clrcull. 

Through-holes (multiple holes in one straight line) 
create a slot in the ground plane. Return current 
must travel around the slot , 

/ RF return current 
00 
00 

I C 1 0 0 U O  
0 0  

Signal trace f 
/ 

/ Through-holes (multiple holes spaced apart) 
Optimal method of routing traces if through-hole 
components must be used 

Return current in ground plane F 
E ; L dlidl. plane radiation 

Equivalent circuit showing inductance in the return 
paths. This Inductance is approximately 1 nHicm. 

Figure 4.15 Ground loops when  i ~ \ i n g  through-hole componsnti (\loti in the pl:tnci 

through-hole component leads must he devised. For those applications where a trace must 
traverse across a slot or partitior) within the PCB assenibly. Fig. -1.16 provides a design 
technique which allows RF return current tolump the slots using capacitors. 

Capacitors provide an .4C shunt for RF currents to traverse across 21 moat or slot. A 
significant performance improvenicn~ of up to 20 dB has been observed during functional 
testing. The capacitor niust be chosen for optimal performance based on the self-resonact 
frecluerlcy of  the component trace .;ignal. It  is cautioned. howcver. that this technique may 
result in reactance-based phase shifts in the current relationships bctween the traces and 
their images. impacting the magnitude of llux c:~ncell;ition or minimization. 

RF current return path Capac~tor br~dg~ng 
the moat to transfer 
RF currents between 

U I  V- Moat or slot In ground plane 

Signal trace 
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4.8 LAYER JUMPING-USE OF VlAS 

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 
a via 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 result, RF currents on the signal 
trace can couple to other circuits and pose problems as both crosstalk 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 EM1 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 .r- 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.) 

7. 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. 

If a via must be used for routing ;I 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 axia 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 from a 
horizontal to a vertical routing plane. Ground vias can be used only when there are mure 
than one OV reference planes internal to the PCB. This via is connected to all ground 
planes (OV reference) in the hoard that serves its the RF return path for the signal jump 
currents. 'This via essentially ties the OV reference planes together adjacent and parallel to 
this signal trace 1oc;ltion. When using two ground vias per signal trace via, a continuous 
RF return path will nou exist for RF return current throughout 11s entire trace route. This 
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RF return path Components 

Via not 0 I-\ 

Ground plane 

Power plane 

connected to power plane . 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 truce 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, "manually routed." 
Since much freedom is permitted in routing the first few traces by the PCB designer (e.g., 

Shared ground pin via 
with a component to allow 
RF current to make the 
layer jump adjacent to 
the signal trace. 

Optimal routing of the traces with sensitive 
Figure 4.18 H I  I r e  h e  I I I signals to prevent layer jumping and assure 
J P('R a constant RF return path "prior" to autorouting. 

' b s r  or ground \ l a \  M C I S  tlr\r i~Icnt l l~t .c l  a ~ i d  prc\cllrrtl tn ~ t ~ d u \ t r v  h y  W M~ct lae l  K ~ n g  (;round \ l a \  .ire 
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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 groilnd pi11 \xiti of any component. This layer jump will co-share this compo- 
nent's ground via. The ground via being referenced will perforni the function of providing 
OV reference to a component while allowing RF return current to make a layer jump as 
detailed in Fig. 3.18. 

4.9 SPLIT PLANES 

When multilayer PCB assemblies are used, the power and ground planes are sometimes 
split on the same plane. An example is separation of analog circuitry from digital logic, 
isolation of 110 interconnects (detailed under Partitioning in Section 4. l o ) ,  separation of 
voltage reference areas (e.g.. +5V section from a -38V partition), component isolation, 
and the need to force RF return currents to travel a designated route through the PCB. 
This designated RF return path can be likened to a road map. We travel only on the roads 
provided in a predefined manner. Why not cause RF return currents to do the same thing, 
travel a predefined road or path'? 

One of :he PCB designer'!, primary design and layout concerns is to guarantee that 
overlaps on a split plane do not occur. lf an overlap on a plane is present, a finite-sized ca- 
pacitor will he created between the overlapping plane segments as seen in Fig. 3.19. This 
finite-sized capacitor. C I .  will allow RF energy (which is an AC waveform) to traverse 
from one plane (e.2.. a noisy plane) to ;I separate. quiet. or isolated plane. The DC voltage 
potentials of the planes remain intact due to passing the DC voltage from one isolated area 
to another through filters. 

If  additional higti-frequent! isolation IS required. we can isolate one plane (power) 
or both potentials \power and ground) with ferrite head-on-leads, not inductors. We must 
tw cari:fl~l with [hi\ !cch!~icl~~e. I f '  hotl? planes cont:~in high-frequenc) RF noise. i t  is usu- 

I- 
; Ground plane 1 

Power plane filtering method when 
a common ground plane 1s requ~red 

Power plane filter~ng method for 
Isolated power and ground planes 

/-- 
( Ground plane A'- Ground plane 

/ 
Capac~!ance wh~ch allows d~gital switching 
nolse to corrupt the analog ground plane 

(very bad layout technique) 
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Impedance 

Figure 4.20 Ferrite material pctiomlancc char- 

acteristics. 

zone / 

Absorption zone 
. (can be almost resistive) 

Inductive 7 

Frequency 

ally better to isolate both planes. If a common digital-to-analog ground reference is re- 
quired, and analog power is needed for device operation, the ferrite bead-on-lead should 
be placed only across the power plane partition. 

When a split plane%ccurs, the common ground plane must be located "directly" 
under the discrete filter components. All signal traces must then be routed adjacent to this 
solid ground plane under the filter in an area identified as a bridge. Bridges are discussed 
later in this chapter. The advantage of this design technique is to maintain the integrity of 
the OV reference (image) plane necessary for high-frequency EM1 control and to provide 
an optimal RF return path from load to source. 

The reason not to use inductors is easy to visualize and is best shown in Fig. 4.20. 
Ferrite material has practically zero impedance (or DC resistance) at DC voltage or signal 
transition levels. including very low-frequency signals. It is essentially transparent to DC 
voltage and acts as a small inductor or resistor having little effect at low frequencies. At 
higher frequencies. RF currents are created within the power distribution structure, and 
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 
energy from traveling between two isolated locations. An inductor, on the other hand, has 
a large inductive value with an inductive reactance, jwL. Inductive reactance is exactly 
what we do not Myant within a transmission path. Parasitic capacitance will exist between 
the two terminals of the inductor, plus the capacitance between the inductor windings and 
OV reference. With ail L and C component present within the device, a resonant circuit is 
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 
circuit, these RF currents are now allowed to cause harmful disruption to functional cir- 
cuits, which were supposed to be operated from clean filtered power. 

I f  an isolated plane contains only low-frequency circuits (analog) and another iso- 
lated plane has hiph-frequency (digital) switching currents, i t  sometimes becomes mnnda- 
tory to isolate both the power and ground planes between these two areas with ferrites de- 

'4 \p l~t  pla~ic refer\ 10 :I \011d coppcr \trucrurc I~;II ll;~\ bt ' '~~ \eynlrntt'J Irltr, two or more p;lnitlons. An 

cx;lmple ot th15 spl~t IS ea\11> \cell In I-IF. 4.19. 'l'he top lctt c~rcult h;~a ;I cuntinrlou\ ground plane. The other two 
clrcult\ ii;lve heen partltlonctl ~nto separate t~inct~onul ~ r o t ~ n i i  pl;lnc\. :~n.llo:: :111d < l~g~ t :~ l  One \pl~t  15 ci)nncctcd 
I)v .I krritc he,l~l. the other totallv ~>ol,itc~l. 
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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 I/O circuits involves two basic areas of concern: functional subsystems, and 
quiet areas. Each is briefly discussed separately below. with more detail presented 
herein. 

4.1 0.1 Functional Subsystems 

Each 110 chould 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 rnay 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- 
ernet controllers. Small Computer System Interface [SCSI] devices, and central process- 
ing units ICPUs]) from corrupting serial. parallel. video. audio. asynchronous/synchronous 
port" floppy controller, I'ront panel console displays, local area and wide area networks 
controllers. and so on. Each 1/0 subsystem must be conceived, designed, and treated as it 
the subsystems were separate PCBs. 

4.10.2 Quiet Areas 

Quiet areas are section that are phy~ically isolateti from digital circuitry. analog 
circuitry. kind power and ground planes. This isolation prevents noise sources located 
elsewhere on the PCB frnni corrupting susccptible circuits. ,An example 1s power plane 
noise from the digital section entering the power pins of analog debices (analog sec- 
tion), audio components (audio section), I/O filters. interconnects, and so on ,  detailed in 
Fig. 4.21 1 I 1 .  

Each and every I10 port (or secrion) must have ~1 partitioned (quiet) pround/power 
planc. L.o~.er-frecl~~cncy 110 ports niiiy be hypussed w ~ t h  high-frequency capacitors (usu- 
;illy 470 pF to I000 pF) locatcti n e x  the conncctnrq. 

Tri~ce i routing o n  the PCB 1iii1st still be controlled to avoid recoupling RF currents 
into rhC c:~blc .;hielti. A cle;ln (quiet) ground must he located at the point where cables 
ie:r\t. [he system. Rnrh power and ground planes must be treated equally, f'or both planes 
. I L ~  a5 ,I ixlr l l  t'(.tr- Kf; r-eturn currents. Kl- return currents from switch~ng devices tct 110 con- 
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Digital section 

Areas isolated 
from digital section 
with no copper present 
on all planes. 

Note: interconnects between different sections are not shown. 

Figure 4.21 Quiet areas. 

trol circuitry can inject high-bandwidth switching RF noise into the I/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. filtered through a high-impedance common-mode inductor: or 

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

The main objective of partitioning is to separate dirty power und ~rounci plurzes und other 
functional czreus from (,lean or quiet zones and areas. 

4.1 1 ISOLATION AND PARTITIONING (MOATING) 

Isolation and partitioning refers to the physical separation of components, circuits. and 
power planes from other functional devices, areas, and subsystems. Allowing RF currents 
to propagate to different parts of the board by radiated or conductive means can cause 
problems not only in terms of EM1 compliance, but also with regard to functionality. 

Isolation is created by an absence of copper on u11 planes of the board through use 
of a moat. Absence of copper is created using a wide separation. typically 0.050 inch 
(50 mils) minimum from one section to another. In other words, an isolated area is an is- 
land 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 a "keep out" zone for 
s i ~ n ~ l s  and traces that are unrelated to the rnoated are:i or its interface. Two methods exist 
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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 
bandwidth components from lower bandwidth circuits, in addition to maintaining low- 
EM1 bandwidth 110 in terms of the RF spectrum propagating from 110 interconnects. 

4.1 1 .I Method 1 : Isolation 

Method 1 involves use of an isolation transformer or optical isolator. An I/O area 
must be 100% isolated from the rest of the PCB. Only at the metal 110 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 I/O cable to chas- 
sis ground is sometimes needed in place of a direct connection when required by the inter- 
face specification. ShieM groutzd (or drain wire) refers to a discrete pin or wire in the in- 
terface connector that connects the internal drain wire of the external 110 cable to its 
mylar foil shield. also located internal to the cable. 

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 difference between a pigtail and a 360" connection of the 
cable shield to the BNC connector shell in the 15- to 200-MHz region for RF emissions. 
In addition to improvement in reducing RF emissions, a greater level of ESD immunity is 
provided due to less lead inductance that is presented to the ESD event. For most applica- 
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 
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 
construction) may be used for both analog and digital signal applications. These filters nlin- 
imize common-mode RF currents carried on the signal traces to the 110 section or cable. I 1  
power and ground are required in the isolated area (e.g., +5 VDC Lor a keyboard or mouse), 
the moat should be crossed with a ferrite bead-on-lead for the power trace and a single solid 
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 
fusc (required for product safety) can be located on either side of the Ltrrite bead, if required. 
Sometimes. capacitive decoupling is required to remove digital noise from filtered I/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 filtering components can be located acrosa the moat ut the far out- 
side edge of the board. Both power and ground trace should be routed adjacent to each other 
to minimize RF grout~d loops that can he developed between these two traces i f  located on 
opposite sides of the moat. This IS shown in Fig. 4.33 1 I 1. 

4.1 1.2 Method 2: Bridging 

Method 3- uses it bridge hetween ;I control jection arid an isolated area. ,4 bridge 1s a 
break in the moat ;it only one location where signal traces. power. and ground c,roas the 
tnual. This is illustr~ited in Fig. 1.23 [ I I .  Violation o f  the moat hv any trace not associated 

Best location for ground connection 

/I-------- Isolation transformer /- 
Moat 

Data line filter (DCF) 
(common-mode choke) 

110 connector 

Absence of 
voltage and 
ground planes 
(to minimize 
coupling capacitance 
across the DLF) 

/ Ground trace, if required, 3x wider than power trace. 

Ferrite bead-on-lead to bridge power (only) into the 
moated area. Do not use an inductor. 

Optional decoupling capacitor, usually necessary 
to ground, not across the moat. 

Figure 4.22 Using ~\o ln t ion  in n i o a t i n g  Method I .  

Connection to chassis ground 
"Ground stitch" 

Figure 4.22 I3r1dg111g .I i lniai ILlulliod ? 

Moat 

I10 connectors 

i3ridge in moat 

Ferrite bead-on-lead 
for optional power, 
if required, over a 
separate moat for 
the power plane 
(dotted line) 



Chapter 4 . Image Planes Section 4.1 1 Isolation and Partitioning (Moating) 111 110 

Moat violatton 

' Figure 4.24 Violating the concept of moating. 

with the 110 circuit can cause both emissions and immunity problems. RF loop currents 
will be created, detailed in Fig. 4.24 [ I ] .  RF currents must image back along their trace 
route. Common-mode noise will be generated between the two separated areas. Unlike 
Method 1 ,  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 return 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 
ferrite 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 
is not required in the isolated area, this now unused power plane can be redefined as a sec- 
ond OV (ground) plane referenced to thc 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. yrounding both ends of the bridge to chassis or frame ground 
1s highly recommended if multipoint grounding is provided in the chassis and system- 
level design. Grounding the entrance to the bridge performs two functions: 

I .  I t  rernoves high-frequency common-nlucie RF components in the power distri- 
button network cgrounci-noise voltage) from coupling into the partitioned 
;Ira.  

1. I t  he!ps remove r~icly ci~rrents (for improved ground loop control) that may be 
prcsent in thc chazsis or card cage. A much lower impedance path to ground is 
provrdetl ior KF currenta th;~t would otherwise find their way t o  chassis ground 
rhrougt~ other paths. wch as KF currents in an I /O cable. 

Grounding both ends of the bridge also increases electrostatic discharge immunity. If a 
high-energy pulse is injected 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. 4.25 111. 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. It 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 
r 

Analog power filter 

f 
Digital __/ Bridge open 1 I ground only large enou h 

I to pass require% 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 01 c11y1ta1 L t ~ i ~ l  ; t n ; ~ l o ~  P ~ I ~ I I I O I I I ~ I ~  

Analog 
Signal trace 
region only 

- Bridge 
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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 implenlent using 
specialized or advanced layout design techniques. For lower technology designs that are 
sensitive to cost, the use of single- o r  double-sided assemblies is frequently desirable. 
Consideration must be made for the R F  return current to complete its retum home t o  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 EM1 per- 
formance. 

It is important to note. cspecially for EMC compliance, that there is no such thing 
us u ~lolrhlc-sided PCB. although i t  physically exists. When analyzing how a double-sided 
PCB functions, related to EMC compliance. it should be noted that for a typical PCB the 
standard thickness of 0.067 inch (1.6 m m )  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 R F  return currents 
created on thc top layer. In reality, the distant spacing between the signal trace and image 
plane is so  great that flux cr~ncellation cannot occur efficiently. Flux cancellation cannot 
occur efficiently because of the lack of rnutual partial inductance between the trace and 
retum plane. The field distribution Ilrom a signal trace can be small. while the distance 
separation between trace and plane is extremely large. 

The proper way lo describe a double-sided PCB is lo think of the board as two 
single-sided designs. Wc must route both the top and bottom layers of the PCB using de- 
sign rule? and techniques appropriate for single-sided designs. 

For example. if the width of the trace is 0.008 inch ( 2  mm).  the fielti distribution at 
a distance from the trace approaches 0.008 inch (2  mm). If a reference plane is greater 
Lhan 0.008 inch ( 2  mm),  then flux cancellation occurs with less efficiency and the R F  re- 
turn current ciln travel partly through free spllce. Thic dist~tnce cpacing on ;I double-sitied 
board is typically 0.062 inch ( 1 . 6  mm) .  which is rnuch greater than 0.008 inch ( 2  m m ) .  
This is illustrateti in Fig. 4.27. 

What is the implementation of a return path for RFcurrents on single- or double-sided 
PCBs'! We rnust rernember that double-sided PCBs rnust be consiciered as two single-sided 
PCBs. This is diffici~lt 1 0  achieve with full level of success. Evarrlples are shown below. To 
allow for return currents. wc must use ground traces (gi~;trd trace) or a gridded system at OV 
potential. A gsoi~nd trace or g r~dded  sy stem provides ;in alternate return path for RFcurrcnts. 
This alternate return path allows K t  current to return to the source in 21 low-impedance rnan- 
ner. which 1s not an  optinla1 implernent~~tion sinct. n full return plnnc cioes not exist. For 
single-sided boards. gt-ound :races are the prirrlary tiesign technique that allows K t  currents 
to return to t l i r ~ r  yource. thus cor~trolling loop areas ;md. with that EMI. 

For both s ~ n g l e -  anci ilouhle-sided PCBs. plenty of local filtering or ilecoupliny rnust 
o c i u  for ta\rry dc \ ic r .  .ACJCII~IOI~~I~ s1~1;iIl I l~gh-frequenq I'iltering to the cr~tical signal 

I Reference plane 1 
Microstrip Coplanar strip (parallel line) 

Figure 4.27 Field dlstrihution for microstrlp and coplu~ar strip$. iSoio.c,e. I~~i,-ncilcc,r~o~r 
t o  EIert~.onra,?nerlc Coni~~rrrrhrlrn;. Clayton Paul 'C 1992 Keprinted by per- 
rnlssion of John Wiley & Sons, lnc.) 

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

4.13.1 Single-sided PCBs 

For single-sided PCBs. there is only one conceptual design technique that provides 
for R F  return currents. This technique is to use a ground trace (guard trace) that is placed 
as physically close to the high-threat signal tracc 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- 

= power trace 0 - localized ground plane - = ground trace = decouplinglbypass capacitor 
- - ~- signal trace - = ferrlte filter for power isolation 

= ground trace +++ = serles termtnator 

Parallel power and ground traces are w~de strlps 
Guard traces prov~de alternate return path for R F  currents 
Ser~es resistors dampen clock llnes 
Osc~llator (crystal) case grounded plus loca~iicd ground pldne 
Flltered power trace to critical components preverrts noise corruptlor1 

Figure 4.28 S I T I : ~ I L ~ - \ I ~ I ~ ~ I I  I O I I I I I I ~  1 0 1  It1 I C , I I I I I I  I I I I ~ , I I I ,  
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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 
OV reference point In as many places as possible. 

4.1 3.2 Double-sided PCBs 

There are two types of implementat~on for providing an alternate return path for RF 
currents. 

1. Symmetrically placed components (e.g., memory arrays) 

7 .  Asymmetrically placed components 

4.1 3.3 Symmetrically Placed Components 

There is one primary implementation technique for providing a low-impedance path 
for 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 (DIP7) placed in a straight row or matrix configuration. Very few products cur- 

i 

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 u'iing symrnetricallq placed components. The power 
trace is routed on the top (or bottom) layer. while the ground trace is routed on the oppo- 
site laycr. All interconnects are made using plated through-holes. For areas that are not 
being used for either power-. ground. or signal traccs, ground fill must he used to aid In 
prov~ding LI low-impedance path to ground for RF retunl currents. 

To sumrnari/e Fig. 4.99: 

Layer the power anti :round in a grid style with the total loop area forrrleti by 
each grid square not exccetiing 1.5 square inches t 3.8 square cm), although faster 
edge-tirr~cs may demand smaller grids. 

Run power :tncI circuit traces orthogonally to each other, power on one laycr, 
ground on rh' other layer. 

i 
I.ocntc tlccoupling c;\p;~c.itor.; hetwt~en thc. power and y o u n d  traces at all connec- 
rors and ;it each I( ' .  i 
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A power and ground grid system works because the grid structure provides a com- In Fig. 4.30, the following is noted. For high-frequency applications, control the 
mon return path for RF currents when an image plane is not present. 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 
4.13.4 Asymmetrically Placed Components concern. Loop currents can be prevented from being created by not having components 

tied together. 
Asymmetrically placed components are found in many current designs. This layout 

design is commonly used in low-frequency analog systems-less than 1 kHz and nearly 
all low-speed, older technology products. 4.14 GRIDDED GROUND SYSTEM 

rn Route all power traces in a radiul fushion from the power supply to all compo- 
nents on the same routing layer. Minimize the total length of all traces. A gridded ground system is an effective method of reducing trace inductance and allows 

rn Route all ground and power traces adjacent (parallel) to each other. This mini- for an RF current return path to exist. This grid system can be incorporated within the de- 
mizes loop currents that may be created by high-frequency switching noise (in- sign layout and is usually found on only single- or double-sided PCBs. When a multilayer 
temal to the components) from corrupting other circuits and control signals. Ide- structure is provided, a gridded ground system is not sufficient to provide significant con- 
ally, the only time these traces should be separated by a distance not greater than trol of RF currents as the image planes are more efficient for flux cancellation. A gridded 
the width of any individual trace is when they must separate for connection to the ground system contains both horizontal and vertical ground paths on the PCB, shown in 
decoupling capacitor. Signal flow should parallel these ground paths. Fig. 4.31. A grid size spacing of 0.5 inch (1.27 cm) is typical, although larger spacing is 
Prevent loop currents by not tying different branches of a tree to another branch. 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. 
In examining Fig. 4.30, observe that at low frequencies. parasitic L and C generally do not based on the highest frequency that the grid is expected to handle. The main objective is 
cause problems as they do in high-frequency application. For this situation, single-point to limit trace inductance by limiting the space between the grids and to make the ground 
grounding is possible. 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 .\--axis traces are 

Signal trace 

Ground grid 

R F  return current 

I10 connector 

Arrows represent signal path flow. Power and 110 connector 
Watch out for loops between signal flow routes. acts a s  "hub" of the PCB 

Figure 4.30 rwc! I , ~ \ c r  Iho:~r,l ~ I I I I  r ; l(i l ;~l $ l ruc turc> t k ~ r   pow^^ I I I I I ~ I I I :  ~ I I K ~  llou I T I I  
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usually routed on the top layer, while y-axib 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 return 
structure, the lower the radiated emissions front the PCB. 

In studying Fig. 4.3 1. 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. 

T o  optimize the design and layout of a PCB using :I gridded ground structure, it is 
imperative to 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 I make the 
traces"? The optimal answer is, "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 R F  return cur- 
rent). Note that a grid developed from narrow traces is preferreri to  not having a grid at 
all. 

4.15 LOCALIZED GROUND PLANES 

The following l q o u t  technique\ a l lon \  fot- the capture of RF flux generutecl ir~temai to 

components and oscillators. This desiert concept IS called a localized ground plane. and it 
forms ;I part of the partition concept. 

Oscillr~tors. crystals. and all clock support circuitry (e . f . ,  bul'fer$. drivers. c tc . )  can 
be lucatcd over a qingle localized ground pl;~ne. Thi\ lucal ixd ground plane IS on the 
~:oniponent (top) layer of the PCB and ties directly into the main internal ground p1ant.s of 
tllc PCB through both the oscillator ground pin ~ ~ n d  a rn in in~un~ at  twcl additional grounci 
vii~s. This ground plitnc ~houl ( i  alho he posilioneci next to ant! connectctl to a grourid stitch 
locatior~. An i:xaniple uf this l o c : ~ l i ~ e d  ground plane i \  sliowri in Fig. 3.37 I I / .  

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

Circuitry inside the oscillato~- de~nar~cis KF currents. If the oscillator package is a 
metal can. [he 1)C pober  pin is relied OII for both DC boltage ~.eierencc and ii 

path for RF currents to he sourccd lor sunk) to groirnd fi-UIII the oscill;~tor i i r -  
zuitry. Depending on the type of oscillu~or chosen (CL1OS. TTL.. E('1.. ctc.),  Kls 
current\ created intcrrtal to the package c.iiri become .io excessive that the :round 
ptn i \  unable to efficiently soir~-cc !his I:lrgr LLll'tl/ current ivltti lo\v loss (1, Iron1 

Series source resistive 
terminators. Locate 
near ground screw. 

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 equivalent method. 

Figure 4.32 Local~zcd sround plane 

the pin lead) to ground. As a result, the metal case becomes a monotonic nnrenna. 
The nearest image or ground plane (internal to the PCB) is sonietiines two or 
more layers away arid is thus inefficient as a radiated coupling path for KF cur- 
rents to ground. 

If the oscillator is a surface-mount device, the situation mentioned ~ ~ b o v e  is made 
worse because SM'I' packages are often plastic. KF currents created intenla1 to 
the package can radiate to free space and couple to other components. The high 
impedance of the PCB material. relative to the impedar~ce o i  the ground prn of 
the oscillator, prevents RF currents to be sourced to ground. SMT packagex will 
always radiate more R F  energy than a metalized casc. 

Placing a localized ground plane under the oscillator and clock circuits provide 
an image plane that captures common-mode RF currents generrtted internal ro the 
oscilliitor and relateti circuitry. thus rn~nrrnizing RF emissions. This loc:iliz,ed 
ground plane is also at RF hot potential. To  contain differential-mode KF current 
that is also sourced to the localized ground plane, multiple connections to ;ill sys- 
ten1 ground planes must be provided. Vias from the localized plane. on 1;iver 1 .  lo 
the ground planes internal to the board will provide this lower i r ~ ~ p c d a n c ~ .  piith to 
ground. To enhance performance of this localized ground plane. clock generatton 
circuits should ;ilso be located ncijacent to a chassis ground (qtirch) connection. 
Connect this localized ground plane to the plated through-hole. 360" connection. 
preferably not using a wagon wheel configuration. Ensure a low-~~npednnce KF 
bonding connection to ground exist. Connection through traces to .I grourid h~itcir 
location can defe:lt a low-irnpcci;lnce connection. Wli~ic  ti1cn11:1l rclirf " : V L I ~ I ) I I  
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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 r i ~ n  truces 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 generate problems in the higher frequency range. 
Why install a plane when you defeat its functional use by running traces through 
ic severing its continuity'? 

u 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 drive:, a clock buffer. This buffer is usually a super-high- 
speed. fast edge rate device. Bccause of the functional characteristics of this dri- 
vcr, 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. 

4.1 5.1 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 cvmmon 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 g ro~ind  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- 
[Ion. 'This partition is achiehed through use of rnoating between the component pins. All 
:ui;~log iiisc~.etr ioniporlents must reside within the analog section as detailed li i  Fig. 4.33. 

Within Fig. 4.3.3. we have two configurations. both with a localized ground plane 
and nloating within the rnultilayer stackup. We can extrapolate this local i~ed ground 
pl;~nc. to he both a f'orrnal pou,er and pround plane within a rnultilayer stackup assembly. 
T h C  onl) J i t ' t ' ~ r e i l ~ ~ ~  betuccn the localized groilnd plane and the internal ground plane is 
th;~t the localiteil plane is or1 the top first layer dircctl> uritler the component or oscillator. 

While cc~rlhtructing the PCB during component placement and the partitioning im- 
pic~ileritatic,rl stage. ncl ma!, \ometlrnes create a ver!. cvnvoluteii shape that zigzags be- 
w e e n  the ~7111s o t ' ~  c o r i i p ~ ~ ~ e n t  i t '  the c~)niponent manufacturer did not provide an optimal 
pinout configurat~on that a l lo~bs lor c:ire of digital-to-analq partitioning. 

[:or both dzs~gri  applications. the analog power ~ I ~ ~ L I I  to the d e v ~ c e  is filtered with a 
territe head-on li.:ld XIJ iapacitoss, The filtcrcd sidc of the bead is located within the 
"quiet" malog plane or localireti ground pl~lne. The output of the analog ilcvice. if re- 
q i ~ ~ r c d .  is f i l t e ~ ~ c i  u i th  an :~ppropriatc  levi ice. T h ~ s  dehicc niay be anothcr ferrite device nr- 

an inductor. b a d  on functional application and use. 
If p;u.titioniny i \  pcrl'orrncil on the pcncr  aricl ground plant ~rructurc. thc riio:it miist 

OCLLII.  011 :ill j ~ l ; l ~ i ~  present wittrirl ttic ho:lrci \t;tchup ~th\ion~nent. It hccornes critical that 
o \ , r ~ - l a p p ~ n ~  planes d o  not occur- :is u a h  dct:iiled in Fig. 4.10. I t  i i  i n ~ p e r a t i ~ e  to prclvent 
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1 = localized ground plane 
2 = filtered power to IC 
3 = filtered power to osc~llator 
4 = series damping resistor 

I I 

1- 
T Analog 

1 = localized ground plane 
2 = filtered power to IC 
3 = filtered power to oscillator 
4 = series damping resistor 
5 = filtered 110 from analog sect~on 
6 = filtered PLL input to analog section 

Localized ground plane with a Localized ground plane with separate 
common digital and analog ground digital-to-analog ground structure 

Figure 4.33 Localired ground plane-dig~tai-to-analog partit~on. (So~rrc.c,: De.st ,qt~~rc 
Gurde to Eler.rromui.t7errt. ( ' o r ~ ~ p ~ l r r i h ~ i r ~ r ~ ,  EDN. 'Q 1994. Cahners Yuhlish- 
ing Co. Keprinted w ~ t h  perm~\sion.) 

capacitive coupling between noisy digital planes artd quict analog planes. thus circu~n- 
venting possible resonances from tieveloping common-mode noise. 

4.16 SUMMARY 

An image plane is a term commonly used to identify a return path for R F  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 providea a low- i~nped~nce  RF trans- 
mission path for magnetic lines of flux to mirror image themselves against their yource 
transmission line. The closer the distance spacing between source anti return path. the 
more enhanced flux cancellation becomes. Higher densit? 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 iind ground. The prin- 
cipal benefit is due to the presence of the first solid plane. 

A well-decoupled power tiistribution system exists. 

C'ircuit loop areas Lire reduced. thereby reducing diffcrentlal-~nodc raciivtcd cmi\-- 
si0114 ;in(l suc~cpt~hi l i t \ i .  Rrdi~ction 01 d~flcrcntial-iiioclc ~,ur-rent\ w~l l  keep 
c,ornnlorl-mo(ie RF energy from being creatzcl. 
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m 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 intemal 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 " I  ." 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 to make this determination. Within this window, n margin of protection is pro- 
vided to guarantee against false triggering. Moving the logic state near the trigger level 
creates a degree o f  uncertainty. If  we add high-frequency noise. the degree of uncertainty 
increases and false triggering may occur. 

Decoupling is also required to provide sufficient 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. A11 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 i t  to random choice from past 
usage or experience. 

Three common uses of capacitors follow. Of course. a capacitor may also be used in 
other :~pplic:ition< \uch ;\a timing. %;i\e \haping. integr;ition, 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 dlldt 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 associated with the parallel plate configuration. Because one plate is charging while its 
adjacent counterpart is discharging, a mutual coupling factor is added to the overall induc- 
tance of the capacitor. 

5.1 REVIEW OF 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 
is shown in Fig. 5.1. At a calculable frequency, the series combination of L and C be- 
comes resonant. providing very low impedance and effective RF shunting at resonance. 
At frequencies above self-resonance, the impedance of the capacitor becomes increas- 
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- 
face mount. radial, or axial styles), the trace length between the capacitor and a compo- 
nents. feed-through pads, and so forth. 

Before discussing bypassing and decoupling of circuits on a PCB, a review of reso- 
nance is provided. Resonance occurs in a circuit when the reactive value difference he- 
lween the inductive and capiicit~ve vector is rero. This is equivalent to saying that the cir- 
cuit is purely resistive in its response to AC voltage. Three types o l  resonance are 
common: 

Series resonance 

Parallel resonance 

Pnrallel C-~--series RL resonance 

Resonant circuits are frequency selei~tive \ince they pass rnore or less RF current at 
certain frequencies than ;it others. A series LCK circuit will pass the selected frequency 
(as measured across C )  if R is high and the source resistance is low. If K is low and the 
source resistanct. is high. the circuit will re,ject the chosen frequency. A parallel resonant 
circuit placed in ser.ies with thc iuad will reiect the choqen frequency. 

Section 5.1 m Review of Resonance 

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

L = approximately 10 nH (equivalent series inductance-ESL) 
R = c 1 ohm (equivalent series resistance-ESR) 

Figure 5.1 Physical characteristics of a capacitor with leads. 

5.1 . I  Series Resonance 
. -- 

The overall impedance of a series RLC circuit is Z = VR" (X, - X,.)'. If an 
RLC circuit is to behave resistively, the value can be calculated as shown in Fig. 5.2 
where w (21tf) is known as the I-esonant-an~ular frequen(*y. 

With a series RLC circuit at resonance. 

Impedance is at minimum. 

Impedance equals resistance. 

The phase angle difference is zero. 

Current is at maximum. 

Power transfer ( IV)  is at maximum. 

I X ,  = X , .  - C 

T I 
wl. = 

w C '  
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5.2 PHYSICAL CHARACTERISTICS 

5.2.1 Impedance 
Figure 5.3 Parallel resonance. 

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

-- - - 

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 R L S  circuit. 

With a parallel RLC circuit at resonance. 

m Impedance is at maximum. 

Impedance equals resistance. 

The phase angle difference is Lero. 

Current is at minimum. 

Power transfer (1V) is at mitlimum. 

5.1.3 Parallel C-Series RL Resonance 
(Antiresonant Circuit) 

Practical resonant circuits generally consist of an indilctor and variable capacttor in 
parallel. Since the inductor will posses\ jome resistance. the equivalent circuit is shown in 
Fig. 5.4. The resistancc in the inductive branch 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, evcn though the current within the tank is high. Power i \  dissipated only in the re- 
s is t~ve portion of the network. 

'The antiresonant circuit is cquivalcnr to ;I parullel RLC circuit whose resistance 
IS Q'R.  

where Z = impedance (RI 
R, = Equivalent Series Resistance-ESR (a) 
L = Equivalent Series Inductance-ESL ( H i  
C = capacitance (FJ  
f = frequency ( H z )  

From this equation. I Z / exhibits its minimum value a1 a resonant frequency L, such that 

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 t e rn  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 
thc 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. 
~ h o w n  in Eq. (5.3 ). 

. - .  . 

1 . ~ 1  - c (ESR) '-+ (x,,~,, - ?i, )' 

where A',,, = k j  I ESL) ( 5 . 3 )  

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

For an ideal pl;~n;~r capacitor where current uniformly enters from one side and exits 
from another side. inductance will he practically zero. For those cases, Z will approach X, 
at high frequencies anti will not euhibit an inhercnt resonance. which is exactly what 3 

power and sround plane structure within a P('R tises. This is hest illustrated by Fig. 5 . 5 .  
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I I 

I 
log f 

Figure 5.5 Theoretical impedance frequency reqponse of ideal planar capacitors. 

The inipedance 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 Eq. (5.2). 

It  should he noted that long power traces in two-sided boards that are not laid out for ideal- 
ized tlux cancellation are in effect, extensions of the lead lengths of the capacitor, and this 
f ~ c t  eriously alters the self-resonance of the power distribution hystern. 

Above self-resonance. the impedance of the capacitor becomes inductive and increa5e.s at 
+20 dB/decade as detailed in Fig. 5.6. Above the self-resonant frequency, the capacitor 
ceases to fu~lction as a capacitor. The magnitude of ESR is extremely small and. as such. 
does not significantly affect the self-resonant frequency of the capacitor. 
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The effectiveness of a capacitor in reducing power distribution noise at a particular 
frequency of interest is illustrated by Eq. (5.4) 

where AV is the allowed power supply sag; d l  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 A V i N  for the re- 
quired current supply. The maximum /Z/ should be estimated from the maximum 
Al required. If Al = l A ,  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. 

20 1710 
that 15, -- = 0.00 1 pf or 1000 pf 

100 1 ~ 1 1 , / ~  

where Al = current tran\lent 

A\/  = allowable power iupply voltage change ( r~pple)  

At = \wrtchtng tlme 

Note that for AC . EM1 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 is useful to interpret the frequency domain impedance response in ternis of the 
capac~tor's ability to supply current. This charge transfer ability is also for the time du- 
rnain 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 I\ relatively slow transient. This response is an indication of the 
time-average voltage swing experienced during a faster transient. With low irnpedance. 
more current is available t o  the components under a sudden change in voltage. High- 
frequency impedance i s  an indication of how rnuch current the board can initially supply 
in response to ;l ~ S L  transient. Boards with the lowest irnpedance above 100 MHr can 
supply the prcatest arnount of current (for 3 give11 ~ol tage  charye) during the first feu 
n;inoseconds 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 510%. 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 Appro~irnnle Selt-rcsonanr Frequcncieh ol Capac~li)r\ tied-length depcndrnt I 

rnpac~tor  Tf~rough-Hole Surtn~r Mount*" 
Valuc 0.25'' leads (0805) 

2.6 M t f t  
X 1 MHL 
16 MHI 
X2 M H r  
I Ih MHL 
260 M H i  
$11 MHz 
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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 3.5 nH of inductance 
for every 0.10 inch of lead length above the surface of the board. Surface-mount capaci- 
tors average 1 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, I;:, = I,, * 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 impedanct: of a 15-nH inductor 
versus frequency. This inductance value is caused by the lend 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 values along with 
different logic families. It i s  observed that capacitors arc capacitive until thcy approach 
self-resonance (null point) before going inductive. Above the point where capacitors s o  
inductive, they proportionally cease to function for RF decoupling: however, they may 
still be the best source of charge for the device, even at frequenc~es where they are induc- 
tive. This is because the internal bond wire from the capacitor's plates to its rnounting 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 fanlilies generate a greater spectrum of RF energy. This energy is gen- 
erally higher in frequency than the self-resonant frequency range wh~ch 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 ~ t p -  
propriate choice due to the Sasrer edge rate (0.8-2.0 nx rninimunlr typical of these higher- 
speed components. 
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Figure 5.7 Self-resonant frequency of capacitors versus logic families. Capacitors pro- 
vided with 30-nH series inductance (trace plus lead length). (Source: H. Ott. 
Noise Reduction Techniques in Eiecrronic Sysrems. Copyright 0 1988 John 
Wiley & Sons, reprinted with permiss~on) 

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 is a waste of material. Sorne- 
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 
ce.g., 0. I and 0.001 pF) or lOOx for optimal performance. Use of parallel capacitors are 
discussed later in this chapter. 

5.2.4 Benefits of Power and Ground Planes 

,4 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 corn- 
ponents have signal edges ( r ,  or t,) slower than 10 ns ce.g.. standard TTI, logic), use of high- 
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Self-resonant frequency - SMT capacitors 

Impedance (Ohms) 

Frequency (MHz) 

Figure 5.8 Self-resonant frequency of SMT capacitor? 
(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 pF to 10 pF are appropriate for device power pins. 

Another factor to consider when using power and ground plar~es 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 EM1 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 
plane$ is to  change thc distance spacing between these planes. Increasing or decreasing 



136 Chapter 5 Bypassing and Decoupling 

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 EM1 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 rneasures 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  EM1 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 is consumed by components switching, a morrlentary surge occurs 
in the power distribution network. Decoupling provides n locali7ed point source charge 
sirice a finite inductance exists within the power supply network. By keeping the voltage 
level at a slable reterericc point. falw logic switching is prevented. Decoupling capacitors 
also rninirni~e radiated emissions by pro\,iding a very small loop area for creating high 
>pcctr:ll content switching current\ insteaii of ha\ing a larger Ivop area created between 
the component and 3 remote power source. 

Research cln the effectiveness o f  multiple decoupling capacitors shows that parallel 
decnupling may not be sign~ficantly effective and that at high frequencies, only a 6-dB 
~ ~ ~ i p r o \ e m c t n t  In+ occtls o \ . c~-  thc u4e o f  LI hingle large-viilue capacitor.' Although 6-dB 
:~ppears ti> he :I small number for \uppression of RF current. i t  may be a11 that is required 
to bring .I noncomplianr procluct into compliance with international EMI specit'icat~ons. 
.'\L,io~-ding to Paul. 

\ h o \ t  tlic \elf-!.e\orisnr frccluenc! of the l a r~cr  ~alut :  capacitor whrre i t \  impedance i n -  
~ . r r a e \  u ~ t h  t'r-rqurniy i ~ n d u c r ~ ~ e ) ,  111s ~mpedance o f  rlir imallrr- capacitor l a  Jecrriting (ca- 
p:~c,iti\ei -it ,omc po~nt. the ~rnpedanct: (it rhe \m:lllcr value ~.:rp:icitor uill he \iiinllt:r than 
t t i L ~ t  0 1  the lar-gel \slue. <apac,rtor ;111c1 \ & 1 1 1  ilotii~n;~te rherch! y t ~ t n g  ;I \rtiallcr net i~npeclancc 
ihan t h i i t  ot rl~c IL~l,cer \slue c;roac.lror ,ilonr 
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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 pF and 100 pF, both individ- 
ually and in parallel. The 0.01 pF capacitor has a self-resonant frequency at 14.85 MHz. 
The 100 p F  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 pF 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 EM1 requirements is mandatory. 

Between the self-resonant frequency of the larger value capacitor, 0.01 pF, 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 parallel combination. Around this reso- 
nant point, the impedance of the parallel combination is actually larger than the impedance of 
either isolated capacitor! [4, p. 1321 

In Fig. 5.9, observe that a t  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 

r' ' :4 - 1 A -1 i L l l l  __ 
1 2 3 4 5 6 7 8 9 1 0  20 30 40 

Frequency ( X I  0') HZ 

- .  - 0.01 pF in PARALLEL WITH 100pF 
- - -  100pF CERAMIC CAPACITOR 
- - - - - - - 0.01pF CERAMIC CAPACITOR 
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Power and ground plane 
(bare board configuration) 

fl f2 f3 f 

Figure 5.10 Bode plot of parallel capacitors. 

For the bode plot of Fig. 5.10, the frequency responses of the magnitude at the van- 
ous break frequenc~es are (41 

By shortening the lead-lengths of the larger value capacitor (0.01 pF), 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. 

T o  remove RF current generated by components switching a11 signal pins simulta- 
neously (and it is desired to parallel decouple), it is cornmon practice to place two capaci- 
tors in parallel (e.g.. 0.1 pF and 0.00 1  IF) immediately adjacent to each power pin. If par- 
allel decoupling is used within a PCB layout, one must be aware that the capacitance 
values should differ by two orders of magnitude, o r  100x. The tolal capacitance of parallel 
capacitors is not important. Parallel reactance provided by the parallel capacitors (due to 
self-resonant frequency) is the inlportant item. (See Tables 5.1 and 5.2.) 

To o p t i m i ~ e  the effects of parallel bypassing and to allow use of only one capacitor. I 
I 

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 ~nc lude  the length of the via connecting the capacitor to the planes. The 
shorler the lead length frorn either singie or parallel decoupling. the greater tho perfor- i 
mince.  In ritldition. some m~lnut'acturers provide c:~pacitorq with significantly reduced I 

"body" inductance internal to the capacitor. 

5.4 POWER AND GROUND PLANE CAPACITANCE 

The e fkc t s  of the internal power and grvurid planes inside the PCB arc nor consiclered in 
I:ig. i.{,. Howelcr. nlultiplc bypassing effects are illustrated in Fig. 5. I I .  Power :uid 
grounti j~l;trie\ ha\,t, i,c.ry Iittlz Ier~d-icngtii inductance eclui\itlenct: ;i~lci n o  ESK ( E q u i ~ u -  

i 

Bare board without decoupling 

- 
Frequency 

Discrete decoupling capacitor 

ESL 

1 
( f < f  J 

ESR 

I 
C 

Frequency 

f s  f a  f p  Frequency 

f = series resonance 
f p = parallel resonance 
f a  = ~ntersection of discrete capac~tor and power 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 181. 

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 Eqs. (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. 

where E = p e r m ~ t t ~ v ~ t y  of the med~um between capacltor plates (Flnl) 

il = area of the pantllel plates ( m'j 

d = jeparatlon of the plate4 (mi 
C = capacltance between the power and ground planes ( p F )  

Introduc~ng relative pe rm~t t~v~ ty  E, of the drelectnc material. and the value ot the pennlt- 
trvity of free space, E,,, we obtaln the capacltance of the parallel-plate capacltor, namely, 
the power and ground plane comb~nat~on. 

where E, = is the relative permittivity ot'the mediurn between the plates, typically = 4.5 
(varies for linear material. usually between 1 and 10) 

and E , > =  permittivity of free space. 1/36x * lo-' Fjrn = 8.85 .k 10--" F/m = 8.85 pF/n~ 

Equations (5.7) anti ( 5 . 8 )  show that the power and ground planes. when separated by O.O! 
inch of FR-4 material. will have a capacitance of I00 p ~ / i n 2 .  

Because discrete tiecoupling capacitors are conimon In multilayer PCBs, we must 
question the value of these capacitors when low-frequency. slow edge rate comporicnts 
are provided, generally in the frequency range below 7-5 MHz. Rcsearch into the effects of 
power and ground planes along with discrete capacitors reveals interesting results [61. 

In Fig. 5.1 1 .  the impedance of the "hare board" closely approximates the ideal de- 
coupling impedance that would result if only pure capacitance free of interconnect il-rduc- 
tance and resistance could be added. This ideal impedance is given by Z, = I!joC',,. The 
discrete capacitor becomes zero at the series resonant frequency, f;,, and infinite ;it the par- 
allel resonance frequency.t;,. where 1 1  = nurrlber of discrete capacitors provided, C, is the 
discrete capacitor. aric! C ,  is the capacitance of the power and ground plane .;tructure. co11- 
ciitioned by the source Impedance ol the power supply [hi. 

For frequencies below the series resonance frequency, discrete decoupling capaci- 
tors behave as capacitors with an impedance of Z = 1ljwC. For frequencies near the series 
resonance frequency. ihe 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 161 

For frequencies above ti,, the additional number of "no 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- 
piing capacitor connection is crucial to achieving ideal capacitor behavior over the widest 
possible frequency range, which in the time dornain corresponds to the ability to supply 
charge rapidly. Lowering the interconnect inductance increases the series and parallel- 
resonance frequcncy. thereby extending the runge 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 exactly 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 :I 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. 
+SV/%round and +l.iV/ground. both with different dielectric spacing between the two 
planes, it  is possible to have rrlultiple decoupling capacltclrs built internal to the board. 
With proper selection of layer stackup. both high-frequency arid low-frequency decou- 
['ling i.;in bt. aclrieveti withuut u\e of any iiiscretc capacitors. To expand on this concept. a 
technology known as buried capacitance is finding use In extremely high-technology 
proiiucts that require high-freclut.r~cy deco~ipling. 

5.4.1 Buried Capacitance 

Buried ~apac i t ancc '~ '  is patented manul'actur-II process in whicli the power and 
ground planes ;Ire separated by a 0.001 inch (0 .75 rnm) dielcctric.' With this srna11 dielcc- 
tric sp:rcing. tlt.coupling i effecti\c kip to 1100300 MH/ .  Ahove th~s  frequency range, ~ise 
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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 better the decoupling per- 
formance. It is to be remembered that. although 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 pF). 

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 inins 
( 15.24 cmins), 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 3-mil-thick dielectric, capacitance is 0.45 n~jinch', veloc- 
ity of propagation = 6 inchins, 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. 

7-- 

With inductance and capacitance, we calculate the impedance as Zt, = \'L/c, 
which is 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 
planes (11) is in the denominator. Inductance is decreased because the velocity of propaga- 
tion 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 betheen ,I power ,111d ground plane i \  ilescrthect bc 

where C',,,, = capacitance of parallel platcs I ~ F )  

E, = relative dicleclric constant of the hoard material (vacuurrl = I .  FR4 
material = 3.1 to 3 .7 )  

.4 = common area between the parallel plates (square inches or- ern) 

t i  = tiisinnce spacing between the plate.; (inches or cm) 
h = conversion constant (0.224'1 fhr inches. O.XX4 for cm I 
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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 efficiency exists, however, only when the power 
planes are closely spaced-less than 0.01 inch with 0.005 inch preferred for igh-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 suppression 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 capiicitor 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 values in their tlata sheet. Random selection of :I standard capacitor may result in irn- 
proper performance if ESL and ESR are too high. Most vendors of capacitors do not pub- 
lish ESI, and ESR values. so i t  is best to be aware of this selection parameler when choos- 
ing capacitors used in high-speed. high-technology PCBs. 

Because surfiice-mount capacitors have essentially little ESL and ESR. their use 
is preferred over radial or axial types. Typically. ESL, is i l  .O nH, and ESR should be 
0.5 ohms or lesa. For decoupling capacitors, capacitance tolerance is not as important a!, 
the temperature stability, dielectric constant. ESL. ESR. and self-resonant frequency ( I ] .  
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5.6 PLACEMENT Die - 

5.6.1 Power Planes 

Multilayer PCBs generally contain one or more pairs of voltage and ground planes. Power 
planes function as a low-inductance capacitor that constrains RF currents generaied from com- 
ponents and traces. Multiple chassis ground stitch connections to all ground planes minimizes 
voltage gradients between board and chassis and betweenlamong board layers. These gradi- 
ents also are a major source of common-mode RF fields. This is in addition to sourcing RF cur- 
rents to chassis gmund. 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 
deterniine 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 iluctuations of components and 
noise injected into the power dnd ground planes. Components switching logic states cause 
a current surge during :he transition. This current surge places a strain on the power distri- 
bution network. ,4n irnagc p!ane is a solid copper plane at voltage or ground potential lo- 
cated adjacent to s signal routing plane. RF currents generated by traces on the signal 
plane will rnlrror iinage themselves in this adjacent metal plane. This metal plane must 
not be iaolatecl from the power distribution network [91. To  remove common-mode RF 
currents created within s PCB, all routing (signal) iayers must be physically adjacent to 
the image plane. (Refer  to Chapter 3 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 . 1 1  .;how$ the electrical equivalent circuit of a PCB. 
In this figure. observe the loops that exist between power and g r o ~ ~ n d  caused by t race .  IC 
wire bonds. lead frames of components. iocket pins. component interconr~cct leads. and 
dccorlpling i':tp;~~,itot-. Tile key IO effective decoupllng 15 to m~nlrnize ii-, L,. R',. L',. K,. - -  - 
L,. K',. L',. K,. I.,. R',. iirld I,':. Placen~ent of  power and ground pins in the center of h e  
component helps reduce R,, L.,, K',. and L',. Basically. the itnpedar~ce of the PCB struc- 
ture I I I L I S ~  he minimized. The easiest way to rninimize thc resistive and inductive compo- 
nents of tlie PC8 r \  to pro).itle :I wlid plane. To ~liininiize the inductance Ironi the compo- 
nent. uce of  SMT. hail :rid ai-rsp. anii flip chips ib   referre red. With lesi lead hontl i e n g t h  
Irom die to PC'H pacl, overall ~mpedancc is reduced. 

Figure 5. 17 / I j i11~1ke clear [hat EM1 IS :I t'unctlon o t  iocip geometry and i'recluenc~. 
hence. the rnallest closed-loop ;lrcs is desired. We scqulre this small area by placing 3 

local decoupling i.i[>;tcit~r. (',,< ,,. for cLIrrerit btori~ge iid,jacent to the power pins uf the LC.. 
I t  is mandatory [list the decoupling loop inlpetiance he much lower than the rest of the 
power tlistrthution il.stcm. T l i i  lo\\ iiiipeciance will cause the hlgh-frecluency XF energy 
dcbveioped h> h ~ t h  traces and :onlponentb to remilin  most entirely w~lhin t!~is small 
closed loop. a t.c\ult. low EM1 crr~isaions are observed. 

If' t l i t .  ~lnpedance r)t the loop is .~nialler thnri (hc rest ot' the iyste!ll. some I'raction of 
t h r  hrgh-frcq~:i.nt,\. KF comporlcnt u i l l  trani1l.r or- cot1j7li. to tile larger loop t'ormed hv the 
power ciistributioii .,ysti.rn. W i ~ h  this situ;~tion. RF current.; ;lrc tieveloped .tnd. hetii.i., 
higher- EX11 trr:i\sroii. Thii \ituatio~i is hcsr illu\tnitcd in !;is. 5 I ;. 

L ' ~  IC pins, 
lead frame. 
wire bonds, and 

. sockets. 

Power I PC board Decoupling PC board I PC board IC's 
supply trace or I capacitor / trace or 

plane plane plane 

Figure 5.12 Equivalent c i rcu~t  oi a P('H 

To summarize. 

The important parameter when using decoupling capacitors is to minirnire 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 than 
2 ns and should be provided. placement wise, for "every component." Making provisions 
for decoupling capacitors is a necessity because future EM1 testing may indicate re- 

quirement for these devices. During tcsting, it may be possible to determine that there 
may be excess capacitors in the assembly. Having to ;idd capacitors to an assembled 
hoard is difficult. if not impossible. Today, CMOS. ECL. and other fast logic farnilies re- 
quire additional decoupling capacitors hesides the power and ground plane structure. 

If a decoupliilg capacitor must be providrcl to a thrcjugh-hole device after assembly, 
retrofit (:an he performed. Several manufacturer!; provicie 3 decvupling cupacitur asscnlbly 
using a flat. Icvel construction that resides between the co~uporient and PCB. This flat 

12-15 nH 

3-4 nH 

3-4 nH 

GND 
12-15 nH 

Figure 5.13 t ' ~ > \ c ~ , r  ,~I\III~IIIII,III niodcl t o r  loo11 c 1111tro1 
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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 Lr2 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-QTM.'Other manufacturers provide similar products. An example of this type of ca- 
pacitor is detailed in Fig. 5.13. 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 
capacitor5 t o  have large capacitance values with self-resonant frequencies frorn 1 MHz to 
20 MHz. depending on design and construction. Above self-resonance, performance of 
%5U decreases as the loss factor of the dielectric becomes dominant, which limits its use- 
fulness to approximately 50 MHz. 

Constructional details 
=&--- DIP component 

Decoupling pack 

Through-hole leads 

Decoupling pack 
located geneath DIP comvonent 

DIP 

PCB 
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Another dielectric material commonly used is NPO (strontium titanite). This mater- 
ial 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 to changes in ambient temperature 
or operating conditions. 

Placement of I 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 lumped model 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 171. 

VLSl and high-speed components (e.g., F, ACT, BCT, CMOS. ECL logic families) 
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 VLSl 
components located around all four sides. These high-frequency decoupling capacitors are 
typically rated 0.1 pF in parallel 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 n single- or double-sided assembly. When placing decou- 
pling capacitors. ground loop control must be considered at all times. When using multi- 
layer hoards with internal power and ground planes, placement of the decoupling 
capacitor may be anywhere in the vicinity of the component's power pins 161, although 
this implementation may actually cause the PCB to become more RF active. This require- 
ment is based on whether the component has its mounting pins via straight down to the 
power/grounti 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 of the power planes anci because the components them- 
celves must vla down to the power and ground plane-thc sarnc as the ~lecoupling c~~paci -  
tor [b]. 

Another funct~on of' LI dccoupling capacitor is to provide localii.eii energy stor;ige. 
thereby reducing power supply r~diating loops. When current flows in a closed-loop cir- 
cuit. the RF energy produced is proportional to 1,4F. where I i:, thc current i n  the loop. .A is 
the area of the loop. and F is the frequency of the current. Becausc current and frequency 
are prcdeterminetl by the type oi' logic farrlily selectetl. i t  becomes necessary to rnin~mire 
the area of the logic current loop to reduce radi;~tinn. Mi~~imaI loop area can he accom- 
plishe~i by takinp cure in placement (11' decoupling capacitor\. A good euan~ple ot' ;I larse 
loop area ix  shown in Fig. 5.15. 

In Fig. 5 . 1 .  l.q,l,, is Ltll!tlr intillceci noise in the ground tracc flowing in thr decou- 
pling capacitor. This \':,,,, now drives the yround structure of the board and contributes 
lo the overall commorl-lllode voltage across the entire ho;lrd. Onc x110~1Id 111inimii.e 
the ground path \hat i\ coninlon with the hoiirtl'j g1.01111~1 \~I- I IL.~LII-C  rid thi, clecot1171111g C ~ I -  
p:rcitor. 
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Optimal placement for components with 
powerlground pins in the middle of the device. 

Optimal placement for components with 
the power pins in opposite corners. 

Enlargement 
Recommended power rail layout. 
Best implementation technique 
for single- and double-sided printed circuit boards. 

Large 

Power 

loop 

Commonly used power,rail layout. 
Poor implementation technique 
for single- and double-sided printed circuit boards. 

Figure 5.15 Placement vf ~lecoupl~ng capac~tors-~wo-layer hoard 

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 genernted by the component injected into the power and ground distrib- 
ution system. This energy will he transferred to other circuits or subsections as comrnon- 
mode or ciiffcrential-mode R E .  Bulk capacitors such as tantalum and high-frequency ce- 
ramic moiiolithic are both required. each for a different application. Furthennore. 
~nonolithic c:~pacitors rnust have a self-resonant frequency higher than the clock harnmori- 
ics requiring suppression. Tjpically. one selects a capacitor with a self-resonant fre- 
quency in the range of 10- 30 MHz tor circuits. with edge rates of 2 ns or less. Many 
FCBs are self-resonan1 in the 'O(W0O MHz range. Proper selection of decoupling capaci- 
tors. aloncp with the self-resonant frequency of the PCB structure (acting as one large ca- 
pacitor), will provide ent1:lnct.d EM1 suppression. Tables 5.1 and 5.3- are useful for axial 
or radial lead capacitors. S~irface-nioi~nt devices have 11 much higher self-resonant fre- 
cliiency by iipprouimatcly two orders of magnit~tde (or- 1OOx) as the result of less Icad- 
length inductance. ~2lun1inurn electrolytic caprtcitors are ineffective for high-frequency 
decoupling anti are heht suiteti I;)r power supply subuystems or power line filtering. 

I t  is comrnon to select a cieconplinp capacitor for a particular application, usually 
I I I C  i'irt Iiarrrton~c of a clock or processor. Sometimes, ;i 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 yF in parallel with 0.001 yF 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). 

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 U 0  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 I. 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 unchangcd. the time period f ,  

and t, is different. Thia 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 i n  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 cignal edge (conversion frorn time t o  
frequency domain), a significant reduction of RF energy i \  observed along with a de- 
crease in spectral RF distribution. Hence. there is improved EM1 compliance. Caution is 
required during the design stage to  ensure that slower edges will not adversely affect 
functional operational performance. 

The capacitive \,slue For a decoupling capacitor can be calculated i n  two ways. Al- 
though the capacitance is calculated for optimal filtering at a particular rcuonant fre- 
quency, use and implementation depend on installation. Ieaci length. tracc Icngth. and 
other parasitic para~neters that may change the resonant l'rcquency of the i,;!jl:tcitor. The 
installed value of capacilivc reactance is the itern of interest. Calculating Ihc \,slue ot  
cripacilance will be in  iht. hallpark and i h  gcnei-all) accul-ate C I I O L I ~ ~  for ;lct~iitl ~mplemen~ 
tation. 
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Typical clock signal 
(best case without ringing) 

Clock trace with 
capacitive loading 

5 nsldiv 

Figure 5.16 C,~pacitivr effects on clock \ignais. 

T 
Charging Discharging 

Capacitor charg~ng ~ c j t )  = V~A!  1 -e ' t ic ~ c ( t )  = Vbe lilt 

R j Signal load ~ ( t )  = 1 - Vb ie I $4, -/*M- /(t) = 1 1 - - v b  )e lQr  
I 

I R \ R ,  c 7 -  

Figure 5.1 7 ( ' . ~ ~ ; I C I I O I  cqu;rttoil\ 
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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, = 2.0 k!2. 

Method 1. Equation (5.14) is used to determine the capacitance value knowing 
the edge rate of the clock signal. 

where t ,  = edge rate of the signal (the faster of either the rising or falling edge) 
R, = total resistance within the network 
C,,, = maximum capacitance value to be used 
k = one time constant 

Nore: C in nanofarads if t ,  is in nanoseconds 
C in picofarads if t, is in picoseconds 

The capacitor must be chosen so that t ,  = 3.3 * R * C equals an acceptable rise or fall 
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 k is 1/3rr, 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 R, we 
can calculate the maximum value of C as 

A 60-MI-lz cloch w ~ t h  a perlod ot 8.33 n\ on and 8.33 11s off. K = 3.3 iZ (typlcal tor an 
untermlnated TTL part) ha5 an acceptable rr = t, = 2 ns (25% of the on or ott value). Therefore. 

Method -3 

Determine highest frequency to be filtered,Jn;,x. 

For differential pair traces. determine the maximum tolerable value of z:ich ca- 
pacitor to rninirnilc signal distortion. IIse Eq. (5.17). 
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100 
C",," = - - 

L f ; , l a x  * ' 1  

1 
- 2 3 * R I  
hf;,,,, * C 

7 

where C is in nanofarads and,f'in MHz. 
To filter a 20-MHz signal with R, = 140 IL, the capacitance value would be 

100 
C,"," = -- - - 0.036 tlF or 36 pF 

20 :i. 140 (5.18) 

with negligible source impedance. Z,. 
When ~rsing bypassing capacitors. the following should be implemented: 

If degradation of the edge ratc 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 +go/-0% is 
acceptable 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. 

Verify that the functionally of the circuit s o  that it  still works with the capacitor 
installed. Too large a value capacitor can cause excessive signal dqradation. 

5.8 SELECTION OF BULK CAPACITORS 

Rulk capacitors provide L)C voltage i~nd current t o  cornponrnrs when the devices are 
\witching :ill data. address. anti control signals \imitltaneuiisl~ ui1dt.r ruaximum capacitive 
load. Sw~tching components tend to cause cur-rent fluctuations within the power distribu- 
tion network. These Iluct~iation\ i.an cause irnpropcr perfurnlance ot' coniponcnts owing 
to voltaye sass. Rulk cap:~citor.; provide energy \toragc for iircuiti lo ~riairiti~~ri optimal 
voltage and surge current rcquircmenrs. 

Hulk capncitors ( I I S L I ~ I I ~  tantalum dielectric) are often used in :~ddition to higher 
selt-iesonant frequency decot~plins capacitors to provide DC' power for coniporlenth and 
power plane RF rr~odulation. Or~e l~ulk ~,apaciti)r \hould be pl:iced k ~ r  every two 1,SI and 
V1.Sl compunerits 111 addition to the circoupling capacitor5 111 the follou ing locations: 

Pouer- enwy connecwr fsoril the powcr supply [o  the PCB. 

Po~vcr terminals on I t 0  connector< for claughter or .\daprc.~- i.artls. i~eripherul de- 
vices. and wcondary circuits. 

u .\cljacc~nt lo pones-consuniiilg circ~iit\ itnci corllllunent\. 

I 
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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 select~ng a 
capacitor or capacitor combination. 

For bulk capacitors, the following procedures are provided to determine optimal ac- 
lection 121. 

TABLE 5.3 Number of De~ouplln? (';~paciror\ I;)r Selccled L.og~c Fi~rnilieh 

Peak Transient Current 
Requirement (mA) 

-- - -  

G:itr Number of Drcoupl~np 

Ovcrcurrent I (;ate Drive Capacttors for a Funout of 

Loyc bani~lp (mA)  (mA) 5 Gates + I0 cnl Trace Length 

('MOS I 0.1 1 .O 

TTL I h 1.7 2.6 

LS-'TTTL X 2.5 2.0 

HCMOS 15 5 i I 2  
S T r L  io 5 I . X  
FAST 15 5.5 I .X 

ECL I 1.1 1 .O 
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I .  Determine maximum current / & I  consun~ption anticipated on the board. As- 
sume all gates switch simultaneously. Include the effect of power surges by 
logic crossover (cross-conduction currents). 

2 .  Calculate rnaximum amount of power supply noise permitted (i lVi.  Factor in a 
safety margin. 

3. Detem~ine  masimum comrnon-path impedance acceptable to the circuit. 

Z(n, = AV/il l  (5.19) 

3. If solid planes are used, allocate the impedance, Z,,,, to the connection hetween 
power and ground. 

5 .  Calculate the impedance of the interconnect cable, L,,,,,, 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 ,  ,,,,, = Zc,, + 

6. If the switching frequency is below the calculated / 'of  Eq. (5.10) .  the power 
supply wiring is fine. Above t: huik capacitors. C,,,,, are required. Calculate the 
vaiue of thc bulk capacitor for an impedance Z:,,,,, at frequencyj: 

LMetlzod2 '4 PCB has 200 CMOS gates (GI. each , w ~ t c h ~ n g  5 pF (CJ loadr, w ~ t h ~ n  
LI 2-115 tlme per~od  Power supplq ~nduct,mce 15 80 nH 

1; - 0 200 I ( Irom notw ni'iryn budget l 

C',lp;~c,itor\ ~ . o n l n i o n l ~  t'ourld on t'C'R for huik purpo\es :ire pcneral l~ in thc range 
ot 10-I00 HF.  

(':cp:rc~tancc. I-cquircd ios  decuupling power pl'inc Rt. currents due to the switching 
tncl-g! ol'cornponrnts can 1.c iletern>inetl by k n o ~  iny tllc I-eswtnant t'rcq~lency ul. the logic 
C I I . C L I I ~ S  to he dec~oupltsd. The harde\t part 111 calculatinq this rexorlant \,slue is kno*iny the 
i n ~ l u i l a ~ ~ c c  01' thr i . ~ ~ p a ~ . ~ t o r ' \  Ieacls IESL~)  I f  ES1. i $  not k11ou.n. an impeci;~ncc Ineter or 

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 d o  we  
mean by the statement that digital components are the primary source of RF energy? The 
answer is simple. R F  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 (ASlCs) have be- 
come significant sources of electron~agnetic 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 intemal dynamic power dissipation increase due 
to switching currents that may exceed 10 watts within a VLSI device. 

The silicon die demands current frorn n power distribution nctwl3rk and niust 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 fasrer edge rate devices and die shrink. Die shrink is where the nuniber of indi- 
vidual components on a silicon wafer increase, thus improving the yield and total numbcr 
of devices from a single process batch. The cost of the product decreases when an in- 
crease in the nuniber of functional units occurs. Because of smaller line widths. the propa- 
gation delay between the indiv~dual gates within the component package becomes shorter. 
along with corresponding faster edge rates. The faster the edge rate. the grcater the abilitk 
of the device to create radiated emissions. k i t h  faster internal edges, the switching effects 
can cause greater losses across thc inductance lntcmal to the package. 

With faster cdge rates. DC current is demanded from the power distribution net- 
work at a quicker rate. This faster s w ~ t c h ~ n g  speed bounces the power distribution net- 
work. creating an imbalance in the tlifferential-mode current between power and ground. 
With an imbalance in the differential-mode. common-mode currents are producecl. 
Comrnon-mode currents arc observed during EM1 tests radiating from cable asscmhlies. 
interconnects. or PCR components. 

To addreas component-lev4 problems, EMC.' engineers arid cornpunent manufactur- 
t'rs must advance <rate-of-the-art principles in implementing suppressiorl techniques h ~ r  
ICs, especially tiecouplirlg. Dcsign and cost margins also play an important part in detcr- 
rl~ining how an EM(: solution will he irnpleniet~ted. 

!Is pl-esente~l c;~rlier. decoi~plir~g c:lpacitor\ provitlc an in\t:lntaneou\ point \ourct. 01' 
ch:rrge to a componerlt for the time period that the tic\ 1c.c \~\itchi.s. I\ dtcotiplirlg c:~p;\cito~' 
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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 
at, 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 to 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 
rnultichip 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 nlay be required. An exarnple nf how a discrete capacitor is provided in these mod- 
ules is shown in Fig. 5.19. 

Top-down view (top cover removed) Side view 

Sillcon die Decoupling capac~tors 

I 
U U U u U U J  

/ 
I Pad connections to PCB 

/ 
Decoup~ng capacitors (x4)  
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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 p ~ / 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. 

I 
1 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 

1 clearance pads. 

Capacitance between Solid Power Planes 
FR-4 mater~al. E r  = 4.1 (100 MHz) 

2 3 4 5 6 7 8 9 10 1 1  12 13 14  15 16 17 18 19 20 
D~eiectric thickness. m~ls 
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Transmission Lines 

6.1 OVERVIEW ON TRANSMISSION LINES 

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 he 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. 

A transmission line is a system of conductors. such as wires, waveguides, coaxial 
cables. or PCB traces suitable for conducting electric power or signals efficiently between 
two or more terminals. 

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 t h i  tnergy 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- 
magnpticfield is the component that is present within and around a transmission line. The 
energy is carried along the transnlission 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. f i l r oge  is a unit of measurement whose 
spatial derivative describes the electrostatic force exerted on the electrons. Cut-rent 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 electron~agnetic fields consist of the following partial list. 

AM/FM radio waves 

Television waves 

Light waves 

Cellular telephonelpa, oer waves 

Microwave and radar transmissions 

EMI/RFI created :is a byproduct (unwanted energy) of digital components 

All of these waves travel near the speed of light in a medium. EMIRFI is included in this 
list to i;how that electrom:~gnetic energy is il waveform that may cause harmful interfer- 
encc to other electronic equipment susceptible to electromagnetic disruption. 

If a transmission line is not properly terminated, circuit functionality and EM1 con- 
cerns can exist. These concerns include voltage droop. ringing, overshoot. and under- 
shoot. All concerns will \everely 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 rriore common in the suh-nanosecond range. 
.A verj long tract: in a PCB can become an antenna for radiating RF currents or cause 
functionality problems i l '  proper circu~t design techniques are not used early in the design 
cycle, 

When Jealirip with transmlssion line effects. the impedance of the trace becomes an 
in~portant factor in designing a product for optimal performance. A signal that travels 
down a PCB trace will be absorbed st the far end if. and only if ,  the tracc is terminated in 
it.; chiiractcriit~c ~rripctiancc. I t '  a pi-opcr tel-m~na~ion is / l o r  prov~clc~i. 111oht of the transmit- 
ted signal will he reflected hack in the oppo\ite direct ion. I f  an ii,rpi.opc,~ terminiitiorl ex- 
1st~.  11iultiple reHection\ will occur. r-e\ulting in a longer s~grial-\t,ttlin~ rlme because of 
multiple overihooti and u ~ ~ d c ~ . j h o o ~ \ .  l ' l l i \  c.orlcl~t~o~~ I \  hrio~8n as ~ . i t l y t i r y .  and IS discussed 
latcr in thi\ chiiptes. 

When a high-.;peed electric:il \igniil tr:rvcl.; thro~~gh :I t ~ - i ~ n s ~ i i i \ s i ~ ~ i  line, a propngat- 
~ n g  electromapetic wave will IIIO\C iio\v~i the line lz.g.. a wirc. co:ixlal cable. or PCB 
~sitcc.~. 4 PC'H tr;i~~t. look\ \er> ilit'fcrcr\t to rl?c \igrlal sour-ce at hi$ signal \peecis than i t  
(Jots ;it I X '  or ;it /OM. \lgnal .;peecis. The ch~irac~er-lxtic iri~pedarlce 01' the transniission line 
is ident~l'ie(l by the letter L,,. Fos a los\lc\\ lifie. the cli;~r~~cte~~istic ~ ~ i i p e ~ t a ~ ~ c e  i4 equal to 
thc icluiw root ot'I.,C'. w1iel.c L i \  the 1nc1~1ct;rnce per unit length divitleti by C', the capiici- 
r:lncc pt,r i ~ r i ~ t  lerlgth. 11i1pecl:ince i \  ;~ lso  [llc r:ltio ol'thc line vol1:igc to [tic I~ne curl-ent. In 
analog! to Ohm'\  lam-. Whcri u'c e \ a ~ i i i n ~  Eel. ( 6 .  I ;. wc ictc, .;r~h\csip~.; for tht. line ~ o l t : ~ : ~  
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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 (.r) subscript indicates that variations 
in V and I will exist along the line, except for special cases. 

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 improperly 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 
2-11s and faster edge rate signal, transmission line cll'ects hecorlic important for Icnd or 
tmce lengths ol'no more than a ku ~nches. 

Figure 6.1 shows conceptually what a typical transmission line looks like within a 
PCB structure. The resistance. R. is omitted for simplicity. 
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6.2 TRANSMISSION LlNE BASICS 

Chapter 6 . Transmission Lines 

How can a transmission line cause problemsq? 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 
retlected 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 bt. less than the initial voltage if the termination impedance is less than 
the line impedance. The amplitude of the reflected voltage at the end of the transmission 
line is calculated by Eq. (6 .2 ) .  

where kfJ is the reflected voltage at the far end. I ,  1s the initla1 voltage, R, is the termlna- 
tlon ~mpedance. Z ,  1s the characterist~c line impedance of the trace, and p 14 the reflection 

PC trace = 90 ohms Ooen, 
Infinite R 

Far end 

Source ?- ~2-  

\Reflecttons at source) i- 
Far end d 

7- 2 T 3 T 4T 

The top trace 1s the signal from the source dr~ver 
The bottom trace illustrates the reflected waveform observed at the 
source ~f a mlsmatch exlsts w~thln the transmlsslon ltne structure 

Figure 6.2 P , L ~ I ~ ~ ~ c I ~ I I I ~ \  111 :I l r i i r l \ i i l i \ \ lo f l  Iitie 
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coefficient. This equation identifies how much voltage gets reflected by the impedance 
mismatch. Notice that if R = Z,, the retlection coefficient p = 0 .  There is no reflection and 
the voltage level does not change. If R, = m, p = +I.  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, rile greuter 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 LlNE EFFECTS 

For a high-speed transmission line, a fundamental concept exists called the elecrric~ally 
long truce. This means that as the length of the trace becomes greater than hi20 (wave- 
lengthJ20) of the signal (frequency domain), or the propagation delay becomes greater 
than rise time14 (time domain), functionality concerns exist. The edge rate refers to a sig- 
nal that changes logic in the period of ilVidt. We use the symbol i , to identify edge rate. 
When using hi20 and [,.I4 in the following discussions, we get roughly, but not exactly. 
the same line length. Depending on application. use of hi70 or- t, /3 may provide a more 
accurate answer. 

If the one-way "propagation time" distance from transmitter to receiver exceeds 
h/20 (frequency domain) or the propagation delay is equal to or shorter than the propaga- 
tion tlme of the trace with round-trip 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 dimens~ons. 

For a I-ns edge rate signal. impedance matching may be required when the trans- 
missiori line exceeds Y cm t 3.5 in.). Assuming a velocity of propagation, V,, that is 60V 
thc speed of light ( ( ,  = 3 * lO%m/s 01. \;, = 1.8 i: lO"rli/s), :r line Icngth greater than 9 cm 
must be treated as a transmission line which must include some type nt' ternlination. To 
determine this maximurn line length. Eq. (6 .3 )  is provided using the t~rllc do~nairl analyis 
presented earlier. 

where i = trace lensth (of the transmission line) 

\ /, 
= veloc~t\. of prupagation (60';; the \pccti of 11pht 

r, = edge transition sate of the \~grral 
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With 1 = 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 ADO, a low-frequency lumped circuit 
can be assumed. If the path length is greater than U20, 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 

r-7 
Load 

r---T 
Line 

Figure 6.3 Impedance rnarch~ilz requlrerncnt:, ul'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 is matched to the line (Z,, = Z,). If 2, is not known, termination pads to ex- 
perin~entally deterrnine the correct component values for impedance matching should be 
provided on the PCB during layout. 

To exa~nine trace impedance in more detail, Fig. 6.4 illustrates a simple configura- 
tion. For 3 voltage pulse of amplitude V, driving a transmission line. Z,,, we have a drive 
current of I = VE,,. Assurr~ing V = SV,  and Zc, = 5 R (an unrealistic value), we observe 

Figure 6.~1 51l~lpl1ticd rietivcd t~lr  (:ur 
I -  V t Z o  r ~ w [ \  
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that the drive current would be IA. If Z,, is now 50 C2. 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-IIIA drive capabilities for an application that generally re- 
quires only a few milliamps of drive current. For this reason, most components are de- 
signed to drive a minimal trace impedance of 30-65 R. 

The propagation .,peed of a signal within a medium is finite. The propagation delay 
per unit length. 6, 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 propa~iition delay of 1 . i 2  ns/ft (0.36 ns/cm or 0.143 nsiin.). 

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 S2.  Transistor-transistor logic (TTL) 
has a source impedance range of 70 to 100 Q. I f  a transmission line is to be created within 
:I PCB, the engineer must seek to rna~ch the xourct. impedance of the logic family being 
used. 

Most high-speed traces must be impedance controlled. Calculations to determine 
proper trace width and separation to the nearest referencc plane must occur. Board manu- 
facturers and CAD prograrns can easily perfonri these calculations. If necessary. board 
tribricators 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 spacing between planes Sor optirnal performance. These approximate fornmu- 
las may not be fully accurate because of manufacturing tolerances during the fiibrication 
process. These formulas were sirnplit'ied from exact models! Stock material rnay have a 
different thickness valuc and n different ilielcitrii conslant. The finibhed etched trace 
witith nlay be differcnt from :I desired design recluirement. or any number of manufactur- 
ing issues may exlht. l'he board vendors know what the real variables are during construe- 
tion and asserrtbly. These vcndors st~ould he ilshetl to provide the real or actual dielectric 
i.onstrtni value. a< well ;IS thc  I'irlrsht.cl ~tcht'il trace ~ i t l t h  tor both bxie and crest dimen- 
sions. as shown in Fig. 6.5 .  

Flnlshed 
crest width 1 

Base wtdth ----I 
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6.5 RELATIVE PERMITTIVITY (DIELECTRIC CONSTANT) 

Before giving a detailed description of how transmission lines are created within the PCB, 
we must examine the importance of the electrical parameter E,, also identified as relutive 
permittivity or dielectric constant. 

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 E,, 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). 

C v,, = -= (velocity of propagation) 
' VE, 

(dielectric constant) 

where C = 3 * 10' meters per second, or about 30 cm/ns ( 12 in./ns) 
E', = effect~ve dielectric constant 
V,; = velocity of propagation 

The effective relative permittivity E',. 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 Retlectorneter (TDR) o r  by measuring the 
propagation delay for a known length line and calculating the value. 

The propagation delay and dielectric constant of common PCB base materials are 
presented in Table 6.1. Coaxial cables often use a dielectric insulator to reduce the effec- 
tive dielectric insulator inside the cable to improve perfomlance. This dielectric insulator 
lowers the propagation delay while simultaneously lowering the dielecrric losse~.  

Section 6.5 . Relative Permittivity (Dielectric Constant) 

TABLE 6.1 Propagation Delay in Various Transn~ission Media 

Medium Propagation Delay (pslin) Relative Dielectric Constant 

Air 85 1 .O 
FR-4 (PCB), microstrip 141-167 2 . 8 4 . 5  
FR-4 (PCB), stripline 180 4.5 
Alumina (PCB), stripline 240-270 8-10 
Coax (65% velocity) 129 2.3 
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 E, 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 1-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 E ,  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 E,  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 

E. Velocity Velocity 
Material (at 30 MHr) (incheslns) (ps/inch) 

.41r 
PTFE/gla$s (Teflon) r" 
RO 2800 
CEIcustom ply (Cyanide ester) 
BT/cusro~n pl) (Beta-Trlar~nel 
CEIglas, 
Sillcon dtoxtde 
BTiglass 
Poly~mide/glass 
FR-4 glass 
Glass cloth 
Alurntna 

~- - 

.%~tr: Value5 rneasured at TDR trequencieh usins veloc~ty technique\. Values were not mc:~sured at 1 Mtl r ,  
which provides laster veloctty values. LJntt\ for velocity are dlfterent due to sc:lling and ;Ire presented in thts for- 
mat for ease of presentation 

Soun?: [PC-714 I .  C'ottfrollrcl Irnpt~d<tnc~ ('lr-cirir H o ~ l r d ~  (lnd illgll Sprcrl Lo,qlr. I ) ~ . I I R ~ .  Inst~tutc for In~ercoli- 
nertlng :ind P:lcLaging Electron~c\ I ) r \~gn  d i  1046. Rept-111ceJ utth pcrmlbvon. 
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Er versus frequency, FR-4 material 
6 

under appropriate operating conditions. If more than one dielectric exists between the 
conductor and reference plane, the value of E',. is determined from a weighted sum of val- 
ues of E,. for all contributing dielectrics. Use of an electromagnetic field solver is required 
for a more accurate E',. value [16, 17, 181. 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 honiogeneous 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]. 

E', = 0.475&, + 0.67 for 2 < E, < 6 (6.6) 

4 

0.1 1 10 100 1000 10000 
Frequency in MHz 

Figure 6.6 .\c~ual \lizlecir~c conmnc v a l u c  for FR-4 material\. ( S O L ~ I - ~ ~ , .  IPC-2141. 
C ~ I I I ~ I . I I ~ / ~ Y /  I ~ I I ~ ~ , C / U ~ I ~  t2 Cii c 111r l jo<~i .<i~ C I I ? ( /  /ii,q/~ ,Sl~cc,</ L O ~ I I .  O('.uqr~, l n \ t ~ -  
tutc lo r  Inre~.connccttng .irid Pach~iging Electr(?n~c\ Clrcuirs. 53 1996. 
Rrpr~nced with perrnls.;lon.! 

Figure 6.6 shows the Srcquency range frorri 100 kHz to 10 GlIz for FR-4 laminate 
with a glass-to-resin ratio of approxi~irately 40:hO by weight. The value of E ,  for this lami- 
nate ratio varies from ;lbuut 4.7 to 4.0 over this frequency range. This change in the mag- 
nitude of'.?, is due princip;ill\ to the frcquenc! response of the resin and i c  reduced if the 
proportlor] of the glass ratio in the composite is increased. In adtiition. the frequency re- 
sponse will also be changeti if ;in alternati~e resin system is selectcti. M:~terial si~ppliers 
typicall) quote value5 ~i Ctit'l~ctr~c propel-t~es detcrm~ned at 1 MHz. not ;it actual systern 
Srequencies that now easily exceed l ( H )  MH7 191. 

If  :I TDR is used Sor measuring the velocity of propagation. il is appropriate to use a 
frecluency corresponding to the actual operating conditions of the PCB for comparing di- 
electric par:lnieters. The 'rD1i is .I u~dehanti nieasurcrnent technique uslng tlme domain 
~~nalysi.;. The location ot' thr TOR on the [I-ace bring rr~easir~-ed rnay :~ f fec~  Ine;1surement 
values. IPC7-,141 provides an c~ucellcnt discuss~on of how to use a TDR for- propagatiorral 
~ i c l ; ~ )  measul-etiienc\ 19 1 

The cliclectric constkrnt ol \nrious ~r~alcrial\ used to ~nanufucture a PC'R 1s provitled 
In 'l'ablc 6.7. 'T'l~ce value\ ;II-? Iuscd on measuscnrcnfi usi11g a TDK, ant1 :\re not based on 
puhlishcti. limited-basis referen~,t. inionnation. 

For ~nic~sostr~p topolog!. t l ~ c x  ciiclects~c, ~,on\tallt i h  I ~ . ; L I ~ I I >  I(rwt.r than thc numbcr 
IN-() \  idcd h y  the ni:inul'acturcr of' thc m:tter~;il. The scka\oll ~j that part 01' the energ) flo~\, is 
11) air or \oIJcrrnasl\. ;~nd part 0 1 '  ilre cnc1.2) t ' l o ~ ~ s  u i r h i n  thc dielectric nlrd~irrn. , I s  a re- 
wit. tire sign;il \ \ i l l  propagate f'a5tc.r d o \ % ~ ~  the tracc tti;~ri for the stripl~ne configuration. 

\L'heri a \t~-ipIirrc concluctor i \  \ ~ r ~ r o ~ ~ ~ r d e t l  1)): ;I \11lg1e L ~ ~ C I I C ' C I ~ I C  thai cxlcncls LO tlte 
r- i~l>rcni~~~ ~ ~ l ; i r ~ c \ .  tlic \:iluc ol't.' ills! IN, ccji~,it~~il 10 I l i ; t t  01 P ,  I'or I I I C  dielectric ~ncs\ilrcd 

In this expression, E,. 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 eleclrons. 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 losse5 within a dielectric structure, the tern1 1 o . s ~ ~  dielc~c.rr.ir, 
implies an energy loss or joule heating in the dielectric material. How cloes this cnergv 
loss or joule heating occur'! An exarninatlon of the aromic mechanism of dielectric behav- 
ior reveals the causes of heating. 

A dielectric material is any substance that resists the penetration of vn 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 chargcs along the 
other. The dielectric will rcsist 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 cancrl out some of the elec- 
tric fields that would otherwise have been produced inside the dielectric. The dielectric 
constant of ;I material is defined bv the magnitude of this reduction. This magnitude is thc 
ratio of the Yield which would have been produced without these opposing charges to the 
field which is actually produced. For exa~nple. i f  only one-third of the expectcd field oc- 
curs within thc tiielectnc, its dielcctric constan1 ii 3. Thc dielcctr~c conslant of a vacuum 
i x  I .  
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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 viewpoint, 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 cot~tiucror, 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 sin~plification of quantum mechanics). This tiny amount of shifting, though 
very small in comparison to the size of the atom, takes place 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 to 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 poltrrizcltinn. 

How does "loss" come into all this. and what does i t  have to do with the resonant 
frequency of polarization'! I t  all has to do with time delay. When :I field is applied, the 
aforttmen~ioned shifting cannot occur instantaneously: there musl he some time delay. 
This time delay occurs at the resonant frequency US polarization. If we apply a rapidly re- 
versing field to s tiielectric, a phase lag will take place between the applied field and the 
resultinp polarization field. As the frcqnency of the applied field is increased. the absolute 
lag is constant: therefore, the phase l:lg increases. When the phase lag reaches ni-7 (90 de- 
grees) we arc at resonance. 

There is a frequency-dependent phase lag between the applied electric field and po- 
iari7ation, This polurizatiori is the mecflani.;m by \chich a dielectr~c resi~ts the applicalion 
of the electric field. This cancellation sives the ;tppe;trance tha~  the dielectric is "gobbling 
up" zhargc i e , ~ . .  drawing C Y C ~ I : ,  current). 'I'hus. :I frequencq-ilependeni phase lag will 
occur between t h r  ;tppli~d elcctr-ic Fie!(] :~nd ;lit rc\i~lting cur.rt.11~ Ilowing to ztsblish 
those i'irlds. 

a molecular i,\planatiori oi' what i h  going on.  we can ~nlaginr a tiittlectnc sample 
tu ~ h i c h  wc apply uric half cycle of ;I vcrq high-frequency electric i'ield (single short clec- 
lric pulse). Ah w o n  thc pulse .isrive\. ~ h c  t~lrrtroris begin \h~t'ting n\er toward the pohi- 
ti\e \ide ot'the l'iclti. S ~ n c c  the puise is \o \hart. the electric field tiicappcars by the time 
the c l e c ~ r c ~ n ~  h;l\c sulrrecl moving. We now have niany electl-ons that havc acquireti k t -  
rlcrii. t,ncl.gy. Thi, citergq ha> to go oriicu.hel-i.. Aa the electrons move around to return to 
tl?c.~r nol.lnal cquiIih~-iunl ,tale. \ o ~ ~ i t '  01' ~ h t '  ~wergy storcd in the pol:lri/ation fielti i \  tr;lrl\ 
ikrre~l ink,, lhe Lil-v.tal I;~ttlcc :I.; ~~hr i~t ion; i l  energy (lieat). Thi\ all hi~ppens btxausc !he 
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pulse was so short that the elec:rons 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. it 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 

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 is appiic:ible 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-3 17X. Deaigi~ Gilrdrlinrs fur Elrr'tt.otri~, Pac.ku<qing L:tili:itzg High- 
Sprcd Trc,hiziy~rr~.s 181.' 

6.6.1 Microstrip Topology 

Microstrip topology is a popular method used to provide trace-controlled imped- 
ance on .I PCB for digital circuits. Microstrip lines are exposed to both air and a clielectric 
material referenced to a planar structure. The approximate formula for surface microstrip 
impedance is provided in Eq. (6.7) for thc configuriition of Fig 6.7. The intrinsic i~ne  ca- 
pacitance i:, shown in Eq. (6.81. 

T 
i 
f 

I Dielectric material 

i ; i ~u re  (1.7 \II~I.IC,,~ !III\!:I~.I!II; I,,~,>I,T.~ 
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5.98 H 
R Valid for 15 < w < 25 mils 

7 9  
(6.7) 

z = - ( < + I . 4 l  ) lt, (*) 0 . 8 W + T  
Valid for 5 < < 15 mils " 

0.67(&, + 1.41) 
C,, = 

-- ~ f l i n c h  

0.8W + T 

where Z,, = characteristic impedance (ohms) 
W = width of the trace (inches) 
T = thickness of the trace (inches) 
H = distance between signal trace and reference plane (inches) 
C, = intrinsic capacitance of the trace (pFIinch) 
E,. = dielectric constant of the planar material 

Equation (6.7) is typically accurate to  f 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 rn;inufactur- 
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 In (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 E,. 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 [ I4 1. 

I ,,,, = 1.017 t '0 .475 F,  + 0.67 (ns/f t )  

6.6.2 Embedded Microstrip Topology 

The embedded microstrip is a modified version of standard rnicrostrip. The differ- 
encc liea in providing a dielectric material on the top surface of the copper trace. This ma- 
terial may include another routing layer (core or prepreg material). If the embedded trace 
is surrounded by a material. such as solder-rnask. conformal coating. potting, or other ma- 
terial containing the same dielectric constant. with a thickness of 0.008 to 0.010 inch (8  to 
I 0  rails) placcti on top of the truce. itir or the environment will have little effect on imped- 
ance calculations. Another way to view enihedtictl microstrip i \  to compare it to u ~ i n g l e .  
asymmetric .;[ripline with one plane inl'initely 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 asylnrnetrical to the host material. The difference between coated and uncoated 
microstrip is that the conductvrs 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. 6,. If the dielectric thickness above the conductor is 
more than a few thousandths of  an inch. E', will need to be determined either by experi- 
mentation or by use of an electromagnetic field solver. For "very thin" coatings, such as 
soldermask o r  conformal coating, the effect is negligible. Masks and coatings may drop 
the impedance of the trace by several ohms. 

The approximate formula for embedded rnicrostrip impedance is provided hy 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 0.0O.t inch (0.001 mm).  If the coating is thin. or if the relative dielectric coeffi- 
cient of the coating is different ce.g., conformal coating). the impedance will typically be 
between those calculated between microstrip and embedded microstrip. 

Embedded microstrip i \  described in Eq. (6.10) for the configuration shown in 
Fig. 6.8. The intrinsic capacitance of the trace is defined in Eq. (6.1 I ) .  

Figure 6.8 Frrihrddrci t v i ~ c r r ~ r r i y  NOTE Th~ckness of the dielectr~c rnater~al may asymmetr~cal 

mt1i.r~ / = ~~h:~r:r~. tcr~st ic  irnped;lnce ~ol irns)  
( ', = i r~ t r~n \ ic  i~;~p;~cit;trlct' 01' the trace :pt./inch 1 

It' = ib idtll of' the trace (inche\i 
T = thickness t,f the truce (inches) 
H = clixtancc hetwccn \ignal wee and sct'e~-cnc.c plitrlc i ~ n c h e s )  
R = o\rral l  dist:irlcc ol both dic.lcct~.~c\ (incIit.\j 
F ~lit?lec~ric ~ ~ ~ ~ ) f l \ t ; l f l t  0 1  t t l C  [?I~l i l ; l l -  n1;1tt?r1;1l 
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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 nslft (0.137 nslin.). This propagation delay is the 
same as single stripline, discussed next, except with a modified E',. 

where 

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 of why we should measure trace impedance of the line at the 
middle of the trace thickness after etching. 

The approximate fomlula for single stripline impedance is provided in Eq. (6.13) 
for the illustration in Fig. 6.9. Intrinsic capacitance is presented in Eq. (6.14). Note that 
Eq. (6.14) is based un variables chosen for an optimal value. In actual board construction. 
the impedance rnay vary by as much as + j C / r 1 .  

- '  - 2.3- 

T / ~ielectric material I 
' 7 -  Figure 6.9 S~ng lc  \ t r . lp l~~~t .  topology. 

where Z,, = characteristic impedance (ohms) 
W = width of the trace (inches) 
T = thichess 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) 
E, = dielectric constant of the planar material 
WI(H - T )  < 0.35 
TIH < 0.25 

The propagation delay of signal stripline is described by Eq. (6.15). which has only 
E, as a variable. 

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 aingle 
stripline. Note that the same approximation reason as dual stripline is used to compute Z,,. 

' T 1 S~gnai plane (x-,XIS) 
Dielectric material 

& Signal plane (y-axis) 

Figure 6.10 Du;d \ r r~p l~nc  rr~polog:, 

(h. 1 b) 

16.17) 
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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) 
E,. = dielectric constant of the planar material 
WI(H - T )  < 0.35 
TIH < 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 th? 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. 

Note: When using the dual stripline. both routing layers must be routed ortho- 
gorial to each other. This means that one routing layer is provided for .\-axis trace routing, 
while the other layer is used for y-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 ar*rrtul operatzn~ ~ m p e d a n c ~  of u line ( a 1 1  he .si,qrlniji'c.untly inj7ur1lc.ecl (e.,q., = 30%) /JJ 

rnitltiple high-density c,r.o,wvrrs of orthogo~~crll~ ~.oured traces, in(,/-easing the loading on 
thr net und reducing the imprdurzr.~ qf the rrunsmission line. This irnpeclance chunge occ~os  
heruuse these rourrd truc.es inclirdc u loaded inlpedanre to the image plane, along with r-n- 
pac'irtrnc.~ ro rhe signal truce under ohsel-vation. This is best illustrated bv Fig. 6.11. 

//iZ//'/.///'/// /// / ////,,/.//,/// ,/," /3 lniage plane 

Dielectric material 

r S~gnal trace layer 

Icl Ic2 Ic3 Ic4 I c 5  I cn under evaluat~on 
D~electr~c H~gh-density 
rnater~al orthogonally routed traces 

Dual stripline (two routing layers) and reference image planes 

6.6.5 Differential Microstrip and Stripline 

Differential traces have condilctors 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 10- 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 [ 151. 

Microstrip conflguation Strlpllne confl~uratlon 

Figure 6.12 Differential trace routing topology 

i microstrip) 
(6.19) 

(stripline) 

8 7 
ohms i microstrip) 

(6.20) 

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 plunr 

,Vote. Use consistent dimensions for the above (inches or centimeters). 
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6.7 ROUTING CONCERNS 

Chapter 6 8 Tranhmission Lines 

In regards to multiple loads daisychained on a net when a signal travels along a transmis- 
sion line. the transition voltage will change at different propagation times. The difference 
in the reception time at the loads located at various propagational positions along the net 
is referred to as clock skew (see Chapter 3). Since the component closest to the driver will 
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 
length is electrically broken up into different propagational lengths. 

If clock skew is an important consideration for multiple loads on a bus structure, 
microstrip is preferred. This is because signal propagation for microstrip is faster than 
stripline (1.65 ns/ft vs. 2.06 ns/ft with a dielectric constant of 4.1). Microstrip is faster 
than stripline by approximately 3%. This is because stripline has twice the capacitance 
per unit length owing to the routing layers sandwiched between two planar structures 
(compared to microstrip with one adjacent plane). The effective E ,  is lower, thus higher 
v = c./V&,. Propagation timc. 8, per unit length is proportional to the square root of the 
product of inductance and capacitance per unit length; see Eq. (6.4). 

When radiated emissions is a concern. routing a trace using stripline is preferred. 
Unfortunately. single (centered) stripline asseniblies are rnore difficult to handle from a 
manufacturing viewpoint. The PCB would beconie extremely thick if a single stripline 
configuration and a large layer stackup were provided. With increased layers. dual 
stripline is an optimal choice. Emissions perhrmance is enhanced since two routing lay- 
ers exist between two planar "image" (shield layers). Crosstalk is also ~ninirnized at the 
same tirne because the routing layers are always placed orthogonally to each other. 
(one layer in the y-axis, the other layer in the y-axis) or separated by interplaced image 
planes. 

With different logic families and impedance concerns within a PCB. the character- 
istic impedance of II trace m 3 y  also have to be different. An example of changing trace 
impedance in an impedance controlled asbernbly follows. 

EXAMPLE 
A inotherboard i \  designed for a controlled 50-R impedance for all logic lunctions. Video circuitry 
rriujt be routed at 75 12. HOL\ Joe\ onc create two diftererir irnpedarlce traces on the same PCB 
\tructure'! This operation can he pertomled by changing physical dirncnsiorrj within the PCB as- 
seinblq. To change the impeclancr ot a [race within a PCB. the followrng rechniquej are available 
trorn cclrie\t (lower co<th in hoard con\truction) to a rnore c o ~ t l j  implenientation rnerhod. 

w Changing tr:tce ~ ~ i i [ t h  r ~ ~ f e r e ~ ~ c e d  to a plane 

w Changirlg distance s p a c ~ n g  helwccn the routing layer- and the reference plarle. 

K e m o v i n ~  ;I portion of the refcrcncr plilnr underneath the \i:rl:iI trace anti clllouing thc 
Ir,icrb io hc ~e t ' e r~ .n~ ,cd  ro another p l ; ~ r ~ e  within the \tructi~t-t. ar a ilibtance I'urthei awa? than 
the onglnal ri.fcrencc plane I I-eqiiire\ ~thsence of copper obel- ~ ~ l i a t  worild ~lornially he :I 

\(>lid plane and ;I tritcc \o ld  /one in adji~ccnt layers 1 .  

C'hanging th~ckrie\ j  of the PCR layers (core material). 
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TABLE 6.3 Impedance of Difrcrent Conductor Pairs 

Trace over 
w h  or d/w Parallel Trace.; Ground plane Traces Side by Side 

z,,, z,,, z,, < 

0.5 377 377 NA 
0.6 28 I 28 1 N A 
0.7 24 1 24 1 N A 
0.8 21 I 21 1 N .A 

2.5 67 h7 87 
3.0 56 56 98 
3.5 48 48 107 
4.0 -- 42 - .- 42 I I4 

i .0  ?4 34 127 
6.0 2X 28 137 
7.0 2-1 I 4  1-16 
8.0 2 I I I 153 
' ) . ( I  I0 I I 60 

- 
100 17 1 I hh 
12 0 11 I I 170 
I C) I 1  2 1 1  2 I XX 
20 0 8.4 S 4 204 
25 0 fi.7 0 7 217 
3o.o 5 6 i (I 277 
40 I l -1 1 '  11.1 
50.0 7 4 ; 4 . ' 5 5  . 

1 0 1 1  1 - 1 :  ' 9  3 

\ )  \ - I I ( ~ I  .1~11i11~.1hl~~ 
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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 illustrates 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 t,, = G. If a lumped load. C,, is placed in the transmission 
line (includes all loads wlth their capacitance added together). the propagation delay of 
the signal trace will increase by a factor of 

where t,, = unmodified propagation delay, nonloaded circuit 
t',,, = 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 
(r,. = 1.65 nslft), there exists a value of C,, = 35 pF. The modified propagation delay is: 

, SO 
t',,,, = 1.65 iis/'f't k i  - 35 

-= 7.57 nsjft 

This equation states that the signal arrives at its destination 2.57 ns/ft (0.53 nslcm) later 
than expected. The ch;ir:~cteristic ~rnpedance 01' this trnnsnission line. altered by gate 
loading. Z',,. is: 

Z 
L' ,  = 

\ 1 + ;;: 
~vherc 7,, = orrginal llnc inipedancr (ohms) 

L' , = niodit'ied line impedance (ohms) 

C' , ,  = input gate capacitance-sum of all capacitive loads 
<',, = characteristic capacitance of the transmission line 

Section 6.8 m Capacitive Loading 

Typical values of C, are 5 pF for each ECL input, 10 pF for each CMOS device, and 
1&15 pF for TTL. Typical C,, values of a PCB trace are 2-2.5 pF/inch. These Cq, 
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 
= 0.34.8 pF each). Given that t ,,, = and Z(, = V L  / CLI. C,, can be calcu- 
lated as 

C,, = IMN (:I pF / length 

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  * t',]', * trace length > t,. or 1,) where t ,  is the ris- 
ing edge of the signal and r;. 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 IT = 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, (jwLi, 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 
loaded trace condition is considered in detail. 

A high C,, increases the loaded propagation delay and lowers the loaded characteris- 
tic impedance. The higher loaded propagation delay value increases the likelihood that 
transmission line effects will not be rrlasked during risc and fall transition states. A lower 
loaded characteristic impedance often exaggerates impedance lnismatchcs between the 
driving device and the PCB trace. Thus. the apparent benefit:, of a heavily loaded tr:icc are 
not realized unless the driving gate is designed to drive large capacitive loads 171. 

Loading alters the characteris~ic ~rnpectance of the trace. As with the loaded propa- 
gation delay, n high ratio between distributed capacitance and intrinsic capacitance 

exaggerates the effccts of loading on the characteristic impedance. Recause 
' I  

r - 
L, -- \ L(, /i ( C - ,  C',,), the additional load. C'(,, adds capaciianct.. The loading fr~ctor 

-- 

\ I + C<,/C',, divides in Z,,. and the characteristic impedance ic lowered when the trace 

is loaded. Ref l~ t ions  on a loaded trace, which cause ringing. overshuots. undershnota. 
and switching delays. are more extreme when the loaded char;i~.teristic impedance clit'frrs 
substantially from the driving device's output impedance 3rd the receiving device's input 
impedance. The units of rne:isurcments used for both capacitance iind inductance Lire / I ( , , .  

i t l c .h  or c.ni units. I f  the capacitance used in tht, L,,  equation ih  pF/ir~ch, thc rc\i~ltirig ~nciuc,- 
tance will be in ptl/inch. 

With knowledge of added capaci~ance lowering the trace ~nipecii~n~,c. i t  I?c~c.ome\ ;if?- 

parent that i f  a dcvicf is driving mot-c. illan orle liric. tlre acrike ~mpedancc 01' eiich llnc 
mujr h r  detcrnlinecl sep:irately. Thr\ tfcrcrrrr~nat~or~ r ~ i u \ r  t~ ha\ccl or1 tho nurribc~. 0 1  loart\ 
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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-R resistor is 
helpful; however, 33-R 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 
rnetallic 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 comn~only use transistors and interconnects 
with submicron dimensions. Components made in the 1980s used fabrication technolo- 
gies with 2- to 5-micron line widths. With 5-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 i t  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 manul-'acturers are constantly changing their process steps in order to accom- 
modate a smaller component and to achieve a higher and Inore 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 label 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" 
oncs. 

T T L  logic is becoming obsolete with high-technology products; hence, newer logic 
families with higher frequency components are being developed. The component will op- 
erate as desired, hut the "real" edge rate transitions are much faster. Recall that EM1 spec- 
tral profiles are dominated by the edge rate transition times and their re!ated harmonic fre- 
quency components. The process of marking chip conipoi;cnis with a slower speed rating 
explains why a second source of components f ~ r  the same function may result in sipnifi- 
cant EM1 concerns that are not encountered with the original part. If a product once com- 
plied with EM1 regulatory requirements for emissions and immunity. and the product now 
f, C ~ I  '1,. \, 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 EM1 or signal integrity issues. 

When components operate at high frequencies, signal edge rates hecome faster to  
accommodate the smaller clock pulse i n t e ~ ~ a l s .  As a result. RF spectral distribution in- 
creases. When this level o f  technology is reached. signal integrity CAD tools (circuit sim- 
ulation programs with high-frequency models) must be used to detenrnine 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- 
cult simulation and layout cycle. 

To define high-specd design cl iar~~cter is t ics  a s ~ m p l e  tir~ver-receiver circuit is used 
to illustr:~te signal integrity prohlerrl. .;hewn in Fig. 7.1 151. '4s ion? :r.; the interconnects 
arc. ",hart" and the clock rates :Ire "lo\4,." the rcccivers ~Icr :I\ !u,~ds i ; ~ r  (he d r ~ v e r .  Thrs 
Io:~tiing can affect the r e c e i ~ e r ' s  output \vavefcmn. The effect of' loading the traces is 
counted as l ~ ~ m p e d  cap~ci tance to ground in addition to the capacitance provider1 by the 
rcceivcr loads. 

When the trace lc'rigt!~ 13eccrrncs eleclrrc:dl> .'l011g."--that i\ .   hen the edge transl- 
rlon time of the signal is less than the rime i t  rakes for the .;ignaI t o  travel frorn bource to 
1o;td ;ir1r1 r c t ~ ~ r n  l'ro~ii l o i ~ i  to \otlrce--~-s~gnal integrity concerns increasingly arise. W i t h ~ n  
the time period that thc \ifn3I7b t r~~nsi t ion occurs b e r ~ e e ~ l  the high arid low state. the in]- 
peilanc,: ot the tr:li-c h c c o n i ~ \  the :~~. t i~; i l  10;111 tor [he tiri\cr. This loati is i11 addition to the 
Input i ~ ~ ~ p c d ; l n c c  of the receives\. Trun5mixsion linr el'f'ccts such ;I \  rellect~ons. overshoot. 
urldcr\hoot. ;lnd c.r.o.;st:llk will tiistort thr rr:trlsrnittcci signiil. ('lassical lumped circuit the- 
i)r-!; no 1ongc.r- rtpplic\ ti11dc.1- these i.onclitio11s. :lnd ;I tirq!ril)utcd circuit model miic,t t ~ e  tised 
in tilt, clrcuir \rr~lulation design program I l i I. 

To  beltcr iic\iriht th14 \ign;ll inregrit? Loncern. ibc rcc~arninia u t11 edgc raw. aritf 
11ot i lock !'~.cclticnc>. is 01 prt11ia1.y i01lc~r11. FOI. e\aiilple. it rt'li~rivt'ly low-trecluencq 
I MH7 clocL ~vi th  a risc ~inltr of' 1 !I\ ha\ t r n n s m i . ; . ; ~ ~ ~ ~  Iinc. c~fkctt? onl! tiuri~lg tlic 1r;111si- 
t ~ o r i  ~irllc ;I> ~ h c  ntx:.roclicit) ol' tht, \\;~vel'o~-m i \  long. Thc .;ignal will cvcntuall> ;rtt:\i11 
\ I I C \ ~ I L I L  \ I ' I [ L ~ .  f iec,~ii\i.  0 1  the t';i\t eligc i.;itc. i t  the. ~ ra r~s~ni \ \ ro l l  linc lcrlgrh I \  lone. ttrc sig- 
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Figure 7.1 Trn~~arn~s \~on  line effect? in n trace 

nal may falsely trigger circuits, for the threshold voltage will vary at different portions of 
the timing cycle. Ringing and reflections inay 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 R F  f'requency is that of the 
clock itself. The magnitude of the spectral distribution decreases at the rate of 20 dl3 per 
decade up to the frequency that corresponds to the rise tirrlc. For example, a 5V. 100 MHz 
clock with a 5Oc;1. duty cycle and a I-ns edge rate has a fundamental RF frequency with an 
amplitude of approximately 3V. The 1-GHr component of this clock will have an ampli- 
tude ol' approxir~la~ely 0.3V. Depending on  thc application of the circuit. undesired cffects 
may occur along with switching noisc and ground bounce. In mixed logic dcsigns, this is 
3 concern. especially if a 0.3V noise margin requirement exists. As a rule of thumb. the 
trace length should he between 20 and 25% of the s i ~ n a l  rise and fall time. 

For example, all logic and analog components have some sensitivity to changes in 
power supply voltages. This sensitivity rnay be reflecteci in changes in the output levels or 
in the switching thresholds at the input pins. The amount of performance degradation as 3 

function of power supply voltage must be determined during the design cycle. A tradeoff 
between power supply accumulation and noise erosion needs to be performed. taking into 
consideration all other components and thcir unique noise margin requirements. 

Lack of an optimal OV rekrcnce structure is colnmon in high-specti network5 ;ind 
d e ~ i g n s .  Inductance will alw:~ys bc present hetwecn t l ~ '  vrrtual anti actual ground becai~se 
of Interconnect (trace) ancl lead inductance. If many clock iirrvcrs switch si~i~ultaneously. 
:I v o l t ~ ~ g e  proportional to the rate of change of current with time I \  induced in the trace. 
rlliis sirnul~aneous witching may cause false switching ol'tievices o n  vict~m trace). Vi:ls. 
bond wires, anti package connector plris also corltributc to t h ~ s  ~ n d u c t ~ v e  effecr. which is 
;11so known ax grouncl ~ O L I I I C C  or delt;t 1 noisc'. ('o~ilponcllt p;icI\;~sc\ \ \ i t11  I IO  i~lter-nal 
grouncl plaric.; are thc \voryt 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 

8 Crosstalk 

Reference accuracy . Thermal offsets 

Ground offsets 

Power supply variations 

Trace IR drop 

Ground IR drop 

Terminator noise 

7.2 REFLECTIONS AND RINGING 

RejZecfinns 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 voltage 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 failure. 

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 ohrnsi load. This transmission line closely approximates a quarter 
wavelength resonator (stub shorted on one end, open on the other). Ringing is the reso- 
nance of that stub. 

As signal edges become faster, consideration must be given to propagation and re- 
flection delays of the routed trace. If the propagation time and reflection within the truce 
are longer than the edge transition time frorn source to load, an c~lec~tric.ully long rl-crrr will 
exist. This electrically long trace can cause signal integrity problems depending on the 
type and nature of the signal. These problems inclutle crosstalk. ringing, and reflections. 
EM1 concerns are usually secondary to signal quality when referenced to electrically long 
lines. Although long traces can exhibit resonances. other suppression and containment 
measures iniplementecl within the product may mask the EM1 energy created. As a result. 
the devicc may cease to function properly if impedance mismatches exist in the system 
tletween source and lo:rd. Reflections are frequently both a signal quality and an EM1 
issuc when the cJgc tirr~e ot'tht. ~igniils constitutes a significant 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. Ldeally, all traces should be treated as a transmission line. 
Transmission lines are described by their characteristic impedance, Z,, and propagation 
delay, t,,,. 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 Z,,, = Z,, = Z ,,,,,. 
Minimum reflections will occur when Z,,, = Z, and Z,, = Z ,,,,,. 

If the load is not matched to the transmission line, a voltage wavefomi will be reflected 
back toward the source. The value of this reflected voltage is 

',\ hif~ircarrtl trace I \  a i~ i ip l r  rr;rc.r ~hirt I \  Ilr-okrr~ up inro Iw,r tlacce\ routed lo ,iifft.rer~t I ~ ~ . i t i t r n \  



Chapter 7 . Signal Integrity and Crosstalk Section 7.2 8 Reflections and Ringing 

Impedance discontinuities 

where Vr = reflected voltage 
V,, = source voltage 

ZL = 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 retlects 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. 

ZL - Zfl 100 5% reflection = --- 
iz, + Z,,) 

This equation applies to any impedance mismatch, regardless of voltage levels. Use Z,, for 
the signal source of the mismatch and ZL 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 returned 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 tenn ringhock 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 lcchniques. and impedance mismatches of' 
the network ( 141. 

Sharp transitions in a trace may be observed through use of a Time Domain Reflec- 
tonieter (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 to 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 struc- 
ture. An oscilloscopc observes reflections. Both types of discontinuities are shown in Fig. 
7.3. Although several impedance discontinuities are shown, only one reflection is illus- 
trated ( I h ] .  

Vmin - -  - -----I 
Rising edge 
I 
Falling edge 

Change in impedance as a result of discontinuity 

L F I t 

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 

Ringing indicates Rounding indicates 
reflections (excessive inductance) excessive capacitance 

Figure 7.4 K ~ n g ~ n g  and roilnding of ,I \ignal within a trace (~dent~fylng distonlon\. 
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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 undei.dunzped 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. Cupucitance 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 o17erdumped. Shunt capacitance always exists in both the trace and the input to the 
load. The parallel combination of these two capacitors (trace and loadj determines total 
shunt capacitance. Excessive series resistance in the signal courcc 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 illusirates a typical circuit using lumped cornponcnts. A source driver 
with internal series seristance. R,,, is shown along with inductance of the trace, L (which 
includes component lead wires). and distributed capacitance from trace to ground, X ( .  
This is in addition to the internal capacitance of the receiver. Within this circuit. addi- 
tional resistance, inductance, and capacitance may also exist but is not included in this 
simple example. 

Assume there is capacitive reactance of thc trace plus load ( X ,  = 1lwC) which is 
niuch Iecs than the load resistance iR,-) at high frequency. When a trace is physically 
short. the semiconductor package and decoupling capacitor lend-length inductance be- 
come the dominant cauae of ringing. ?'his is analyzed in terms of lumped circuitry where 
the dampine of a \lmple R1.C series circuit npplie. Thc conclition for ringing (under- 
damped) is 

For rounding (overdamped) 

Rounding = X, > ~ L / 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 1-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 3 .  At the source, the reflected signal also has an 
overshoot of -1 .OV 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 electrically long trace. Ring- 
ing (overshoot and undershoot) is present. Ringback, if severe enough, can falsely trigger 
the load into believing that a logic 0 state is present. This false triggering can cause im- 

Rs L( t race)  

I 
I 

SOU~LP Load I Load 

R~ng~nq = F? Xc4  > ! (Underdarnped) 1"igur.c. 7.5 I-LILII\ .~IcI~I I I L  LIII :,II r t t ig l l~~  (11 

qoundrng : Xi. J. 4L fi- (Overdarnped) ro~~n( i~ne  

i l l  l l l l I 1 I l  

A Signal source Z = 2 ,  . B Reflections at load end C Backward refledions at the source 
without matched termination. causes noise margin upset 
The undershoot can upset noise and reduces the maximim 
margin and cause false triggering. permissible dock rate. 

A f -  1 6  

1- Scale: Vertical - 1V per division 

Figure i .6 K~nrtng IIII tr;rcir 
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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. 

'I'ABLE 7.1 Logic Farnilic.\ and lrnporlant C!iaracteribtic Parameters 

Maximum Non- Maximurr~ Non- 
RisciFall lransmission Line transmission Line 

Time 'Trace Length Tracc Length 
Logic Famtly i.4pprox.) (Microstr~pi (Str~pline) 
(Sample l.ist1 T ,  T, L,,,,,, = 9 7; L,,, = 7 * T, 

i 3 L  xsx 7 ! - 3 5  115 279 crr~ ! I 10") 217 c n ~  (85.4") 

74C xxx 2 2 4 0  nc 125 cni IXX..';'') 1 75 cm I 69") 

74HC xxx I ?  -15 n i  1 1 7 en1 i 46") 91 crn lih") 

74 xsu l ( L I 7  ns 90  ern ( 15 5 " )  70 ant i77.5", 
ifltp-flop, 15-22 ns l 3Scm 153") I02 ctn !4l"1 
74LS xsx '1 5 n\ X .5 2111 (34" 1 hb.5 en1 126'' i 

itlip-tlopi l.;-!j [I., I 17 cm 146") 0 l cm ( 36") 
74H uxx 4 (i n 5 7h em 1 I l . Z " j  28 cm i I I " )  

74s xxs 3 4  n \  2: ern ( IO.h"i 21 c n ~  18.3") 

74HCT sxx 5-15 n\ 1 5  ern ( 18") 5 cm r I P")  

'JALS xu.< ? -  I0  ] I \  I8 cnl ( 7" )  l U cm [4"i 

74ACT uxx 3-5 n< 18 LSII 17'') ! 0 crn I J"I 

74F uxx I 5- I .b >I\  10.5 2111 14": IU.5 cm cJ") 

ECI. I OK 1 .5 n\ :(!..'. cm i 4"i 10 5 cm (4") 

ECL 1 (!OK 0 .75  I I \  0 cr11 (2 .4")  5.75 cnt 12'0 

RTL I  .O '1 c111 (? .5"1 7 ern c7.8"i 

1.VDC 0.3* 2.7 c n ~  ( 1  ] " I  ' I i.m ( 0  8"' 

<;'I I + 7-  2 C l l l  I I I ' i  1 I crn (0 Y"; 

(iaiia I)..:* 2 7 L I I I  I l . Ir ' i  7 1 cr11 1 1 )  X"I 

4\sulnc 1 7 11sIit 1 0  14 nslttl 1). 1(1 t i \ / i i r t i  r'lx itltcrtl<tt~p L'r~pag~ittc~n dcla) lor t R  4.  c = 1 0 .  
,-\\\umc 2.2 ndi t  10 .  18 r~s l in ,  or 1).47 I I \ / L I ~ I I  tor \tripitn(= I'rop:i~:t~ioii clel:~y t ~ i  FU-4. f .  - 4 1, 

' I '  , I ~ I L I  I ,  d c l ~ c i ~ ~ l \  gr~.~itl)  < ) i ~  loi~cl ~ ~ p ~ t c t ~ ~ ~ i c t ~ ,  \~lppIy volti~gc, .1ii~1 I(' c o r n p I c \ ~ f ~  
.Vote, l ' ,  and T ,  wtll (liffc.: I~cr\b?cii ~ C V I C ~ .  ~ i i .~ t t t i f .~c~t~rcr \  ~ C ~ C . I L I \ ~  ot'thc t ; ihr l~~~i i~ol l  p i i~ i  i .\i  I I , V , I  

' T l~c \ e  Arc i l ~ c  t;~\ic\i d g c .  r:uc \iiluc\ 

7.3 CALCULATING TRACE LENGTHS 
(ELECTRICALLY LONG TRACES) 

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 is 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 
time. 

where t ,  is edge rate (ns) 
t',, is propagation delay (ns) 
I,,, maximum routed track length (cm) 

Figure 7.7 illustrates this equation for quick reference with a dielectric constant 
of 1.6. 

To simplify Eq. (7.51, we use the real value of propagation delay (actual dielectric 
constant based on frequency of interest: see Chapter 6 )  from FR-4 material using mi- 
crostrip and stripline impedance equstions (factoring ir~ 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-M~UJ 
leri~rh. $-om sourre t o  loud i.s one-hay the ~ ' ( i l u r  c$ I,,,, c ~ ~ l c u l a t o r i  hrlonj. The following 
calculations are for a dielectric constant of 5.h. 

lllldx = C) * I, (for m~crostrip topology-in urn. ) 
(7 .6)  

= 3.5 -* f a  (for microstrip topology-in in. ) 

In,.,, = 7 * 1,  (for stripline topology-in cm. ) 
(7.7) 

I ,,,,, =?75 V, (for stripline topology-in in.) 

For cxample. i f '  :I ~ignal edge is 2 ns, the maximum round-trip. unterr~~inated trace length 
when routed on rrlicrostrip is 

1rt,,,, :i: t, - 1% cm (7") 

When this .;;me clock rr:ice is routcti o n  stripline. the rrlasi~nunt untcrnlinatt'cl iracc 
length of this 2-11s s i~na l  etlye becomes 
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-increasing Bandwidth, MHz 

50 cm 3183 1273 640 420 320 160 64 

I I I I  I  I I  I I I I I  I I I I  1 \ 1 1  
45 cm 

10 cm 
(3.9 in) 

5 crn 
(2.0 in) 

17.8 in) 

Rise time (ns) 
(edge time of various devices) 

Note: Above calculations are for a microstrip topology with dielectr~c constant of 4.6. 
Actual distance will differ based on the dielectric material used within the board assembly. 

Figure 7.7 blciu~rnurn unrerm~nated l~nc length \ignal edge rate (l-R-4 rndtcrlal) 

I,,,, = 7 * r,= 14 cm (5.5") 

These equations are also useful when we arc evaluating the propapational time between 
load interval5 on a line with multiple loads. 

T o  calculate the constant, k. either 7 or 9. for I,,,,,, use the tollowin: example. 

- -- -- - - -- -- 
EXAMPLE 

u,heri. i i  = -30.5 for CIII. I2 for Inches: . I  = 0 i. converts tranrniss~on line to one way parh 
- - ~ .  -. 

r,,,, = 1.017C'O.475 E, A 0.67 (for ~r~icrostrip): t,,(, - 1.0171 'cr (for stripline) 

cxamplt. for E ,  = 4.6. X = 8.9 Ibr mlcrostrip ( i n  cm) or 3.5 (in inches) 
X = h.9 l'i)r \tripline ( i r ~  cmr or 2.7 (In inchrj) 

-. -- . 
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if a trace or interval is longer than I,,,, 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 concerns, 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 IS a trace or loading interval is electrically long 
and requires termination. 

where I,,,,, 1s the calculated maximum trace length and lt, is the length of the trace route as 
measured in the actual board layout. Keep in mind that lCi is the round-trip length of the 
trace. 

Ideally, trace impedance should be kept at f 10%. In come cascs. L20-30% may he 
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. plu:; 
other microstrip and stripline constanls determine the impedance of the trace (see Eqs. 6.7 
through 6.70). It is always best to maintain constant impedance control at all times for any 
dynamic signal condition. 

An example used to determine whether i t  is neccssarv to tenilinate a signal trace 
using characteriztic~ ~n~pedancc .  i7rop:1gation delay. and capacltlve loading I.; now pre- 
sented. 

-- - -  - 

MICROSTRIP KX AMPLE 

X 5-11s edge rate ite~ict. i \  prov~dcd on a 'r-inch \urtacc ~ r ~ ~ c r o ~ t r ~ p  Irnce. S I X  load\ ~c~oniponent\~ are 
distributed througtiout the route. Each ile\~i,c t i a h  arr input c a p a i ~ t : u ~ ~ ~  01' h of' I \  ~ ~ T I I I I I I ; I I I O I ~  sc- 
q u i r d  (tor till\ route! 
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Trace thickness, T = 0.002 in. 
Dielectric constant. E, = 4.6 

A. Cuiculcllr c~haruc~rerisric impedance and propagution delay detailed in Chapter 6 [Eqs. (6.7) and 

(6 .9) l .  

B .  Analyze r.apaciti1.e loading. 

Calculate C,, dibtnbuted capacitance (total normalized input capac~tance divided by length). 

C<, = 6 " C,/trace length = (6  * h pF) / 5 in. = 7.2 pF/in 

Calculate intrinsic capacitance of the trace-Eq. (6.24) 

Calculate one-way propagation delay time from the source driver-Eq. (6.21 ). 
-- - 

t',,,, = lP,Vl + C d l ~ < ,  

r t',,, = 0.143 \ 1 + 7.2 / 2.26 = 0.29 n\/in. (3.5 ns/ft) 

C'. Perji~rm 11 trunsn~ission line analysis 

Ringing and reflections are masked during edge transitions if 

(2:kt',,,,)*trace length I r ,  or !! 
For t h ~ s  srtuatlon, 

( 2  * r',,,,)* trace length = (2:1;0.29 nsIin.1 * 5 in. = 1.4, ns 

Given that the edge rate of the component is I, = t, = 5 ns and propagation delay ib  2.9 11s. terrninat~on 
is not required. Sometimes the guideline of ( 3  x I:,, x trace length) is used as a margin of safety. For 
this case. propagation delay would be 4.35 ns: hence, termination would still not hr needed. 

Assume now thal the trace is routed stripline. Is rerm~nation required'? 

E.rom above 

t , ,  - 1017 r \ t  = I IXns'tt - O i S n \ / ~ n  

- ~-~ 

1 '  , V I ' f - 4.05 11s/f-t (0.34 ns, I [ \ , )  
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Again, this trace would not require termination since 3.4 ns 5 5 ns. The propagation delay for 
stripline is 1.60 ns longer because tPd (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 4 s  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, E,. = 4.6 

A. Calculute cl~aracteristic intptdance clnd propa~urion ileluy rle~ailed in Chapter 6 .  [Use Eqs. 
(6.13) and ih.lSi.1 

' 20 = 50.7 0 z,, = (+&I Ln i- o.nco) -- + 5) 

r 
I,, = 1.017 VE, = 2.18 ns/ft (0.182 ns/in.) 

B. At~uly-e c~upuc~tive loading. 

Calculate C,, distributed capacitance (total input capacitance divided by length). 

(", = 6 G: C',, 1 trace length = (6  1: I? pF) i 10 rn. = 7.1 pF!in. 

Calculate intrinsic capacitance of the trace. 

C,, = 1000 (I,,, / Z<,) = 1000 (0 .  182150.7) = 3.58 pF1in. (43.0 pF1t1) 

Calcul;ite one-way propagation delay time froni the source driver. 
7.- --- 

i',,,, = 0.182 V I A 7.2 / 7 .58  - 0.31- ns/in. ( 7  79 ns,'l't) 

The miportant condrllon of Intere\t I \  (7  I',,~,) * trace length 5 I or I.. 

( 2  -C trace length = ( 2  i: 0.32 nslin.) * 10 in. -. 6.4 ni  

Since the edge rate o f  the component I, = i, = :! n\. and propagatton tlel:ty ((1.4 l?), termination is 
requ~red lo absorb tr;~nsmission linc cffrc15. 

A~sume rhc truce i\ routcd niicrosrrip. I \  tzrrii~natror~ requrred" 

C',, - IOW (t,,,,/L,,) = 1000 (0.14/50.7) := 1.76 pF 'in. (33 pF/f'l) 

2 '. + trace length - .! i 0.34 nsjiri. x 5 i n .  -- 4.4 n\ 
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t',,t, = t ,,,, I. 1 t C,, / C, = 0.26 ns/in. (3 .10 ns,'ft) 

2 :< r',,,, X trace length ;= 2 X 0.76 ns/:ft X 10 in. = 5.70 ns 

Again. this tracc woulit rcquirr term~nalion sirice 5.20 n 2 7 ns. 

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 3 discontinuity to exist. a 
Sinite distance is required between source and load as wel! as the time of propagation 
across the distance interval with respect to edge tirncs. 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 wilh a dependency of edge tinie of the signal [8]. The return path discontinuities 
also need to he considered. If a trace switches routing layers internal to the PCB. imped- 
ance control rnay be disrupted. 

The load separation distance interval defines the point where reflections from one 
load on a transniiss~on line starts to affect adjacent loads. 

Within a PCB, logic input has an effective input capacitance associated with it. In a 
transniission line structure. ;I point discontinuity occurs whenever a capacitive load is pro- 
vided. Each discontinuity will allow the propagated signal to pass down thc line with a 
srnall portion of the \ignal rellectecl 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 Sunctior~ of the edge transition of the incident pulse. 

For a noticeable effect to he observed by point riiscontinuities. there nii~st be a finite 
amount of clistanee separation. We iclcntify t h ~ s  unit of separation as I,,p between acijacent 
loads. 11' the distance. I,,,, (psopag:~tion tinie) is small u ~ t h  respect to ecly times. the re- 
flected p~llse\ uill not adtl together or corrlbine into one large discontinuity. which rnay be 
measured w~th  use of 3 TDR. 

7'0 calculate I,,,, hctureri two point.;. consider the reflected pulse uidth. This pulse 
width is directly equal to ihe p~.c)pag:~tior~ ~ i m e  hetween points -1 and R .  Using kno~blcdgt. 
of .ui clectr~call> lung [race ~ I I J C I I  inc l i~~i t .~  rourid-tr~p propagation delay (source-to-loati 
:~ncl rcturn path t'rom loa~i- to-ho~~~-ct .~ .  usta Ecl. (7.91. h a d  on Fig. 7.3 181. 

Long stub A 
V~rtually "zero" length stub 
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where y = width of the reflected pulse from A 
d,, = distance between points '4 and B 
r,,, = 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. 

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, 
It,, = 1 . 0 1 7 f i  = 2.08 ns/ft or 0.17 nsfin.). The distance between two points acceptable 
before point discontinuity affects the signal is 

d,,= (1.7 * 0.8ns) / (2 * 0.17 ns/in.) = 4.0 in. (10.2 cm) (7.11) 

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., actual 
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 anlplitude 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 s~gnal content. 

A Single pulse 

Figure 7.9 Relle~retl pul\c.\ Irom polnl ( \ I \  TWO pulses integrated 
< oI l~ l l l u l~ l c~~  
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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]. 

where i ( d )  = signal current density (A1in.) 
1, = 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 nf operation and the skin 
depth effect of the ground plane impedance. As thc skin depth increases. the resistive 
Lornponent o f  the ground plane impedance will also increase. This increase will be ob- 
jerved with proportionality at relatively high frequencies 12. 141. 

Signal trace j 2.2~ 

Ground plane 

Current density = 
at point I(d) Is 

I + ( ; ) I  

7.6 CROSSTALK 
i 

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 EM1 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 110 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 EM1 sensitive cir- 
cuits may, however, also unintentionally couple their RF energy to the 110 section. This 
I/O coupling can result in radiated or conducted EM1 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. 7.1 1. 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 121. 

Figure 7.1 1 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 1s important to keep a low impedance between connecting points at OV reference or 
ground. 

Source trace 

finite common impedance/ 

Reference conductor 
I 

In the ground plane 
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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 C,, (source-ground) and C,,, (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 (2,) or far end (Z,). Near end refers to the 

Parc':el traces over a ground plane 

Source 

R" L" 
Schematic representatton of a three wlre clrcu~t 

C,, = Capacitance between source trace and victim trace 
Cvg = Capacitance between v~ctim trace and ground 
Csg = Capacltance between source trace and ground 

vlctlm trace 

- 
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point of the circuit that is identified as source. Far end is the point identified 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 [races 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 parallel routed traces, two forms of crosstalk will be observed, forward and 
backward. In a PCB, backward crosstalk is considered to be n 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, I10 interconnect, 
and similar circuits subject to corruption. Inductive crosstalk can be controlled by increas- 
ing trace edge-to-edge separation between offending transmission lines or wires. or by rnin- 
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 

D 

a Source trace 
C ' 1 r. 

b,, 
A 1 

-'wr-+ V~ct~m trace 
Source trace 

Cr 

AI 
* CS" 

I-- Lm V~cbm trace 

f I 

Ground plane or refer(tnce structure 

Source trace lnductlve coupi~ng 

V~cbm trace C5v== 
~ L ( S O " I C B I  

C"S_- 
-- 

zs,v,c,,m, 

, , C,, = Capac~tance between source trace and v~ctrm trace 
f' - C,,,- Capacitance between vlctlm trace and ground 

( ' ) 1 ' CSy - Capacltance between source trace and ground 

Figure 7.12 i race-to-tr;lcz ~ o u p l ~ r i p  w~th l r l  4 PC'H srr-ucrurc 
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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, A, 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 2r, where t, 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 he less than backward crosstalk 1141. 

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 00 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) 131. 

dB = 90-(crosstalk coupling loss in dB) (7.13) 

For example, circuit A couples with circuit B. Circuit A is at a 58 dB lower power level. 
We calculate the crosstalk from circuit .4 to B as 32 dB. 

Crosstalk is also expressed by Eq. (7.14) when applied t o  a source and victim cir- 
cuit. Since we reference voltage against voltage. there is no unit of measurement except 
that of the basic dB. 

V,,,,,", X; :,,,,,,, = 20 lop 
v,,ur,r 
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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. 

1. Group logic families according to functionality. Keep the bus structure tightly 
controlled. 

2. Minimize physical distance between components. 

3. Minimize parallel routed trace lengths. 

4. Locate components away from 110 interconnects and other areas susceptible to 
data corruption and coupling. 

5.  Provide proper terminations on impedance-controlled 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). 

1 1 .  Partition or isolate high noise emitters (clocks. IJO, 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 parallel 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 Eq. (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 rnusl minimize H and maxiinize D 131. 
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Trace 1 Trace 2 
H H 

Plane 

Typical crosstalk conflguration 

Trace 1 

Trace 2 
H2 

Plane 

Typical crosstalk configuration with different trace heights 

Trace 1 

Trace 2 
" 1  b H2b 

Plane 

Parallel traces used calculate H in a stripline environment 

Figure 7.14 Calculating crosstalk separation 

For embedded microstrip, if the parallel traces are at different heights. the H' term be- 
comes the product of the two heights as shown in Fig. 7.14 and Eq. (7.16). The dimension 
D becomes the direct distance between the centerline of the traces 131. 

If the traces are routed stripline between two reference planes. determ~ne H usng a paral- 
lel combination of heightc to each plane, detailed In Eq. (7.17). 

Hnu * Hnb 
Ht,,t*l = Hna + Hnh 

We can also determine the distance spacing for microstrip traces for eliminating crosstalk 
by using Table 7.2. When using Table 7.2. special notes are required. 

1 PCB trace Z, = 50 R ( Z ,  & Z ,  = 100 R In parallel) and I -cm length. 

2 L, and Z, artre real, not complex values 
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3. Crosstalk given per cm of parallel trace run. For other lengths. an approximate 
correction of 10 log V;,,) may be added, with A,, as parallel trace length in cm. 
This correction is applicable for frequencies up to 1 GHz. 

4. For other lengths and Z, (impedance of the victim trace), apply the correction 
factor: 20 log[(Z, /)/I 001 where I is the length of the trace. 

5. Clamp at -4 dB for no ground plane. 

-10 dB for Wlh = I  

+4 dB for buried traces 

6.  If Z ,  and Z,  o I00 Q. add 10 log (Z, 150). wlth 2, = L~''- . 
z, + ZL 

7.7 THE 3-W RULE 

Crosstalk can exist between traces o n  a PCB. This undesirable effect is associated not 
only with clock or periodic signals, but also with other system critical nets. Data, address, 
control lines, and I/O all are affected by crosstalk and coupling. Clocks and periodic sig- 
nals create the rnajority of problems and can cause functionality problems with other 
functional sections. lJse 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 niay make routing more difficult. 

The basis for use of the 3-W rule is to minimize coupling between traces. This rule 
states that thr distarzr.~ separation between tr -u~.e~ M L I S ~  be three times the width of a 
.single tl-lice, mc~u.sl~r-cclfi-om center-lir~e to centerline. Otherwise stated. the distance .repa- 
I-ution bc~tu'een two trac.es nzirsr he ,qr.eriter than two times the rc~idth of u s in~ le  truce. 
For example. a clock line is 6 mils wide. No other trace can be routed within n mini- 
mum of 3*6 mils of this trace. or I?.  mils, edge-to-edge. As observed. much real estate is 
lost in areas where trace isolation occurs. An exa~nple  of the 3-W rule is shown in Fig. 
7.15 [ I ] .  

Note that the .i-W rule represents the approximate 7 0 9  !lux boundary at logic cur- 
rents. For the approximate 98%- boundary, 10-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. i t  is important to determine which traces must be routed 3-W. 

.4s qhown in the middle drawing of Fig. 7.15, 3 via is located between two traces, 
This via is usually associateti 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 a n a l o ~  level control trace. o r  an I/O interface may pick up electromagnetic en- 
r'rgy. ti ther inductively or capacitively. To minimize crosstalk corruption to the via. the 
distance spacing between adjacent traces  nus st include the angular diameter ant1 clear- 
~unce of the via. The same requirement ~ ~ 1 s t ~  for this distance spacing between a routed 
trace rich in R F  spectral energy that may couple a corllponent's breakout pin (pin 
cscape) lo thi\ muteci trace. 

9 a*-w 
The distance spacing between both traces 

must have a minimum overlap of 2W. 

For the via, add annular keep-out diameter which 
includes both the via and annular (anti-pad) clearance. 

Adjacent trace W//////////////////////////////d 
2 2-W 

Clock trace h\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 6 mil j 30 mi1 

2 2-W r 12 m ~ l  
A 

Adjacent trace t////////////////////////,!/////A 
Top down view 

3W spacing without a vla between the traces 

Figure 7.15 L)e\~gn~ng w ~ t h  the 3-W ( i ~ l e  

Use of the .i-W rule \lioulJ not he restricted to only clock or perlotiic <ignal traces: 
differential pairs (balanced. ECL, and similar sensitive nets) are also prime candidates for 
3-W. The distance between paired traces must be 1-CV for differential traces. For differen- 
tial traces. power plane noise and single-ended s~gnals  can cnpacitively (o r  inductively) 
couple into the paired tracec. This can data corruption if traces not a\\ociateti w ~ t h  
the dii'ferential pair arc physically closcr than .i-1Y. 

An exanlple of routing differential p a r  truces within a PC'B s~ructure 1s \tlowrl in 
Fig. 7.16 [ I  1 .  
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Differential pair traces* 
Other trace 

/ Other trace 

/ 
0 

/ 
0 

r 1 -W from edge of Ground plane 2 1 -W from edge of 
plane to edge of trace plane to edge o: trace 

'NOTE: The " W  between the traces may require modification 
to adjust tor the desired differential pair impedance. 

Figure 7.16 Parallel differential pair routing and the 3-W rule. 
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I race rerminatlon 

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, te~mination 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 he 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. 

3. CMOS components, as CMOS is susceptible to latch-up when a high-to-low 
transition goes much below the low-voltage transition state (approximately 3 
volts). 

4. On address and data lines when the designer is pushing the speed 01' the tech- 
nology used, along with extremely fast edge rates on device inputs. 

Less concern is generally given to transn~ission line effects with address and data 
s~gnals. provided the system is synchronous. Designers must consider worst-case setup 
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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. 
EM1 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 2 1 ns. There is a 1-ns delay over the desired re- 
quirements rather than I ns under. 
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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.OV 
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 illustrated in Fig. 8.1. 

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 Zi,. 
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 fur a matched transmission 
line. The (.\-I subscript indicates variativ~is along the line. 

Source Z Load Z EM1 results Waveform at Load 

z0 z0 None n 
ZO High Trace-trace coupling h 
zo Low Edge rate changes fi 

High Trace coupling, Low 
EM1 and crosstalk 

Figure 8.1 Transm~ss~on line effecta. (Sourre: Oren Hartal, Elec/rorna,snetlc Conlputi 
hllrty hy Desiqn. O 1994. Reprinted by permission uf R&B Enterpr~ses.) 

8.2 TERMINATION METHODOLOGIES 

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 dia- 
continuities. Discontinuities affect signal integrity and rnay corrupt the voltage levels of 
the intended sisnul to a nonfunct~onal value. Ringing, reflections. overshoot. undershoot. 
and crosstalk are also problem areas observed in traces that are not routed as a transrnis- 
cion line. I f  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 ~ninimizing. or preventing 
RF currents from being created and causing harmt'ul interference to other electronic 
equipment. A shield around the tran.;niission line also enhances RF ini~nunity protection 
from euternally generated KF. sources. 

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 resistivc 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 detailed in 
Fig. 8.2. A summary o i  termination methods is presented in Table 8.1. Each termination 
method is discussed in depth in this chapter. 

I. Series termination 

7,. Parallel termination 
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Series Thevenin q 

Power or ground 
logic family dependent 

Ground 

RC +?- network 

Power 

+$D- Diode Ground 

Figure 8.2 Common termlnatlon methods 

3. Thevenin network 

4. RC network 

5 .  Diode network 

Termination not only matches trace impedance and rcmoves (or reduces) ringing and 
reflections, it may also sometimes slow down the edge rate of the clock signal if incorrect 
value? are :~pplied. Inappropriate ter~nination may degrade signal amplitude and integrity to 
the point of nonfunctionality. Reducing either dlicft or dViclt within the trace will reduce the 
creation of R F  currents generated by high-amplitude voltage and current levels. 

Another way to describe this ~1IIdf and dI/'!dt concern is to relate these functions to 
Ohrn'x law. I = IK. The following text ~iemon\trates very briefly how to translate Ohrn'b 

. ~ I ;\RI.I.: 8.1 Tcrni~n: i t~i~r~ T.vl~e\ and 'r1it.11 Propertlc.. 

I er1~11n:it1o11 \ddctl I>cla!, Power Part\ 
I'ypc. )'art\ -\tided Kequ~red Value\ Comment$ 

Se r~e \  I Yes Low K , - 6  f: Cio<)d DC nolse margirl 
Parallel I Sm;tll High R = Z, Powel cur~aumpt~on i \  s 

problzrri 
'Thcverl~n 2 Small tilph K = 2 , / ,  I l ~ g h  power f ~ r  CMOS 
KC' Small ;Ilcdlum K = / ,  (..heck hand\v~d~h and 

( '  = 2W)OI)  pf. added cupacltmce 
I>~odc -, S~na l l  I.CIU .- I Imn\ under.;hoot: 

law into a "simple" electromagnetic concepts using the equation V,,, = I,,*Z. If the im- 
pedance (Z) of the trace remains constant, then both clV (RF voltage) and dl (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 
EM1 undesirable side effects; hence. EM1 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. 

F ,  = 4.5 
R, = output impedance of driver 
C, = 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 model using a ?-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 typlcal waveform at the load with minor 
overshoot and undershoot, typical with an improperly designed transn~ission 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- 
crostrlp transmission line with an E ,  of 4.5 is 1.72 ns/ft (0.36 ns/crn). 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 1.5 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 lcngtli ol' 
:I trace is in the PCB artwork prior to releasing the artwork for manufacturing. If  SPI(-'E or 
any other transrnission path analysis is done on a typical .;-inch trace. and the PCB de- 
signer uses an 18-inch tracc in a synchronous system operating at frequencies of 100 MHz. 
and above. signal integrit) concern becnrnes mandatory. Details on propagation delay 
within ;I PCB tracc were presented i n  Chapter h. The discr~scion that t'ollous i.: 13ased on 
thi\ baseline data 
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Volts 

- 2 . 4 & ' i ' : ~ A /  

0.0 16.5n 33.0n 

3-inch transmission line-no termination 

Volts 
7.3 I 

-2.4 6-- . + .  , L : , j 
0.0 16.5n 33.0n 

18-inch transmission line-no termination 

Figure 8.4 Baseline plots for rekrencc purpohes 
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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. 

1. A series termination provides a 50% reduction in drive voltage from the output 
of the resistor before traveling from source to load. 

2. The reflected signal from the load will propagate back to the source at a 50% 
voltage level. 

3. A reflection 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 

where R ,  = output resistance of the source driver 
Z,, =characteristic impedancc of the transmission line 
R,  = series resistor 

For example, if K,,  = 22 R and trace impedance, Z,, = 55 ohms, R, = 55 - 22 = 33 R. 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 7 5  (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). PC1 drivers are optimal for this function 
because they have an extremely low-output impedance. A series resistor at the source that 

Source 
Output of T 

Figure 8 .  5cr1r\ tennlndtlon i1rcu11 senes reslstor 6 
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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, = 2/32,,. 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 7 * t,, (round-trip travel). 

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 LZ 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 
compron~ises, it can still be effective. 

The I/? C',,, plateau can place the signal in an indeterminate logic state that can 
lead to improper operation should a bus structure he provided with multiple loads at vari- 
ous routed spacings. Signal integrity issues exist for multiple devices located on a routed 
bus, t,ar,ept 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 I S  nor set up. Without n DC current 
path. V,,, and 'L,,,, levels are not degraded. If each clock output is driving only one device. 
series tennination is the optimal choice. If a clock trace must connect to multiple loads or 
receivers, series tennination is not the best choice. 

When a device is sending rr voltage-level transition down the transmission line. the 
source driver will see only the input irnpedance of the load which qhould he a high value. 
:I series resistor is always locared directly in the tranmission path. When the driver cends 
out a lopic high signal. a direct path to ground through a low impedance (e.g.. a pull-down 
resiator) will not occur. For 3 logic low state, the source driver will not consume power 
from the voltage source as if a pull-up resistor was in the circuit. 

When a series resistor is ~ised. the impedance of the trace is changed as a function of 
frequency. clexribeci by ELI. (8.41 where m IS freclurr~cy (In radians), L I S  srrles ~nduc- 
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tance, and C is capacitance of the trace. It is observed that when R exceeds OIL, 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 OIL 
exceeds R, the characteristic impedance becomes constant. 

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 

Using Eq. (8.4) for the 1 0 4 0 %  rise time of an RC filter, it is possible to determine the 
value of the rise time degradation as 

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 d~iver 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 K,; and the third trace is at the 
input of the load. Propagation delay at the load is described by t,,', = 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 
waveforni 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 dclay of a transmission line detailed in 
the cecrion "baseline" is applicable for series termination. 
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With a series termination resistor, minimal ringing is observed at the load compared 
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 r/; (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 t,,,, while the source would re- 
ceive the reflected waveform at 2 * t,,', where t,, is the one-way propagation delay. 

When to Use Series Termination 

Advantages of Series Termination 

1. Series terminators can provide a slower rise time, which results in smaller 
residual retlections and less EMI. 

2. Series resistors help reduce the spectral distribution of RF energy. 

3. Series resistors reduce ground bounce. 

4. Overshoot is reduced. 

5.  Signal qualitytintegrity is enhanced. 

6. Minimal power dissipation occurs. 

7.  Distribution to multiple end-point loads from a common source (Fig. 8.7) is 
easily implemented. 

Disadvantages of Series Termination 

1 .  Series termination does not perform optimally when both TTL and CMOS de- 
vices arc o n  the same net. 

7. Series termination nonnally 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 retlections. All loads 

Driver 

Series reststor I i--p 
Figure 8.7 D~hlr~hutlon to  lnult~plc tw~ i~ l~o in r  
Ioi111 from :I c 'o~nrr~or~ \ource 
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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. 

7. 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 of 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 s~milar to 
Eq. (8 .5)  except the impedance of the circuit is qJ2. as shown in Eq. (8.7). 

4150, wnilar to uslng Eq (8.6) for the 10-90% 11se time of dn RC fiiter. the edge tlme 
degradat~on can determine the 'tctual use tlme degradation as 

For Eq. (8 .X) .  the difference In edge rate degradation is assumed to he half that of series or 
source termination. This approsi~nation is due to tolerances and variations within the net- 
work (transistors internal to the cornponent plus discrete devices). For system critical 11e1s 
where timing skew is important anti synchronous operation must be assured. end lcm~ina- 
tion may be a better choice. 

Source Component 
pinout 

TI 
Wrong implementation-end termination Correct location of end termination 

(Schematic representation) (Schematic representation) 

Trace I - - - - - -1  
Trace 

r - - - - - 7  

Ground 
via 

SMT 'RC' network 
(pads only shown) 

Ground 
via 

SMT 'RC' network 
(pads only shown) 

Wrong implementation-end termination Correct implementation-end termination 
(Actual layout representation) (Actual layout representation) 

Figure 8.8 Locating end termmators on a PCB 

Source Load 

Figure 8.9 tqu~vdlent  ClrLult ot end tennlnd- 
tlnn 

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,  rrlust 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. 
gene~.ally 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 inlpedance of the network. The termination resistor 
is only onc 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 is the input shunt capacitarice o f  the load. 
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Figure 8.10 Parallel tern~inatiun clrcuit. 

A disadvantage of parallel termination is that this method consumes DC power, 
since the resistor is generally in the range of 50 to 150 Q. In applications of critical device 
loading or where power consumption is critical. for example, battery-powered products 
(notebook con~puters), 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. 
This is because a large drive current is required in the HI logic state. When the source dri- 
ver switches to V,( .  or logic H1. the driver must supply a current of V,, lR to the termina- 
tion resistor. When in the logic LOW state, no drive current exists. Assuming a 55 i2 
transmission line, the current required for a 5V drive signal is 5V155Q = 91 mA. Very 
few drivers can source that much current! The drive requirements of TTL demand more 
current in the logic LOW state than logic HI. CMOS sources the same amount of current 
in both the LOW and 131 logic states. 

Since parallel termination creates a DC current path when the driver is in the HI 
state, excessive power dissipation and V,,, degradation (noise margin) occurs. A driver's 
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 rnuch Vo,, 
degradation is acceptable by the receivers. 

When parallel termination is provided, the net result observed on an oscilloscope 
should be nearly identical to that of series, Thevenin or RC, since a properly terminated 
transmission 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 ~ i n ~ p l e  parallel teni~ination, a single pull-down resistor is provided at 
thc load. This ~lllows kist circuit perfornm;~nce when driving distributed loads. This resistor 
has a 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 truce 1s described by Eq. (8.9). On PCB 
stackups that include Omega layers, parallel termination is zon~n~unly found. An Ornega 
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-tectlnology 
products where component density is high and large pin-out devices physically leave no 
socm li)r hundreds or even thousands of discrete termination resistors. 

Volts 

6.7 
1 source 

16.5n 

3-inch transmission line-parallel termination 

Volts 
6.7 

:source n: 
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L a d i n g  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 +r = 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 8.1 ! 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. i 1 (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 

1. Can be used with distributed loads. 

2. Fully absorbs the transmitted wave to eliminate reflections. 

3. Sets the line voltage level when nothing is driving the line. 

3. Is excellent for busses when distributed loads are mailable at the end of the 
trace route. 

Disadvantages of Parallel Termination 

1 .  Increased power consurnptlon. 

2. Reduced nolre marglns unless the Jnverj  can wurce h ~ g h  current c ~ r c u ~ t s  

8.2.5 Thevenin Network 

Thevenin ternination has one advantage over parallel ter~~iination. Thevenin pro- 
vides a connection that has one resistor to the power rail and the other resistor to ground 
(Fig. 8.12). Unlike parallel termination. Thevenin permits optimizing the voltage transi- 
tion points between logic H I  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 LOW logic transition points. The 
ratio of K IIR2 detenriines the relative proportions of logic HI and LOW drive current. 

Designers commonly. but arbitrarily. use a 2201330 ohm ratio (132 Ohms parallel) 
for driving bus logic. Determining the resistor ratio value may be difficult to do if the 
hwitch point f o r  logic Families are different. This is especially true when both 'l'TL and 
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4 Figure 8.12 Thevenin termination circuit. 

CMOS are u<ed. A 1: 1 resistor ratio (e.g., 11011 10 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 logic 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). 

where V,,, = desired voltage level to the input of the load 
V = voltage source from the power rail 
R 1 = pull-up resistor 
R2 = pull-down resistor 

For the Thevenin termination circuit 

R1 = K3: The drive requirements for both logic HI and LOW are identical. The setting 
may be unacceptable for certain logic familiex. 

R2 > RI : The LOW current requirements are greater than HI. This setting works well 
with TTL and CMOS devices. 

R1 > R3: The HI current rccluirements are greater than LOW. This is a rnore appropriate 
selection for the majority of designs. 

With these constraints. I ,,,,,,,,, or I ,,,,,,,, 111ust rleber be exceeded. This condition must 
exist. as TTI- and CMOS sink5 (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 
iource (negative) current in  both logic '&tea. 

With s properly chosen termination ratio for the rehistors. an optimal DC voltage 
level will be present for both logic H1 and LOW dates. The advantage of using parallel 
termination ovcr Thevenin is parallel' use of orle Icss co~nponent. If we compare plots of 
the cffects of parallel compared to Thevenin. we notice that both termination methods 
providc identical results. .4 terrrlinatccl trace will ;ilwaya appear identical regardless of ter- 
vl~i~latiorl method chosen. 

Thevrniil termination i 4  rarely u\ed ~ ~ C ; L L I { C '  01' a large drive current recluired in the 
I31 stale. The results in Fig. X. 13 show a nearly perfect waveform, along with the expected 
delay OF the \ign:~l at the load. Figure. X .  1.3 \bows the <ign;tl directly ;I[ the output of the 
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Volts 

6.8 
; source : n :  

I 
- 1 . 8 j c , , ' ; f i ' , A i , , 1 , ; s , c ,  

1.0 16.5n 33.0n 

3-inch transmission line-Thevenin termination 

Volts 
6.8 \ 

16.5n 33.011 

13 inch t ransmiss ion l ine-Thevenin  termination 
Figure X.13 i h i t b c n ~ n  t c r ~ i i ~ n . t t ~ ~ > r l  plot 
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driver with expected overshoot, and ringing, in addition to what the signal would look like 
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 
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 
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 
which always occurs. The signal at the load is acceptable for system performance. 

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. 8.13 (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. 

When to Use Thevenin Termination 

Advantages of Thevenin Termination 

1. Can be used with distributed loads throughout a routed net. 

2. Fully absorbs the transmitted wave to eliminate reflections. 

3. Sets the line voltage level when nothing is driving the line. 

4. Is excellent for busses. 

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 .i.OV, and the pull-down resistor is 330 L2, the 
resistor must absorb 5.01330 Cl = 15 mA of current. If the driver cannot source this much 
current, the HI value of the voltage, b;,,, will go down and the noise margin (C;,,- V,.,,,) 
will also go down. On busses terminateti at both ends with 2201330 i 2  resistors, the driver 
has to source double the current. 30 mA. 

- - 

EXAMPLE: BACKPLANE IMPLEMENTATION 

On a typ~cal TTL-based backplirne with trace\ on the outer I;tyers (~n~crostrip) ( F I ~ .  8.14). the bus 
lines are terminated at holh end\ with a 370-0 resistor to power and a 330-12 rcslstor to ground. 
Both ends must he termmated since the wurce driver miry be locatetl ~rnywhere on the bus. Thi\ 
7701330 L 1  combination provides 132-11 ter~t~ir~;~tion. which i h  ;I typ~c:\I value (or PCB traces rouled 
o n  ;I backpl;lnt. acwnl-rly. Wilh thi\  t t , rn l i~ l ;~~ ion  mcthoclolog),. the use of  high-currcnt huh driver\ I\ 

required. 
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+v 
Backplane connectors 

Figure 8.14 Backplane termination implementation 

8.2.6 RC Network 

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 
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) flows 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- 
ally very small (20-600 pF). The RC time constant must be greater than twice the loaded 
propagation delay (round trip travel time). This time constant is greater than twice the 
loaded propagation delay because a signal travels from source to load and returns. It takes 
one time constant each way for a total of two time constants. If we make the time constant 
slightly greater than the total propagation delay (x2), reflections will be minimized or 
elini~nated. RC termination finds excellent use in buses containing similar layouts. 

To determine the proper value of the resistor and capacitor, Eq. (8.11) prov~des this 
simple calculation which includes the round-trip propagation delay 2 * r',,. 
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18-inch transmission l i n 4 C  termination 

Figure 8.16 KC icnnln.lllon piut 
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T = R,C, where T > 2 * t',, 
for optimal performance 

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. Calculate C, using 
the known round-trip propagation delay. Propagation delay is discussed in Chapter 6 
using the value of E, 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. 

3. Fully absorbs the transmitted wave to eliminate reflections. 

3. Has low DC power consumption. 

Disadvantages of RC Termination 

I .  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 comliionly uscd for termination of differential or paired 
networks. .;\ schematic representation was detailed in Fig. 8.1. Diodes are often used to 
iimit overshoot on traces while providing low-power dissipation. The major disadvantage 

Figure 8.17 RC network of differentla1 palred R, = R, = Z" 

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 retlections. To gain the benefits of both 
techniques, diodes niay 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 P:ickage (SIPS), Dual-In- 
Line Package (DIPS), or other configurations with a shared puwcr 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-low or low-to-high. in addition to a1- 
lowing creation of RF currents to euist. 

With an inductive effect present. described by I. = ciI/cir. a current surge will be ob- 
served by all terminators sirnultancousl due to this fixed inductance ~ a l u e .  Thiq current 
surge ma): causc a signal bounce to develop. similar to ground bounce on thc power/ 
ground planei;. If the bounce is severe enough. functionality conccrns exlst. To m i n ~ m i ~ e  the 
bounce effect of multiple terminators within the same package. onc \hould use only those 
package designs with separate power and ground pins and internal decoupling, if possible. 

The difference in n typical termination package configuration is shown in Fig. 3.18. 
When a common ground pin is provided, a common current path will occur depending on 
the internal manuf;tcturinp process ~ ~ s e d .  A common current path introduces a large 
amount of mutual inductance between the resistors in thc package. 'l'his colnnion c u ~ ~ e n t  
path will allow crosstalk to he ~ener~lted internal to the terminator. 

Designers should design and lay out 11 PCB to minimize creation 01' crosstalk. he- 
tween hignal traces and to pretent nlutual coi~pl~ng o f  KF currerlla. With crosjt;~lk con- 
cerns caking LL rtl;l,jor role i n  the lagout 01' trace\. one tendx to I>rget that iermlnatc)r\ may 
c;itlse cro\atalk. 
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8-pin 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. 

Resistor I 
T 1 -W distance 

3-W distance Resistor t 

Improper way to implement termination resistors 
(Not drawn to scale) 

Resistor 
3-W distance 

Resistor 7 
Figure 8.19 ('rosct;~lk between terminauon rc- 
>Istor\. 

Improved techn~que to Implement terrninatlon resistors 
(Not drawn to scale) 

8.4 EFFECTS OF MULTIPLE TERMINATIONS 

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 R 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 12 
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 R, 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 h ~ g h  bandwidth o.scillosc.ope is used in conjunction with a spectrum 

Power 
9 

R1 2 T h  &a the series resistor. 

7 R7 is provided only for Thevenin. 
R2is provided for parallel, Thevenin, and RC. 

R9 Cis a 0 ohm resistor for parallel and Thevenin 

' 7  and is properly chosen for use with RC 

TP are test points. 

Ground 

Figure 8.20 Providing for optional termlnar~on \electlorl durlng PCB lavout. 
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'Jolt. 
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0.0 16.5" 33.0" 

18 inch Lransmisrion line - parallel termination wtb series resistor 

Figure 8.21 t l l i . c i \  0 1  d 1 1 ~ 1 l  ICI!IIIII;I[!O!I\ 

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 results that can occur with dual terminations, an example is pro- 
vided with multiple components daisychained on an 18-inch (45.7-cm) trace. 0.8-11s 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 .t 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 EM1 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. 

.4s observed, providing dual termination can, and will, cause functionality concerns 
to exist. Dual termination must never be used in any design without a thorough undcr- 
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 ease 
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 EM1 spectral energy distribution to the point of  nonfunction- 
ality or noncompliance. Therefore. radial cnnnections 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. 
8.32. Parallel and Thevenin termination at the end of the t rxe  route is rarely feasible because 
the drivers usually cannot tolerate the total current sink of the terminated loacis. 

To prevent undesired effects of unmatched loads. termination may be requireti. Five 
common termination methods are available (discussed earlier in this chapter). Each 
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Oscillator w 
Poor trace routing for clock signals 
(Note daisychaining of clock signal) 

Oscillator 110 controller 

R 
Cache 7 

Optimal trace routing for clock signals with series termination 

u r 110 controller 

u 
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6 GND 

~ncthod i \  dzpenclerlt on thc c o ~ n p l c s ~ t i e \  of layout geometry. component count. and 
p m e r  consumprion. When ;I driver is o\erloadcd. termination curl degr~ldc the 1r;ice if in- 
c o ~ ~ c c t l y  spec~fied or implrrnented. 

If an clcctric;~llq long signal trace route exists. t l i~s  [race r71lr.rt  /I(, c.or.r.c~r,rl~ trt-t?7i- 

t r ( ~ r c ~ ~ l '  1.011: lint\ gencrall! rcquirc use of Ii1g11-current driving c~oniponcnt\. One should 
calculate the terlilinating rtsistor value :it the T h r v e n ~ n  ecluivalent or the characteri~tic ir r i -  

I ' C C ~ ~ I I I L . ~  01' thc 11-;tee. I s c  ol " I '-\t~ih\" or- t ~ ~ l ' ~ ~ r c ~ i t e d  lirirs I S  generally not alloweti. If a 

I10 controller 1 

T-stub has to be used, the maximum permissible stub length cannot exceed T = L,"'lrO, 
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. 

If 3 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 EM1 or function- 
ality problems. 

8.6 BIFURCATED LINES 

Bifurcated lines is another term for T-rtubs. 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 n reconimended termination method. 

The impedance of 3 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 lilies must be 1Z,, from point X to point B,  or twice that of the desired imped- 
ance characteristics. Thih 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 desi~-?d impedance of the nctwork. Since the individual bifurcated traces are 
now I O U  ohms. use of  end termination of 100 ohms each is the only practicable termina- 
tion ~i~ethodology.  '1-0 usc parallel termination, the driver must be able to source sufficieril 
current to multiple luiids on the net. 

I f  proper terniinat~on 1s provtcleci. retlectlon and ringing that may occur will he pre- 
vented. If tel.rn~riation is not provided. the return current will see an impedance discontinu- 
ity at point S. This d ~ s c o ~ l t i n u i ~ y  will be observed :is ringing at the source driver. point A .  The 
termination must be proviiled at the end of the trace route as was shown in Fip. 8.8. 

If bifi~rcatccl routing rriust occur. how can arl optimal de\ign be set up within a PCB 
uhen  split trace\ rnust he '%,,'I The cash lahout teuliniclue available 10 the PCB liehiper IS 

to rnakc the trace M. idth snlaller than the primary trace from point '4 to X. This becomes al- 
most ~rnpossrble l'or moct appl~cnt~ons.  for the line widths 01' trace4 art. ;ilre;ldq ;ipproach- 
Ing a verb \i i~; i lI  iiinler~sion. To increase trace impedance, 11 is necessary to make the 
traces even \m;llle~-. which in man) situations I S  n ial ler  than the rnanuf:~cturing process :I 

PC'H fabricator I capable 01' performing. 
: \nother prot~le~l i  ~ i ~ t l i  bil'urc:~tcd li1lt.5 Ile\ \v~th K t *  loop currents crcatecl ~ c ~ t h ~ n  the 

~ ~ c t w o r h .  I t '  0111' of t l i ~  I ~ i f ~ ~ r ~ ~ i l t i ' i l  \lgnal traces ii routt:cl on a different routing plan? th;m 
the o t h e ~  hil'urc:itcd tr;ice. RF I-cturn curl-ent w ~ l l  tr? lo rcl'ercnct. both tracw to dil'l'ercnt 
OV rctturn plant\. Wlie~i this occurs. ;I ~,otentiall\/ large loop arcit is crcateci. with ;I iwrre- 
\ I X ) I I L ~ I I ~ ) ~ :  incl-e;~\e I I I  I-ati~atc~l cnlis\rolls. 

'To \Llnlnl:1rr/c, LISC ot'bif'urc;it'cl l i~ic\ .  (11. 1'~,111iv. I \  1101 ( I ~ ~ I I - ; I I ~ c  f o r  i ~ o l l i  \ I ~ I I ; I I  in- 
te;rit\. and EM1 i~onrpli:in~x. rca.;on\. 
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RF return currents 

\\ 2Z,= 100 ohms B I\ 

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 (r,,,). 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. 

2.  Parallel is preferred for busses and point-to-point nets with fast clock/pulses 
(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. 

5 .  Dual tern~inations degrade signal functionality and should not be uscd without 
fully understanding the consequences. 

What happens when a truce on a PCB cannot he terminated'? 

References 

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. 

3. Load-sensitive components should be located at the end of a routed net to mini- 
mize reflections between these sensitive components and to prevent false edge 
triggering. 

5. Edge-sensitive signals should be prevented. Voltage-level sensitive components 
should be uscd with a sufficiently long setup time to guarantee proper triggering. 
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aignal l'uncrional  rid noise 111;1rgi11 level5 ot'the clrcurr. 



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 ,qroundin,q is vague and rneans 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 chass~s that connects circuits. For 
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electricians, it refers 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 ternlinate 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 safcty 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 severiry 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 definitions as there are engineers. This 
word must be preceded by ail adsect~vc. 

Grounding Methodology. A chosen method for directing reiurn currents in an op- 
timal rrianner appropriate for the intended application. 

Holy Ground. Sometime4 referred to as the ac t~~ :~ l  I o c ~ ~ t i ~ n  use~l. Secl t i l ~ o  Single- 
point ground. 

Hybrid Ground. A grounding methodology that combines single-point 'ind multi- 
point grounding iimultaneo~~sly, clepending on the functionalit> of the circuit and 
the frequencies present. 

blultipoint Ground. A methud of retercncing different circu~ts together to a com- 
mon cquipotential or reference point. Connection m:i) be rrlade by any means possi- 
ble in as rn:iny loc:it~ons :I\ recluirccl. 

Referencing. The process of making an electrical connection or bond between two 
circ~lit5 that :IIIou\ thc O\' I-etcrencr from both circuit to he identical. 

RF Ground. The prvccss of providing a ground reference point using a specific 
inethotlology to allou :I pr-ocl~~ct to c,o~npl>, wi~h  both er~i~ssions :und irnrnunity re- 
cluirerncnt.. 
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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 OV 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 [nay 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 rnake available to reduce the voltage difference 
to extremely low levels, the !ess chance of electric shock maj be present to ham1 sorneont: 
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 ;i few millivolts. The implementation of 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 corn- 
pliant or nonconlpliant 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. 'h is  is valid if we are discussing safcty 
grounding. not signal voltage referencing. 

Current requires s return path to cornplcte a closed-loop circuit. We usually only 
consider AC or DC supply current and not R F  current. Although an RF return path is 
rnandatory. it need not be at ground potential. Free space is not at ground potential. Ana- 
log grouncl is isolated from digital or chassis ground to prevent disruption to sensitive cir- 
cuits. Not all currents within ;i hystern require :I safety ground or  a signal voltage refer- 
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ence. For exa~nple, 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 a 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 of 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 ~ind clearance requirements. The following de- 
finition of creepage and clearance is extracted from.   rid is identical to, ail international 
product safety standards. 

Creepage is the shortest path between two conductive parts, or between a con- 
ductive part 2nd the bounding urfnce of the equiprncnt. rneaaured along the sur- 
face of the insulat~on. 

Clearance is the shortest ciistarlce between two conductive parts, or between ;I con- 
ciuctive part and the bounding surtace of the equipment. measured through air. 

Bounding 4urf:lce is the outer   ti^-fuce ot' the elecrrical criclosuse considereti as 

though metal !'oil were pressed into iontact with the accessible surface of insuln- 
tion nnatcrial. 

When dc:~ling wilt1 ground cul-rents. rves;tl t~~~nd;~nic.nt;~l concepts rilust be remerll- 
bered. 

Whenever ;I current tlo\va ;lcsoh\ a finite irrrpetlancc. a l'inite voltage dtop oci.ur\ 
(Ohm'\  law). :is htateil in Ohm'\ I ; I \ ~ ,  thel-e can nccer he "lero volt potential" in 
the real world. The units may bc in the oico r-:unse (voltage or curl-en[). Still. ;I I ' i-  
nite value will cx~ht. 

C'~lrrcnt Inilal aluaks roturn to i t4  wurce. 'rhi4 ret~11.11 111;1) C O I I ~ I S ~  01 nurnerouh 
paths with v~rr io~~. ;  arriplitudca provided for c;lc.h r-eturri i.urrerir proljortio~~al 10 
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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. I shows two subsystems connected to a 
metallic plate, chassis. or other iten1 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 signals. Analog sig- 
nals generally have dedicated return or "grounds" that are different from digital logic. 

As can be observed in Fig. 9.la. the return current path of Subsystem #2 travels 
through the same return line as Subsystem # I .  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 to 
the signals in Subsystem #2. By virtue of this coupling through a common impedance, the 
power source now sees two 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 #3, is Z,,I l 
+ (Z,, + Zq2)13. Subsyste~n #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 I I 

Subsystem #I  Subsystem #2 

Return 

Ground 
Zg,(/I + 12) 

Figure 9.la Common-~mpedance coupling In a 21ntlnti structure iSoiii-ir Clayton 
PLIUI. I ~ I I I ~ O ~ ~ L I ~  I I ~ I ~ I  ro k11v ~ I - O I ~ I ~ I ~ I I I , I I <  ( ~ ' o ~ ? ~ / l ~ i r l h ~ I i l \ ,  C I Yc j2 .  Rcpri~~tcd by 

permlssloll ot John Wllev XI Son\. I 

Figure 0.1 h ( ' O ~ I ~ U L . ~ I L C  L O L I ~ I I ~ ~ :  of yro t~n , l  
I I ~ I l ~ C  '.$lltl i l l t ~ r ~ o l l 1 l ~ ~ ~ l l l ~  ~ ' ~ l h i c \  

Ground systeni 
'1, 
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Figure 9. l b  illustrates a connection commonly found in data communications where 
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 I, 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 

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,  = 2n&, at 100 MHz, 
the inductive reactance is 9.43 R/inch. A #28AWG wire (radius of 6.3 mils) has an induc- 
tive reactance of 65.9 x 10-'il/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 loop> 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. 

Design the PCB, or system, to keep interfering currents from affecting other cir- 
cuits through a coni~non ground return path. 

Carefully select ground points to minimi7e loop currents. ground impedance. and 
transfer impedance of the circuit. 

Consider the current flow through the ground system as i t  relates to noise being 
injected into or from a circuit. 

Connect very sensitive (low noise-margin) c ~ r c u ~ t s  to a stable ground reference 
source. 

The next section cxamines various ground systems and how they apply to a product's 
overall design. Following this examination, there i5 ;i description of how to implement 
grounding methods in an optimal manner. 

Section 9.4 . Safety Ground 

9.4 SAFETY GROUND 

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 illjury 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 o l  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 32.4 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 6 0  VDC. that may exist on a PCB (or system) is considered hazardous and requires 
special attention by a product safety compliance engineer. 

I-Iow 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 12.1 VAC peak. These are only a few examples 
of PCBs thai may contain hazardou~ voltages: hence. this chapter requires a discussion on 
safety grounds within PCBs. 

In Fig. 9.1. the stray impedance between voltage potential (PCB) at point I', and 
chassis is identified as 2,. The stray impedance between chassis and ground is identified 
as Z,. The potential of the chassis is the irnprdance of %: and 7. :lrting as a voltaye di- 
vider. The chassis potential. relative to the PCB. is 

This potential could reach hnzarclous Icvels, enough to causc a shock ha~ard  to exist. 
It  must rievcr be assurned that as long ;is everything is connected to earth ground 

through an appropriate rncans igreeniyellou wire. braid strap. and the like), then rill is 
well. This ground wire will have a high impedance at RF t'requencieh which varies ;IS the 
l'reql~ency varies. In general. safety earth ground is not required for EMC compliar~cc. Ex- 
amples are batter),-powered units. A good low-impedance connection to an RF sefcrencc 
point provided by :I local chass~s. framc, or other mctallic \tructure is neccssar) and in 
many instances muat be provided In parallel with safety earth ground for those devices 
connected to an A(,' mains ourctt. 
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PCB 
? - - - - - - - - - - - - - -  

Z1 and Z2represent stray impedance 
between PCB and chassis ground. 

Figure 9.2 Stray itnpedance 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 181. 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 riot 
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- 
tential between two or more items. This term is not representative of actual applications, 
since digital ground may be completely different 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 impetiance." At Iow freqtirncirs, where R >> wl., the current will take 
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- 
Signal 

Source . Signal return Load 

Figure 9.3 Typical grounding observed he- 
tween two circuits. (Source: H. Ott, Noise Re- 
ducrion Techniques in Electronics Sysrems, 2nd 
edition 0 1988. Reprinted by permission of 
John Wiley & Sons, Inc.) 

the path of least resistance, as resistance dominates the impedance. At high frequencies, 
R << oL, 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, 110 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 rnay 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. 

9.6 GROUNDING METHODS 

Many grounding methods and terms have becn 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 
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system is 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 he 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 currcnts from two different subsystems (at different reference levels) from shar- 
ing the same or cornrnon return path for RF currents. thus producing cornmon-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 irripedances 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 noticeablc. These impedances can be very 
h ~ g h  if the trace lengths coincide with odd multiples of a quarter-wavelength based on the 
edge raw of the periodic signals. With a finite impedance in the current return path. a volt- 
age drop is tleveloped. along with creation of unwanted RF currents. 

Owins to the significant impedance at RE frequencies. these traces and ground con- 
ductors will act as loop antennas and radiate RF encrgy based on the physical size of the 
loop. A convoluted loop is still a loop. regardless of shape. At frequencies rtbove 1 MH7. 
a single-point ground generally is not used for this reason. However. exceptions do exist 
~f the design engineer recognizes the pitfall5 and designs the product using highly special- 
,zed and advanced grounding techniques. 

In  Fig. 9.4. two methods are shown for single-po~nt grounding: series and parallel 
connection. The series connection is in a daisychain fashion. This type ot. configuration 
;illows comrnon-impedance coupling between the ground reference of each subsystem. 
which is undesirable at frequencies above 1 MHz. This tigure only shows the inductance 

Series connect~on Parallel connection 
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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, + I, + I,. The voltage potential at I, (V,) and I, (Vc) 
is also not at zero potential, and is described by 

v,. = (I, + I, + I,)wL, + (I, + I,)wL, + (I,)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 is 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 R F  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 groundirig is commonly used in low-frequency applications, i t  is oc- 
casionally found in extremely high-frequency circuits and systems. This application is 
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 (daughter) 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 arc least likely to cause problerns (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 AID 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 
o r  isolated area. If low-liequency (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 each 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 retum path for all sig- 
nal5 that travel to the analog section by either crossing the moat or traveling through the 
bridge. Since n closed-loop path muqt be present for signal functionality, any R F  energy 
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 between the two power sources will be dif- 
ferent based on the inductance of the power and ground plane structure. With this com- 
111on-ruode voltage. a cornmon-mode RF current loop current is developed, which travels 
through both the digital and analog sections. Once a loop is created with RF currents. a 
nlapnetic field structure exists. causing possible R F  emissions. 

r &I 1 Common-mode loop 

(reference plane) 

Icm 
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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 #I 
to Circuit #3) are identified as "GND" by the circuit designer or component manufacturer. 
These ground connections become part of the signal retum 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 #I and ground and Circuit #3 and 
ground is shown. along with inductance. L, from a11 circuits to the single-point ground 
connection. This small arnount 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. 

Ground loop 

LC resonance LC resonance 

The interconnect !races should be referenced to the 
s~ngle-po~nt ground connection. not another component. 

Figure 9.6 .\rlolhcr b,ltl irnpirrneill~l~on of hlngic-polill s r o u n d ~ n y  

9.6.2 Multipoint Grounding 

High-frequency design:, generally require use of n~ultiple chass~s  groilnd connec- 
tions to a common reference point in order to minimize ground impedance. Multipoint 
grounding rn~nirnizcs ground ~rnpedance present in the RF currerlt return path becauw 
there are more low-~rnpcrlance paths to take. Low planar impedance is caused primarily 
by the lower inductancc characteristic uf solid power and ground planes ot. hy udditional 
lvw-impedance ground \titc.h connection to the chassis reference point. 

When :I low-irnpedanct. ground plane is p r ~ ~ i ~ i c d  i l l  ;i multilayer PCB. or a chass~ \  
ground s t~ tch  connection ia provided between thc PCB and rnctal chassis. i t  bt.cvines im- 
portant. like single-point grounding. that trace leriplh ( o r  wlre length) he kept its +art as 
pos~ib lc  t o  minirnitc lead lengtli inductaricc. In ver? high-l'requcncy c~rcuith. ~ l l e  Icnyth ol' 
the gsouritl leads inu\t bc kept to :I m a l l  fraction ot' ;ul inch (cnl).  Wheri using l o u -  
t'requenc) circui~s. multipoint yrourlds shuulcl be avoiciccl \lncc 21-ound curl-ent\ t 'ro~r~ ;ill 

circuit5 flea. tliroi~gti ;I common grour~ti impcciancc. thc ground plane. 7'hc conlmon ini- 
petlance 01' the ground plarie can he reduceri by usin? a dii'krent plating process on  tlic 
\~lrf'ace 0 1  tlic 111atet.ial 17 1 .  iiiere;~s~ng the thic~hne:,s ol'the plane has no cffect on mlninli7- 
I i n i p t n  r I  tit t i c l  i I hllr  ~ l ~ l h c c  Ii~jei ol' the ri~;i~crial. 
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A general rule of thumb is that for frequencies less than 1 MHz, single-point 
grounding is preferred. Between 1 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, assuming long edge times and low-frequency spectra. Each and every trace must 
be considered. 

Multipoint grounding minimizes inductance between noise generation circuits and a 
OV reference point. This minimization occurs because many parallel RF current return 
paths exist in parallel, as illustrated in Fig. 9.7. Even with many parallel connections to a 
OV 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. 

where Z = impedance (ohms) 
f' = resonant frequency (Hz) 
L = inductance of the circuit (henries) 
C = capacitance of the circuit (farads) 

Equation (9.5 describes most aspects of frequency domain concerns. This equation, 
though sirnple in form, requires knowledge of how to calculate both L and C. which by 
themselves are not easy to determine, use, and implement. 

Multipo~nt grounding Figure 9.7 Mult1p111r11 ground~ng. 
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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 
~hrough 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 1 i;i 11 ql n 
Figure 9.X Hyhnd froundlng lS~vrrc.c,. H. Ott .  l . ; ~ i , c ,  Rrdut.rio/i T ~ , ~ i ~ ~ i i y r i t , ,  it1 Lie( - 
ironic7 .S\ rtem.> 2) 1'788. Reprlntcd by perrnlrslon t,f John Wiley B Sons.) 

9.6.4 Grounding Analog Circuits 

Many analog circuits are low frequency in operation. Single-point grounding is best 
fur these sensitive circuits but only at the "bridge" between digital and analog. The pri- 
mary objectibe is to prevent large ground currents from other noisy components (digital 
logic. motors, power sources. relays) I'rorn sharing a sensitive analog ground path. Ground 
loops must also be avoided with 1111 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 vn the censitivity ofthe 
analog inputs. The signal-to-noise ratio determines how much interference is allowed tv 

exist before fi~nctionality concerns arise. For example, a luw-le\zel analo? amplifier that 
requires a 10 pV input is more susceptible to disruption than s 1OV input signal. There- 
fore, a very clean ground syctem must be present fur the 10 u V  input amplifier. For highcr 
level analog circuits. ground requirements are levs 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 n~etallic structures share a common return path. Two main concepts are 
used to control common -impedance coupling. 

Lowering the common impedance to a minimum value 

Avoiding having a common-impedance path. 

9.7.1 Lowering the Common-Impedance Path 

A ground system 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. Anv conductor will have 3 DC resistance by 
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R = pllA (ohms) 

where R = DC resistance 
I = 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 mmz/m) 

Resistivities, p, of various materials are 

copper 1.7 * R mm2/m 

aluminum 2.8 * lod3 R mm2/m 

steel 1.7 * lou2 Q mm2/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 

where L = internal inductance (pH) 
I = conductor length (m) 
d = conductor diameter (m) 

This equation shows that inductance, L,  increases linearly with length, I, while an increase 
in diameter, d, will reduce the total inductance logarithmically (a proportionally small de- 
gree only). 

Figure 9.9 Current tlow in n conductor-skin 
effect. (Sou/-1.c Oren Hartnl E l c c f r i ~ m u ~ n t ~ r r ~  
Cornpurihrlity hy Design 6) 1994. Reprinted hy 
~ w r r n ~ s s ~ o n  of RLQR G ~ ~ t r q ) r l \ e .  I Sk~ri effect reglon 



264 Chapter 9 Grounding 

Rectang~llar straps and ~~iu l t i l ayer  power planes have a smaller inductance per unit 
length than that uf 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 

mhrre I = ~nductnnce of the ground btrap (pH)  
\ = str,lp length (In) 
n = \trap uldth (rn) Irnust be I ~ r g e r  t h ~ n  the thrcknc\\ by a factor of 10 or more]. 

When .slit > 1 (length-to-width ratio). Eq. (9.8) can be approximated by 

Equation (9.9) shows that LI strap has lower inductance than a round wirc and is 
more useful as a nicthod of providing a low-impedance ground connection at high ti-e- 
quellcitt. Extending this analysis to a solid plane iritcrnal to a PCB, we find that the plane 
has an impedance that ix  cxtrrlnely sni:~ll compared to a wire or strap except for the per- 
turbations to the planes caused by annular anti-pads around vias. This is the primary rea- 
\or1 \vh!. ground planes work as well a s  they d o  at high frequencies while mini~nizing 
i i~mn~on- impedance  couplinr.  

9.7.2 Avoiding a Common-Impedance Path 

To r c d t l c ~  co1~i1i1ori-i1n~~t'c1:11ice grourrd coupling, care must he taken to identify all 
return paths. This is best achieved when 311 reference connections from differen system 
circu~ts  follow a. dedicated and separate path to ;I single-point ground connrct~on. 

i i g ~ ~ r - c  0. I0 illustrates :I star configurarion for. providing power and grocrnd to vnri- 
0112 \uh\>srctn\.  1'111s i~~iplenicnt :~t~on techri~que require\ additiorial wiring and Intercon- 
nccl hardnarc. not to r ~ ~ c n t i o i ~  i o h t .  

r o  help irnplrlncnt an improced r ~ ~ c t h o d  of common iinpcdancc grounding. fu~rc- 
lional circuit\ mu\t he \epar:lted by the p o h e r  tii\ti-ihution network for each ares in addi- 

1 I I I i I L I 

must follow + , I I , ground path 

Power supply 5-d 
I \  I ) / < , / I  100-L I<L~~IIII IL~~ I>\ p c r ~ i i ~ \ \ ~ o ~ ~  111 l <~ t I3  

AC ~n Ground I I I~,,I I) I I~~,, , 
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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 circilitry that may be required or used, application dependent [4]. 

Digital 

Analog 

Audio 

Video 

110 
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. lo), 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 I 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. 9.1 1, a system must operate in a low- 

External cable interconnect 

Low-frequency ground-no~se current Single-point ground 

External cable interconnect 

High-frequency ground-noise current 

Ficurr 9.11 SinplC-potnt prouncitn~ lor Iclu iret l i~cnc.~i~\ .~r~cl r~lult~nolnt lo r  h1eht.r 
I l-t~qut.nL'lc\ 
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frequency environment that requires single-point grounding. An 110 interconnect has 
high-frequency noise on the cable shield as  a result of exposure to externally induced 
high-energy radiated fields.  his cable shield must be single-point grounded if the fre- 
quency of operation is less than I MHz. For higher frequency sig~ials, horh ends of the 
cable shield must be connected to the OV reference plane. 

T o  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 
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.) 

Other methods of avoiding common-impedance coupling, in addition to using 
single-point grounding, are available. These are use of an isolation transformer, common- 
mode choke. optical isolator, or balanced circuitry. These options are examined later in 
this chapter in the section "Ground 1,oops." 

9.8 CONTROLLING COMMON-IMPEDANCE COUPLING 
IN POWER AND GROUND 

When there arc many circuits switching simultaneously, with widely different voltage and 
current swings (logic family dependent) and all powered from the same power distribu- 
tion system, coupling of RF energy will probably occur between devices. The power dis- 
tribution system will always have a finite impedance by virtue of its existence. With an 
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. 
(Ground-noise voltage is discussed in detail in Chaptcr 3.) Because a plane structure ex- 
ists for an entire PCB assembly, ground-noise voltage that is present un one section of the 
board may be trunsnritted to other sections. causing both signal quality and EMC prob- 
lems. 

Figure 9.12 illuhtrates ttlc concept of common-impedance coupling in the power 
anti ground planej. The noise on D c ~ i c c  1 ' s  :round rcferencc i h  clescribed bq 

If Devrce 2 con$umes more current than cievice I .  uith output irnpcdancc 01' thc 
source negligible, we can determine the total amount of ground-noise voltage impressed 
,icros\ iievlce 1 .  If'devrce I i $  \i~sceptibIe to clisruption. serioui cuncerns develop. 

When investigating a de\i,gn to nlinirni7e cornnlo11-irnped~ince coupling ~bithin a 
power d~stribution .;yi;tcm. one shotrld take into accour~t the impedance that i j  presented 
hy that p(owcr clistrihution nefuorh. Depending or1 the dehlpn. the suppliecl voltage and rc- 
turn (grourrci) 11r;ry hc providcci through use ol' t.ound conductors or Illit strap.;. Equation 
1 0 . 1 2 )  ~llustr;lt~x thc ~rrllount 01' rncii~~.t:~nce rh:it ~ 1 1 1  exist for various configurations. 
K r i o ~ ~ l e d g c  of this inductarlce /'or t11t .h~ config~rr:~tions will help the designer iunder- 
\rant1 \vhb KI.' no{\? crc:~tecl I'roln one clc\ ii,c c;uuw\ Irar~ilful intel-fr-c.ricc lo another de- 
L I C C .  1';rblc 9. I ~ I . O V I C I C \  i~~for.nl;~tiori on t h ~  indirct;~nce 01'  thew c i>ndu~t i>~- i  opcr:~tirlg :it 
I !Ill,, 1 4 1 .  

Figure 9.12 Common-impedance coupling in 
a power and ~ r o u n d  structure. 

1 

Voltage 
source 0 

where \ = conductor length (meters) 
1%. = wldth of the condu~tor  (mm)  
/ I  = he~ght  ,ibove ground plane (cm) 
(1 = d~ameter  ot coruducto~ I rnrn i 
L = ~nductance (henry) 
p,, = 4rc " lo-- 

round conductor over a plane (9.1 ,) 

flat strap 

tlat strap over a plane 

Inductance increases with the length of the conductor and decreases with width. 
With this increase. it becomes important to kecp the length of the conductor as short as 
possible. Also. the wrder the trace. the lower the impedance. 

The best way to minimize common-impedance coupling within a power distribution 
s y t e n l  is to provide separate power and ground courcec to ipecific switching devices. 
Thib works \\.ell with sirrglc- and double-siderl P('Rc. When separate power and ground 

'f:\BLE 9.1 I I I ~ L I C ~ ~ I ~ L L ~  '11 V'lrlc)u\ ( - ~ ! ~ ~ d i ~ c [ o r \  .it I blH/ 
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planes exist in a multilayer stackup, common-impedance coupling is minimized due to the 
low impedance of the power distribution system. 

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 (>I120 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 conupt- 
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. f,, 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. o r  
Balanced circuitry 

Figure 9.14 illustrates the circuit o f  Fig. 9.13 with rnoclifications to reduce I,,,. The first 
modification provides ground-loop isolation using a transformer. When using a trans- 

Flux coupling 
Signal trace 

Source Load 

Ground plane image in PCB 

round 
andoff 

Figure 9.13 Ground loop hetween two i ~ r -  

ilIll\ 
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Transformer isolation Common-mode choke isolation 

Optical isolation Balanced circuit isolation 

Figure 9.14 Breaking up ground loops between two cil-cult\. (Soi,r.c.e: H. Ott. No~.\c, Re,- 
ilucrcotr 7i.1 Irrciqrrc~s i n  E/c~c~lr-ci~rrc.s .5?.c.r<,tn.v I Y X X .  Kcpr~nted hy permis- 
hion of John Wilcy & 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 transfornler. 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, i f  mul- 
tiple signals are to travel between isolated areas. a transformer is required for each signal. 

Common-mode chokes are also shown in Fig. 9.14 as another technique. The ad- 
vantage of using common-mode chokes ia to rcmove common-rrlode currents. If the OV 
reference between two components is not at the same reference level due to a finite irn- 
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 conlmori- 
mode choke has no effect on the differential-mode signal of interest. I t  is the differenti;ll- 
mode signal we want. not common-mode currents. \lultiple windings Inay be wrapped 
around the same core structure. increasing the density or number of signal lines that the 
choke can handle. 

Optical iscllation is another tect~niquc used tn prevent ground loops 2nd minirni/c 
I,,,,. ,An optical isolator breaks the tran\rn~ssiori path completely. .A continuous nietall~c 
corinection cannot occur between two circuits. T h ~ s  rnctallic connection is req~iircd for thc 
propagalion of an electrornagnetic field tiown n PCB trace or wire. These isolatcirs are 
best suited when a l a r y  voltage reference potential exist4 hetweerr circuit\. Ground-rioise 
boltage appears across the input o f  the optical trarisr~l~ttcr. These opt~cal ~solutors are hest 
suited for iligital logic ilesigns owing to the nonlint.ar~ty of rl~c c t e v ~ c ~  when i~sed with 
analog circuitry. 

Balanced circuits include using differential pairs to ti-;~nslnit a higri~~l I'rorn sot~ri.i. to 
load. By using dil'ferential transrnissiori paths, thc currei\ts in both lincs arc equal. .['his h;il- 
ltnce i.:tu.;es a rcjeclion ot 'cu~~~l l ion-~~lode i'iirrent\ that ni;t> be prficnt i\ it11111 the ncr~sorh. 
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Many differential-input components manufacturers provide a Common-Mode-Rejection- 
Ratio ICMRR) 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 

CMRR = 20 log -- d B  (V ,  = constant) I :!:: I 
Lsing the c i r c ~ ~ i t  of  Fig. 9.15. we can calculate CMKR as 

CMRR - - 20 log 

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 Zh, must be chosen with a tight tolerance value to 
assure impedance matching between the two traces. If an impedance imbalance is present, 
I,,,, is increased. The development of lc,,, 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 rnatch transn~ission line impedance to 
ensure the functionality of the circuit. 

When dealing with differential-mode circuits t o  minimize lint 

Image plane 
Ground reference Ground impedance Ground current 

t-- Chassis plane 

Figure 'b.15 C'trcut~ rrpresrntlrlg c o m ~ n c ~ n - r n o J e - r e ~ e ~ ' t ~ c ~ t ~ - r ; ~ ~ ~ o  
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1. The impedance control of the signal lies only in the image plane. 

2. 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 reference 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'.; 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 irn- 
pcdance between ground stitch locations. C'sing Eq. (9.5). we can determine the self- 
resonant frequency of the power and ground plane structure. which is difficult to d o  mathe- 
matically. Use of a network analyzer will provide a quick way of determining the ac,trrul 
self-resonant frequency betueen ground points. Multiple measurements are required since 
the self-resonant frequency of the PCB is dependent un the inductance of the planes. based 
on the distance spacing of the network analy7er ; ~ n d  ?round localions for the test probe. Ca- 
pacitance will, however. re11i;lin fixed between the power ;~nd ground planes. 

Since the PCB'> power and ground plane structure is self-resonant at various !re- 
quencies. the same analysis for sclf-resonance is ~ ~ p p l i e d  to thc metallic itructure that is 
used to hecure the PCB. This metallic structure may be a chassis for a motherboard. a 
mounting plate used in a cardcuge with u bachplanc. a ,hieid partition between two 
boards, or other application not itientifieci herein. .4gairl in~iuctanct: will occur between 
the mounting standoffs relative to the actual location of the PCB. Y o u  that we have iderl- 
~it'ied ~ncluctance. what ;ihout the capacitance'! 

Recause there is a t'initc distance between the PCB and the metallic str~rcture. capac- 
itance and tr:lnifer ~mpedance exist. For ex:lmplt.. the PCB can be considered a i  the posi- 
tive plate of a capacitor, at voltage potential. and the metill structure its the negative platc. 
with air ;ih the diclectr~c nicdiuni. 

In acltlition to thr over-all inducti~nce ot' thc rnet;~llic malcri:11 ( u h r ~ . h  i.; e~trerrlel! 
\mi~l l) .  ;uld thc parasitic capacitance be~wcen the PCB Lrncl mouritir~g plate. the stanclot'fs 
he he ti to \ecurc the ho;~rd to the ch ;~sx~\  (generally pe~nstutl\r are extremely incluctive. ;IS 

~lc\cribetl ht,lo\\. Tlic~c. niou~~tirig\ ;ire sonictimt,\ the c;~u\c 0 1  EbII l'.~~lurc:. 
The cupl:~n;~tion\ of whv the \t;~r~clol'f\ .ire inductive i l c i c . ~  not prirn:lril! liavt' to (10 

with thc \tanclotf i~\cll'. hut \\ith thc metal \i .rc\~ i~\cit  \\ i t11 the \i;tnctot'f. 'The scl.c\i con-  
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Inductance in the power planes 

Printed circuit board /---- Internal power plane capacitance /- 

Mounting posts 

Mountrng plate or chassis LC resonance in n 

APPLICA'TION MODEL OF MULTIPOINT GROUNDING 

V,, produced 
by eddy currents 
across impedance 
(Z) from mounting 
post 

nounting posts 

V,,, is reduced by the rnountlng posts (ground stitch locations). 
Resonance is thus controlled, along wrth enhanced RF suppresslon 

ELECTROMAGNETIC MODEL OF MULTIPOINT GROUNDING 

tain5 inciuct~ince that may bc wveral orciers of mugnitutfe greater tll;irl the, rrldl~ct;ir~cr (7f 
the PCB or parasrtlc ~nductance of the overall assenibly. The reasons why screws are in- 
ductive is best illustrated in Fig. 9.17. It is difficult to model screw ~nduct~lnce because of  
the large number of p;lranleter\ that cause this inductance to exist. Some of. these parame- 
ters inclucle tnate~-ial composition. the ni~rnher o f  thready that mi~kes c.ontac.1 \?it11 thc 
sturidoft'. thread spaclrlg, pitct~ of the threads. plating rnaterial provided, compression 
strcngtli. and IC~~gt t i  01' rhe hcre~v Irom top to bottorrl. 

:.I scrcu conrain.. LL helical thread. and the edge of [tie screw thread ii; the part that 
r:liitc< tv~th  t l i ~  t , indol l .  We cannot gtrar;uttec, that ;ill threads bill rni~ke 100(; \()lid bond- 
ing cont:ict w ~ r h  the \t~irlctol'f. 7'hc \t;tnd~~t't' I I ILIS~ be physically 1;lrger in diarncter than titc 

\ere\\ ~li;trnett'r to ;~lIo\v the jcreiv to he irljcrted. r\> ~i rc'ult, we ~ 1 1 1  always h:ivc inci- 
dental contact hct\veen \ . o t ) ~ ( ~  of thc ttire:ld\. 1101 the cntirc length of the \cri.\b. 'i'his i \  otl- 

ier\'c(l iri Fig. '). 17. 
;I helical thread pcrfbrnl\ tlle s;inlc I'trnction ;I\ :I helical antenna ?\hen a RF: currcnt 

tra\.cls tliroi~gh thc K'l.r'\4. I ' lli\ carrent i \  located on art cutremcly thin SLII-face 01' tllc 
helical thread because of' sl\lrl efkxct. A \'oltage potential I S  developed bet~veerl thc hot- 
ton1 ,111d top of the ~L. I .CLI .  7'111s \.olt;ise r e I > r t ' ~ i ~ ~  iliI'f'~:r-t~rtce ~ x : ~ c e r t ~ ; ~ t e s  creation 01' R F  
current. 
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Figure 9.17 Prohlerns grounding the PCB by 
screws to a \randoff. 1 y  

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 standoff. the plating can get scraped off. thus exposing the screw to the external 
environment and pollution based on intended application. Galvanic corrosion crln 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 rnust be used only for compression 
between the PCB and metallic structure. and rnust 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 donc through the walls of the xtandoff, 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 planes) generally provide 
a lower inductive ground-irnapc reference for the power supplq and signal return currenls. 
This allows use of constant impedance transmission lines for signal interconnects. When 
making a ground plane (OV reference) to chassis plane connection. it ic necessary to pro- 
vide for high-frequency decoupling of RF currents. 

These high-frequency RI: currents are created hq the self-rewnance of the power 
and grounti plane structure losses caused by via anti-pad holes and the switching noise 
from digital circuits. High-quality decoupling capacitors should be used at each and every 
ground connection betueeri thc po\t.er- and groirnil plant.. I)ptim:ll \elzctrorl of decouplins 
capacitors is detniled in ('hapter 5 .  

9.1 1 FIELD TRANSFER COUPLING OF DAUGHTER 
CARDS TO CARD CAGE 

R F  fields generated t'rorn a PC'B (conlponents, ground loops, irltercc>nncc~ cables, ~uld the 
like) ~ j r l l  couple to rrletallic structure. As ;i result. KF eddy cur-rents will develop in the 
structure and ~ b 1 1 1  circu1;lte withrn the unit creating a field distrihutiorl. This field distribu 
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spectively. With solid bonding of logic ground to chassis ground. potentials from ground 
loop LI are also minimized. 

All routing layers must he 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. 

/ Thumbscrew securernent 

Multipoint grounding 

Faceplate or mounting bracket* 

BNC connector / (Totally ~solated from system ground ~f 

D-Sub connector houslng to ground 

iplastic-floatlng shielded-grounded) 

AUI connector hous~ng to ground 

Thumbscrew securement 

- - 

* i he  mount~ng bracket IS bonded (grounded) to the PCB as lndlcated in multlple locat~ons 
The faceplate IS also secured to the main chassls ground vra thumbscrews or by other means 
Note !he location of r h ~  ground po~nts on the board to mlnlmlze ground loops 

DLF refers to Data Llne F~iter 
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9.12 GROUNDING (110 CONNECTOR) 

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 he such that transfer currents to the case (or external sur- 
faces) through distributive transfer impedance is insignificant in comparison to the opera- 
tive signal levels 01. the desired EMC criteria. 

For products using multipoint  , y t . o ~ ~ ~ ~ ~ i i t l g ,  this section is applicable whenever ;in 110 
interface is used. Most modular PCBs contain a mounting bracket. faceplate. bulkhead 
connector. or securement means between control logic and the outside world. This secure- 
ment may contain various I/O connectors. or i t  may be a blank panel (e.g., EISAASAIPCI 
adapter bracket). This bracket must be KF bonded by a low-impedance metal path directly 
to chassis ground. This bracket grounding may also be bonded to logic ground for func- 
tionality reasons. 

Multiple ground connections must he provided from the ground planes of the PCB 
to the 110 hmcket. Multiple ground points in the appropriate locations redirect RF ground 
loops between grounding locations on the bracket, distributive transfers to the case. and 
the opposite end of the PCB. The better the grounding, the Inore 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 110 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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Glossary 

ELECTROMAGNETIC COMPATIBILITY 

Note: Some of these definitions are defined within a particular chapter and repeated for 
quick reference herein. 

Attenuation A reduction in eneryy measured in units of decibels (dBs). 

Bonding .Making a low-impedance electrical connection hetween two rnetallic surfaces. 
Circuit M~lltiplc devices with a source ~rnpedance, load impedance. and interconnects. 

For digi~al circuits. n~ultiple qources and loads may be part of one circuit where 311 de- 
viceu :Ire referenccd to the same point. or ma) use a common s~gna l  return conductor. 
Circuits us~ially originate In one location and tenninate in another. 

Circuit referencing The process of providing a common OV rettrence voltage for niul- 
tiple circuits to allow cornrnunication between the two. Circuit rct'erencir~g i.; the rnost 
Important reason fo r  providing a ground referer~ce. This relbrence point is not intended 
to carrv fiinctlonul cur-rent. 

Common-mode Signal.; iJeritical in amplitude anti phase at hoth inputs ot  a (levice: thr 
potentla1 or volt;lge that eulst:, between ~ieutral ;ind grour~cl. 

Common-mode current I'hc colnponcnr of a signal current that create> electric ; ~ n d  
magnetic t'icltis that do not cancel each other. For exarr~ple. ;I circuit with one \ ~ p n ; ~ l  
conductor anti one ground conductor will have common-~nodc current ,i\ the \urnma- 
Ilon ot the total 9lgn:tl l'low~rlg in the same ~lirectio~i or1 hoth cor~ductors. ('orn- 
rnon-mode  current^ are the primary source of EMI. 

('omn~on-mode interference The irl~crferel~cc that appears twtwt.cn \ ~ g n ; ~ l  It.aclh or ter- 
r11111als 01' :I C I ~ C L I I ~  rcfercnced to ~ r o u r ~ d .  

(:ommon-mode rejection ratio ' l ' l~c r:ltlo ol'cornn~on-11iode intc~~ft.rerii~c I ciltage at tllc 
ir~put 111' , I  {ItL\ 1c.e to tht. c . o r r c r . p i ~ ~ i r  ~ n t ~ r l e r e n c r  \ol tagi~ LII  thc o t i t p ~ ~ t  of' tlle i;1111~ 
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component. The highcr tlie ratic!. the better the performance. This ratio describes the ca- 
pability of the device to reject the effects of a voltage applied ~imi~ltaneously to both 
inputs. 

Conducted emissions The component 01' RF energy that is transmitted through a 
inetiium as a propagating wave, generally through a wire or interconnect cable. LC1 
(Line Conducted Interference) refers to RF energy in a power cord or AC mains input 
cable. Conducted signals do not propagate as fields but propayate as conducted waves. 

Conducted immunity The relative ability of a product to withstand e l e c t r o ~ i ~ a g ~ ~ e t i c  ell- 
ergy that penetrates it through external cables. power cords, and I/O interconnects. 

Conducted susceptibility EM1 that couples from outside of tlie equipment to the inside 
through 110 interconnect cables. power lines. or signal cables. 

Containment Preventing RF energy from leaving cln 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. R y  reciprocity. we can ~t lso speak of containment as 
preventing RF energy from entering tlie unit. 

Decibel Logarit111-n of a ratio measurement. The basic unit for measuring the power or 
strength of a signal. Increases or reductions of 6 dB doiibles or li:~Ives of the power 
level within the circuit. 

Earthing (British term) The connectiun uf the safety ground wire to earth at the ser- 
vice entrance of a building. 

Electromagnetic compatibility The caphi l i t )  of electrical ;111d electronic systerns. 
equipment, and devices to operate in their intended electromagnetic environment 
within a defined margin of  safety. and at desigrl levels or perforniance, without suffer- 
ing or c a u ~ i n g  tinacceptable degrad~ttion .IT a result ol'clectsomagnetic interference. 

Electromagnetic interference The lack of 1;h4('. since the essence of interference is 
the lack of compatibility. EM1 is the procesj by which di\ruptive electroniagnetic en- 
ergy is transi-nitted fl-on1 one electronic device to ;uiother vi;~ radiated or condiicted 
p:itli\ (o r  both). In cvrnmor~ u$apc, the lerrn refer> particularly to KF signals. hut EM1 
can occur in the freyurncy r:lnye t'l-orn "DC' to tl~~yliglit." 

Electrostatic discharge .\ trar~st'ci- of electric iharge hel~itlen bl~drcs ot d~llert 'nt elec- 
trostatic potcntials i r ~  proximity to eitch otlier or through direct contact. This event is 
observecl ;I\ ;I high-voltage pulse that m:ty cuube t1am:lgc or lash of functionality to SLIS- 

ccptibic circuits. Although lighting qir;~lifir\ a:, ;I high vo1t;ige P L I I S ~ ,  the Lcrm ESD is 
:ener:~ll> itpplieil lo iS\clit\ 01 I c sc i  . I I I I ~ ~ I . : I ~ ~ .  .inti mol-c ~pccit'i~.illl!, to rccrlls that are 
triggered hy hum:ln heins.;. F!o\\c\,cr. fol t l ic  j~ilr.~x>\cx ol'ifisc~~shiori. Irght11111g 1 5  in- 
clutlcd in thc' LSD cateyor-> I)t,cai~ze the Iir-otci.tlon tcchn~il t~c\  :lrc vet-), slmil:ll-. ttlough 
differing in lnagnitutlc. 

E.MI filter A crrcuit oi ticvrc~r corlt,irnrng c~orrll~olicnt\ th:~t pro! iel? a Iou-tmpeda~~ccl 
path l'or high-frecl~renc). R1; energy to he relnoveil. 'l'tic filter- IIILI! :il\o I)c usctl to [ ) I -o~  
lcct a particular- c~rcu i t  t'l-om electromag11c11c field tlist~irhanc~s. 

Kquipotential ground plane . \  precc ot nlctal ~lsetl as ;I c~o~iirr~on ic~lliieCllciil 1)o111i 1'0s 
po\rer and \irnal rctbrcncirig. Thi\ plar~e Inaj 11ot I>c at c t l ~ ~ i p o t c ~ l r ~ a l  Icvcl\ 1'0s Kf: t.1-c- 
qili,nc~ies tl~rc to its elcctsic~:~ll! ILL[-gc \ i / e .  

Faraday shield .A tern1 I-ct'erring to c~~l iduc t i \ , c  \ l i i c l ~ l ~ r ~ g  u\cd to i.orlt;~iil O I  control arl 
c lectr~c 1'1elcl. 'This s111clti ma! tic Ioc ;~ t r~I  b e t ~ \ ~ ( ' e ~ ~  Iht' I > S I I I I ; I ~ ~  :111e1 \ecori(I;~r~y windinp\ 
 la l r : ~ n \ l ~ o ~ . ~ r ~ c ~ r  or m,r\ ~ . o ~ n p l ~ ~ t c l )  \ L I I . I . O I I I I ( I  .I ~ r ~ i . i i r ~  (01 \! \ I C I I I I  I O  I i l c r \  I &  ~:lcctrost,~- 
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tic shielding. No ground is necessary. (No t r :  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 tlie validity of Gauss's law; hencc his name is 
attributed to this function of shielding.) 

Ferrite components Powered inapnetic (permeable) material in various shapes used to 
absorb conducted interference on wires, cables and harnesses. Acting as a lossy resis- 
tance and increased self-inductance, ferrites convert an EM1 magnetic-flux density field 
into heat (an exotherlnic process). One benefit of this. in contrast to filters that perform 
by retlecting E,MI 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: ( I )  high mag- 
netic permeability that concentrates and reinforces a magnetic field, and (2 )  high elec- 
trical resistivity that limits the amount of electric current tlow. Ferrites exhibit low en- 
ergy losses, are efficient. and function at high frequencies ( I MHz to I GHz). 

Filter A device that blocks the tlow of RF current. for example, 50/60/300 Hz, while 
passing a desired frequency. For communication or higher frequency circuits, a filter 
suppresses i~nwanted 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 rctum 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. 

(;round stitch location The procesb of making a solid ground connection from a PCB 
to a metallic structure for the purposes of providing systenlwide ground referencing. re- 
gardless of which grounding methodology used. 

(;rounding X generic term with :IS inan? ~tcfinitions ; ~ x  there arc engineer?. Thix word 
must be preceded b> an adjective. 

(;rounding methodology .4 chosen rnethocl for ciil.citing 1-eturn iuri.enti in .In uptiriial 
manner appropriate for the intel-~clcd application. 

Holy ground Sometimes rekrrcd to ;I? the actiral locatiori u~e t i .  S'('(, tr l .co Single-point 
ground. 

I1jl)rid ground A pround~ng n~ethodologq that c o m b i n e  s~nyle-point and rnult~poinr 
gsountling \inlt~lt;i~~t~o~isl!.  depcntling on tllz I'unctlonalit) ot' the i.ircu11 and the I're- 
qi~encies present. 

Immunity ,A I - ~ ~ ~ L I I ~ L .  I I I ~ : I ~ L I S ~  01' ;I clevi~,c or- sys tc~n ' \  : I I > I I I I > ,  It) ~ r t I i ~ t ; i r ~ c l  ELMI cxpo- 
jilre while ~naintn~ning a pr-edcl'incti pertor~nnrlce Ie\,cl. 

Insertion loss I'he ratio between the power rccciveci at :I Ioacl before and after tht: inscr- 
tlon of the filter c ~ t  LI yivcn 1'rctlucnc~~. or l i o ~  ~rliich I { ) \ \  ;I t'iltei- Q ~ O V I ~ C \  for i t \  intended 

Multipoint ground :4 riicthocl ol' ~-c.t'erc~nclrig ctil'tbrent ~ I I - C L I I I S  together lo a conimon 
ecluil~otcntial or rel'crencc point. ('onnection niay lie ~natlc hc an) me:cns pohsible in as 
many location) as ~.ccl~~il-ecl. 

Parasitic capacitance 'I'lie c~~paci t ive lc;thapc>  cross :I 201111)011t~iit (resistor. iritiuctt~r. 
liltel. 1.solation ~r ; i~~ , l ' o r~ner .  opt~cal  Iholatol.. t.rt..) that aclvcr\el> atfccts hiph-frciluency 
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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 electronlagnetic en- 
ergy that arrives via free-space propagation. 

Radiated susceptibility Undesired EM1 radiating through free space into equipment 
from externally induced electrornagnetic sources. 

Radio frequency 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 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 identic;ll. 

R F  ground Providing a ground reference point using a specific methodology in order to 
allow a product to comply with both ernisaions 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 frorn 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 ~l l low c~mmuriic;itio~i between different points. All signals will thus be refer- 
enced to the same locatron. 

Suppression The process ot reduc~ng or  eliminat~ng K F  enersy that evicts without rely- 
ing on a secondary method. such as a metal housing or chassis. 

Susceptibility '4 relative measure of a device or system'\ propensity to be disrupted or 
dan~ageci by EM1 exposure. It I.: the lfick ol'irnniunity. 

SIGNAL INTEGRITY TERMS 

impedance The conibirlation of resistanc,e. i.~ip;tciti~c reactance. and ~ntiuctive rc- 
actance seen hc XC.' or t~rne-varying volt~ige. 

.Alternating current ( .1C) .-\ ixr-rent th:~t L.nr1t.s \i it11 t i~nt. .  1.111h I;lbel I \  c o m m o n l ~  ap- 
plied to a powel source that snitches po l :~r~ t )  niarl! tirni.5 per scconri. \uch ;I\ t l ~ c  
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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 retlections 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 to the flow 
of AC current. Usually applied to transmission lines in PCBs and caL,les carrying high- 
speed signals. Normally a constarit value over a wide range oT frequencies. 

Coaxial .A terrn 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 tra\,eling in a conductor as the result of  a voltage tiifference between 
two points. 

Decoupling Preventing noise pulses in,]ected in the power supply lines by switching 
(digital) logic. from disturbing othcr logic on the same poucr  huppl) circuit hy pruvici- 
ing a loculizeri point source of charge. Usually done with capacitors. 

Dielectric constant S t ~ c  Permittivity. 

Differential pair Pardlrl routed signals exhibiting :i mutual irnpednnce between both 
lines. typically 50 to 100 ohms. 

Direct current (1)C) A current produceti by ii voltage source that t1ot.s not v;lry wilt1 
time. Normally provided h> poucr suppile> to slectronic clrcults. 

Edge rate The sat? of change In volt;~gr ~ v ~ t h  tlrne ol' :I logic signal trankiltlc>n. LI\u~ill! 
evpresscd in volts per nanosecorld. 

Edge transition attenuation The loss In stiarpncss of a switching edge c ~ ~ i ~ s e r i  I?! :I!?- 
sorption of the highest frequency component of the transnlission lint.. 

Effective relative permittivity (F, ' )  ['he rcl~itive pcrmitti\ it! that i \  eupcricncccl h) ~ i r i  

electrical signal tsarls~~iittcti throuyh ;I conciuctt.d path. 

Flirt conductor /\ rrct;ungular concluctor that i x  \\$icter ttiar~ 1 1  i \  h ~ g h .  1'\~1a11>, reft.r\ to 
signal coriductr~rs or tracrc In n PC'H. 

Forward crosstalk N o ~ s e  induccti into a t1uit.t line placcrl next to an :lct~ve line ;is sccrl 
at thz end oL' tlic quict lint. ktrtlic\t fro111 \llc 5ign:ll 4ourcc. 

(;round .I tun1 u\t.d to dc\cribc thc ~crmin;il o f  a voltage' W I I ~ C ~ '  i l l ; l t  \?r-\c\ ; I \  ,I 11ic:1- 
wrcment rct'erence for all vult;\gC\ in tlic \!\tern. Often. 111c rlegati\~. [ t ' r l~i~nal  01' the 
p o ~ e r .  \crusce. but \o~nctinlc\ tht, po \~ t i \ t .  terrr~~nal.  



Glossary 

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 allows 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 ciiused 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 
functions. 

Noise budgetinoise 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 cupply o f  each integrated circuit. and 
the logic signal A C  noise budget. 

Overshoot The effect 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, E,) The ratio of the permittivity of the material to 
that of free space. This term is preferred to tlie term r/irlec.r~.ic (,onsttint. Prrmittivity 
is not constant but varies with several parameters, including electrical frequency at 
which the nieasurement is made. temperature. and extent of water absorption in the 
material. 

Power distribution The DC and ,\C charac~eristics for defining power distribution may 
be grnuped into two nlajor categories: conductive losses ( D C )  and dielectric (AC) .  

D(' power distribution Encompasses the outpc~t from the power supply to the 
Input ot' a device. 

.4C power distribution D i ~ i d e t l  into three contributing elements ot' impedance 
.111d collaic1t.1-ecl ux a power citstnbut~o~l impedance network. These are 

( I )  Switching transient impedance The impedance between the decoupling ca- 
picitor and a device. This clement is also referred lo as ground or power 
hu:tncc. I t  is the Ilighe~t frequency component of the circuit. 

( 2 )  Impecianc,c due ro tlie charging of bulk I(: decoupling capacltvrs The current 
I I I  this inipeilancc is ;it a lower fsc.clirencq. i ~ n d  higher ~trrlplitude than the curreill 
In the first element. This volt:tzc drop will hr leqs than the switcl i in~ trancient 
i~iipztf:rncc. T h ~ s  lower voltngc drop is iiue to ;I lowel- irnpetl:uice re.;ultir~g 
t'ro~n :I lower frequency (11' operation. 

(.;) I)scouplirig capacitor inipedance ('seated w11c.n thc clecoupling capacitors 
\uppl> c~ill.rent to the IC'x. Dt.~~ouplirly must p rc~v~de  si~fficicnt current for the 
tic\ ices. This ir~clude\ hipti 1)e;tk currt'nt reclulrement.; during device witching.  
The, IY'B ~)owc.r ~) r j t cn l  I I I L I \ ~  pr-o\~i(ie this current without Iowcring the supply 
\.olt:igc helow the rccluirccl ~i i inirnc~~ll  device Ic\cl. 

Powerlground bounce S i r r ~ i ~ l t a n c o ~ ~ \  \M itcl~t~cl outpirt\ 1 1 1 ; ~ ~  hc i n i l ~ c t i \ e l ~  cottpled I)e- 
t \ ~ e e ~ t  rlie powcs ~111tl  gsouncl I-ct'crenc~c.. 'l'l~is coupling cfelay I i i i t  I';ILISC ;In edge r:trc 
trarl\ltlolI ~c.t~arigc r ~ \ e  ;\iicI tall t t r i~c\ i .  W i t h o ~ l  ;in 3ccur:ite rilodcl c>f the power. ;inti 
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yrounil str~tcture, which includes packnpc models. accurate sirnulation is difficult. Pro- 
vision for low-incluctance connections using wider conductors helps to reduce indnc- 
rive effect<. 

Propagation delay Thc time required for LI signal to travel through a transmission line, or 
the time required for a logic device to perform i t  desired function from input to output. 

Pulse A lopic jignal that ,\v~tches from one state to the other and hack in a short period 
of time and reni,:ins in one state most of the time. Generally used as a clock for logic 
devices. 

Reflections Energy fi-on1 a high-specd signal edye that is sent back loward the source ax 
a result of encoi~nrering a c l i a n ~ e  in i~npeclance in the transmission line on which it is 
traveling. 

Relative permittivity Tlie amount of energy stored in a dielectric insulator per unit 
e1cct1-ic fielci, and hcncc LI measure of the capacitance between a pair of conductors In 

the vicinity of the dielectric i n d a t o r .  as corr~pared to the capacitance of the same con- 
tiuctor pair in a vacuum. 

Ringhack 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 tlrivers and receivers. poor termination technique.;. and impedance mis- 
match of the net to tlie de\ices. 

Ringing Tlie effect lvithin a trani;niission line that contains overshoot (going past the 
niaxinlurn voltage level of the circ~tit and below the Ivv-voltage reference level) before 
jtabilizing to a quiescent level. 

Rise time T ~ n i e  ~ec lu~rsd  lor 'I Iog~c  \ignal to swttch t r o n ~  '1 low state tu ~ t j  h ~ s h  state 
Co~nnlonl)r me:~\ured het \~rer i  the I O ( ;  unil OOC/; \illt,iyc lebels 

Signal line .An! condi~ctor ~ ~ s e c l  to t ra~ian~it  a logic signal from one circuit to anothe~ 

Skew The effect of a signal being delayecl n,ith respect to :lnotlier signal due to different 
path Iengtt~s. or ;L delay during a transniiuion state that may cause tirning el-rors in the 
design. Skew call be i~ffccteci hq conductor iniprc1;ince. differirlg conductor lengths. 
p 0 ~ c . r  \11!3[21! ~;iriations. tic\ ict' toler:lnce\. arltl loud capacitance of inputs. 

Stub ,A branch of the 111;11n li~le 01' a signal net generally used to reach a load that is [lot 
on the elit-rc.t x i ~ n a l  path. 

Switching noise L'v'llcn clc\icc\ arc \\vitching. current is c.itht.1- ~1r:twn from or paased ro 
the 1xnvcr supply throltgh thc poucr i~ro~inc!  path';. When this current contain\ hiyh- 
frequency conipor~rnts. the \elf-inductancr of the packase leads and traces becomex 
\~gnificiint \\it11 rc\pcit to t~.:tnsirnt\ or s w ~ t c h ~ i ~ g .  The\c transients are iauscd by the in- 
cluctance 01' the powerigrou~~tl loop The I:ryo~~t I I I I I \ ~  he ~ l e q i ~ n e d  tn reduce thik initr~c- 
tal1c.e as inl~ch :I> pt>\\~hlc. 

Threshold TI11-cs11oltl i ~ o l ; i t i o n  ;rr.c. cau\cd when :I ~.i\ing 1?~11se eclge does rtot sc;rcIi the 
~ o l t a g c  thre\holtl ot thc ~lc\ic,e input WC;II\ clri\cr\ or ~ 0 0 1 -  ti 'r~iiin:~tio~i< ;IT? ol'tc~i Ihc 
c:ii~\c. L~ltlioug!i 1 1  L ~ ~ I I I  c ~ l \ o  li(* c~-c:~ic,(l I)! ~lc\,icc. ~ l ~ . i \ c r \  uith :I l:ir>rt' ri\ci titlie \ L > S ~ L I \  

p r t l ~  \\ i i l t l t  t1111c. 

Transmission linc . \ [ I >  Ii)rm of  conductor used 11, i:irr!. ; I  \ignal fro111 a \trurce to a loacl. 
'I'lic. t~-ari>nlis\ion ti~tle 1s L I S L I ; I I I ~  I O I I ~  co~i~l~;trrcI to the \pcecI or rlxe time of the signals. so 

that i,cxiplil~;. i~~~pct l ; tnc i~ .  .lnd tc~i-n~ir~atc~r\ ; r e  importa~lt in prc\er\ ing \ignal inregrit! 
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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 uf two products. Absolutc 
power. \.oltage, or current levels are expressed in dB by giving their value u b o ~ ~ e  or rqfl 
rrenccii to some Otr,se quantity. The following describes power gain ( P 2  > P , )  or loss 
i P _  < PI )  in a sy.;teni. 

In many .;ituat~ons. reference must be rnade for voltage. current. field strength, and ~ h c  
l ~ k e  inste:~d of power. The following describe. fomiulas for voltage .~nd current rain ra- 
t~os .  l'hc unit dB 1s d~rnensionless. 

\ patter11 follows tor voltage and current. ,An euceptioil is; the corrlnion reference of 
tlU (i/~o\v. or. / ~ r ~ / o \ \ '  otrt, rtrilii~~~c~tt. tirnotr~rl tr.v t1Hr11. Radiated electromagnetic fieldj are de- 
scribed irl tcrrns of t'icld intensit!. These units are Vini (Volts per meter) for electric field 
\irenpth or ,A/nl i,4mpcres per meter) thr ~nagnctic field strength. 'I'hc conimon units 01' 
~ ~ r c a i ~ r e r n t ~ n t  for thi~ follou i n ?  \oltaye and current ficld \trength intens~ticj :Lrc 
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IpV/m = 0 dBpV/rn 
ImV/m = 0 dBmV/m 
l p A / m  = 0 dBpA/m 
ImA/m = O dBmA/m 
1mW = 0 dBm (Note the pattern difference.) 

Most regulatory limits are described in pV/m. For example. 100 yVlm limit trans- 
lates to 4 0  dBpV/m. The equations that describe this conversion are 

V/m 
dBpV/m = 20 log ,,(---) 1 p V / m  

Conversions between units are easy. For example: 

I p V  = 0 dBpV =- I07  dBm For a 50 i 2  sy\tem 
I.'(yV) = 9 0  + 10log,,,(Z) + P(dBm) For a glven ~mpedance Z In ohms 

Five commonly used variations exist for the decihel. An example of these variations 
follows to present the concept of clBs using different units. 

d B k V  = 20  log 

d B p 1  = 20  lop 

I 
dBk"  I s 1  - 20 log j \ 

l F\:olt,'n~ctcr I 

L ~ B  y , l / ~ n  - 20  log I ]  I ptimp/nleter 

Scvcrtrl j71tf'~11\ are rclatcd to use ul' the i1ec1ht.l. ou lng  t o  ~ h c  impeclaricc of the s\.slcm. 
Yot all systems have the same ~mpeclancc: hence. different values will hc obtained uncler 
[ h i  sitilation. 

m L~RII I  = I { )  log I PliO.OOl waltsi 

8 I vol t  111 a 50-ohm ,!stern is eclu~rl to: 

1 volt in a 600-ohm system is equal to: 

1 volt2/60O 0h111s 
dBm = 10 log - - -  = 10 log (1.67) = 2 dBm ( 0.001 watt 

There is a common mistake most engineers make when performing decibel (loga- 
rithmic) math. This is known as the 6 dB problern. We rnust 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 is a 
9.5 dB increase. 



Fourier Analysis 

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. 
Digital PCBs are always discussed in terms of operating frequency of the oscillator or 
processor. Although this frequency value is important for the speed of operation, the edge 
rate of the oscillator will determine the RF spectral distribution of energy created. The 
mathematics are complicated, but the results are simple. Most periodic continuous wave- 
forms in the time domain will be observed in the frequency domain. 

The same sipnal can be observed on both an oscilloscope (time domain) and a spec- 
trum analyzer (frequency domain]. 

Periodic signals arc represented bq a series of sine and cosine functions. 

i ( i )  = ?,I + i(~., cos ( H W , , ~ )  + B,, sin ( , m , , r ) )  
- / / I  

2 T 
n tieri. ( I J ~  - = natural luntiitmenti~l trequencq 

T 
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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 

F ( w )  = f (t)e-jw'dr i 
-z 

The Fourier envelope is used to quickly calculate the worst-case frequency spectrum en- 
velope. For a given periodic square wave signal with a finite rise and fall time, the fre- 
quency spectrum envelope is calculated as 

where A = peak amplitude (volts or amperes) 
z = pulse width (measured at half-maximum) 
T = pulse period 
t ,  = rise time from 10-90% of the edge transition 
t, = fall time from 90-10% of the edge transition 

If r, # ff, the smallest of the two should be used. 
The amplitude of the signal in the frequency domain, A,, is calculated uslng 

where A is peak amplitude in the time domain. Comer frequencies. f ,  andf,, are cnlcu- 
lated uslng the following. Duty cycle 6 is also shown. 

Examining the comer frequencies. we note that the rising and falling edge of the pe- 
riodic signal may not be the same and is often very different. With this situation, use of 
the faster of the two corner frequencies is required; this is generally the transition froin 
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- 
nai (frequency domain) falls off at -10 dB per decade up to comer frequency,fz. Above f'. 
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the signal amplitude falls off at -40 dB per decade. The spectrum amplitude beyond f, is 
defined by 

The current in the nth harmonic is 

where I = peak-peak amplitude of the wave 
d = duty cycle 
t,. = rise time 
T = period of the signal 
n = harmonic number 

The unit of I,, is the same as I,; 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 I ,  = 0.641 with only 
odd harmonics present. This is for the case where the rise time ( r , )  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 l l x t , .  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. 

Frequency, MHz ilogar~thmet~c) 
12 
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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 paranie- 
ters remain the same. If the frequency is doubled, we must cut the rise time in ti:tlf to ac- 
commodate this faster signal. This decrease in edge rate will increase the ainplitude of the 
signal by 12 dB. 

In looking at the figure. for a 50% duty cycle, only odd harnmonics arc shown. For 
small duty cycles, that is, when the period becomes significantly long comprtrecl to the 
pulse duration, only a few harmonics within the envelope will reach the ~naximum level. 
There harmonics are observed as EM1 because of their large amplitude. 

An illustration of the spectral profile envelope of a signal does not show phase or 
polarity. At every multiple of 112, there is a 180 degree reversal due to the fact thal has- 
monics follow a sine or cosine function of frequency. ICleasurement equipment. auch :IS 

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 analy~er. 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 frecluenc) 
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 (AB, which is in turn a function of the pulse :un- 
plitude. A. Limiting the pulse amplitude has a direct effcct on the RF noise created. X 
slower edge transition time creates u smaller spectrum of RF energy. Wide pulses concct-i- 
trate energy at lower frequencies than do narrow pulses. 



Conversion Tables 

Common Suffixes 

Suffix refers to 

dBrr~ I rnilliwatt 
dBW I watt 
dBvW I microwatt 
dBV l volt 
dBmV I millivolt 
ilByV I microvolt 
(1RVim 1 volt per metes 
dRuVim 1 m~crovolt per nleter 
dB A I amp 
dBv.4 I microamp 
dHpAirn ! mlcroamp per n~ctct 

Appendix C 8 Conversion Tables 

Power and VoltageICurrent Ratios 

Ratio V or I in dB l' in dB 

VultageiCurrent 
dB Power Ratio Ratio 
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Conversion of dBV, dBmV, 
and dBpV 

dBV dBmV dBpV 

Conversion of Voltlm to m ~ l c m '  for Linear and dB Scales 

Appendix C 8 Conversion Tables 

dBpV versus dBm for Z = 50c(l 

dBpV PV dBm Power Level 

Frequency-Wavelength-Skin Depth 

Frequency A A/Zm Skin Depth 

I0  H7 
60 H7 

100 H7 
400 Hz 

l kHz 
10 kHL 

100 kHz 
I M I ~ L  

10 MIIL 
100 MHz 

l GHr 
10 GHr 

4,800 km 
800 km 
380 krn 
120 krn 
48 km 

4 8 k m  
480 m 

48 m 
4 8 m  

0 48 m 
-1 8 crn 
4 8 m m  

820 mil 
340 m ~ l  
260 mil 
110 m ~ l  
82 m11 
26 m ~ l  
8.2 mll 
2.6 mil 
0.8 mil 
0.3 rn~ l  
0.08 nil1 

0.03 rn~ l  

b = wavelength 
hi2rr = near field to iar freld d~ \ t snc r  coriverslon 
d~.;tallce: tnetrlc (rnetersi 
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Product/Product Family Standards 

International EMC 
Requirements 

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 5008 1- 1 Electromagnetic compatibility-Generic emission standard 
Part 1: Residential, commercial, and light industry. 

EN 5008 1-2 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. 

BRIEF SUMMARY OF INTERNATIONAL EMC REQUIREMENTS 
Product I Product Family Standards (Sample list) 

Basic Standards 

General information about what is being measured and the test techniques. Prepared 
by the IEC (Intemational Electrotechnical Commission) which oversees the work of 
CISPR (Comite International Special des Perturbations Radioelectriques, a.k.a. Intema- 
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 (Comite Europeen de Normalisation Electrotechnique, or European Standardiza- 
tion Committee for Electrical Products), or ETSl (European Telecommunications Stan- 
dards Institute) and submitted for publication in the Ojjicial Jout-ncrl r.f the European 
litziorl ( O J )  after adoption by the European Parliament. The standards submitted for publi- 
cation are based on the work of thc IEC and CISPR. 

EN 5501 1 Limits and methods of measurements of radio disturbance charac- 
teristics of industrial, scientific, and medical (ISM) radio-frequency 
equipment (CISPR I 1 ). 

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). 

EN61oW-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 

Class A: 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. 

PI-oducts are selj-verfied for compliance. 
Class B: 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 Federul Communications Cum- 
mission (FCC).  Cunada accepts FCC Crrt@ication. 

International Definition, Defined Within EN 55022 
and CISPR-22 

Class A: Equipment is information technology equipment which satisfies the 
Class A interference limits but does not satisfy the Class R limits. In 
some countries, such equipment may be subjected to restrictions on its 
sale andior use. 

Note: The limits for Class A equipment are derived for tvpical 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. 

Class B: Equipment is information technology equipment which satisfies the Class 
B interference limits. Such equipment should not he subjected to restric- 
tions on its sale and is generally not subject to restrictions on its use. 

Appendix D m International EMC Requirements 

FCC1 INDUSTRY CANADA EMISSION LIMITS 

For FCC and Industry Canada, the frequency range to be measured is based on the highest 
fundamental internally generated clock frequency per the following list. 

Less than 1.705 MHz Test to 30 MHz 
From 1.705 MHz to 108 MHz Test to 1 GHz 

108 MHz to 500 MHz Test to 2 GHz 

500 MHz to 1 GHz Test to 5 GHz 

Above 1 GHz Test to 5th harmonic or to 40 GHz. whichever I S  

lower 

FCCIDOC Class A Radiated Emission Limits 

Frequency Distance Quasi-Peak Limit 
(MHz) (meters) (dHpWm) 

30 to 88 10 79 0 

88 to216 10 -11 5 

2 16 to 960 10 Jh i 

Ahove 960 1 0 49 5 

FCCIDOC Class A Conducted 
Emission Limits 

Frequency Quasi-Peak 1.imit 

Nottl. The limits for Class B equipment are derived for typical domes- 
tic establishments for which 1; 10 rn protection distance is used. 
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FCCIDOC Class B Radiated Emission Limits 

Frequency Distance Quasi-Peak Limit 
(MHz) (meters) (dBpVim) 

30 to 88 3 
88 to 2 l 6 '3 
? 16 to 960 7 
Above 960 3 

FCCIDOC Class B Conducted 
Emission Limits 

Frequency Quasi-Peak Limit 

Summary List-FCC and DOC 

FCCIDOC Limits 

Frequent? A l imi t  B Limit 

Appendix D International EMC Requirements 

INTERNATIONAL EMISSION LIMITS SUMMARY-SAMPLE LIST 

Class B Limits for Light lndustrial Equipment and Primarily Residential Areas 

Frequency Range, MHz 

0.15 -------------.- 0.5 --.------------- 5 --..------...- 30 --------------- 230 ----..-------.- 1000 

SPECIFICATION dBpV dBpV dBpV dBpVim dBpVim Note5 
- - 

QP(1)  AVG(1) QP AVG QP AVG Q P I : )  QP 

EN 50081-1 66-56 56-46 56 46 60 50 30 37 @ I0 m. B limit 

EN 55011* 66-56 56-46 56 46 60 50 30 37 @ 10 m. B lini~t 

EN 55013 (2) 66-56 56-46 56 46 60 50 45-55 (3) - dBpW. Ahsorbing 
Clamp (3)  

EN55014 66-56 5 6 3 6  56 46 60 50 4.5-55il) - dBpW, Ahsnrhinp 
Clamp 13) 

EN 55020 66-56 5 W 6  56 46 60 50 3 5 5 5  (3) - @ 1 0  111 

EN55022 66-56 56-46 56 46 60 50 30 37 @ l O m  

Class A 1,imits for lndustrial Areas 

EN 50081-2 79 66 73 60 73 60 30 37 @ 30 rn, r\ lim~t 

EN55OI1* 79 66 73 60 73 60 30 37 (@ 30 rn. A limit 
EN 55022 79 66 79 66 73 60 30140 17/47 @ 30 nil@ I0 m 

Notes: (1) The dash between two numbers (e.g., 6&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 5501 1 is for equipment covered under EN 50081-1 and EN 50081 -2, and is the product standard for industrial. sclen- 
tific, and medical equipmen[ Group I .  This standard defines lim~ts for radiated and conducted emission. Detailed spcclfi- 
cation limits for EN 5501 I are shown in the next subsect~on [or Group 2 products. 

EN 55013 is for equipment covered under EN 50081-1, not intentionally generahng RF frorn household electrorric\. 
EN 55014 is for equipment covered under EN 50081-1, not intentionally generatlng RF ,uch st brush rnotor7 ~ n d  50 111 

speed controls. T ~ I S  1s also the emission product standard for Household ppl lance Equlprnent t HHAi 
EN 55020 is for equ~pment covered under EN 50082-1 for ~rnm~lnity frnm radio lr~terference from Iinusehold electro~ilc< 
EN 55022 IS the emission requ~rement for products covercd under hoth EN 5008 1 - 1 and EN 4008 1-2, whlch ~nclude\ ln io~  

marion Technology Equipment (ITE). 
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Emissions-EN 5501 1 Industrial Scientific 
and Medical (ISM) Equipment 

For all other EN 55 XXX specifications, refer to the Internatinnu1 Emissions Limits 
Slontiaar~. 

Spc~c,inl Nore: Due to the unique specification limits for EN 5501 1, this section is 
pro\ ided for completeness only. 

Classifcatiotz of ISiM Equipment 

Group 1 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 7 ISM-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 thc treatment of material, and spark erosion equipment. 

Line Conducted Emissions. Emissions levels less than Class A limits (Table IIA), 
or as agrecd with the competent body. The need for mains terminal disturbance voltage 
limit for Class A equipment in situ is under consideration. 

'TABI-F: IIA Mains Terminal Disturbance Limits for Class A Equipment Measured 
on a Test Site 

('lass .:, Equipment Limits dB(kV) 

I 1 XIains 'l'errninal Disturbance Limits for Class IJ Equipment Measured 
on a Test Site 

I Group I Group 2* 

- 
Class B Equipment Limits dB(pV) 

~ - -- -- 
Groups 1 and 2 

1 __- 
I .  r r c l t ! c v ~ ~ ~  1I::illti I \ IHr I Quasi-peak I Average 

! 
Frcquenc! band (11Hz1 i Quasi-peak 7 Quasi-peak 

-- 
I 

ii i i - 0 5 0  t 79 lcn) 

Average 

90 

Frequency Band 
MHz 

TABLE IIIA Radiated Emissions for Group 1 Equipment 

I )  5 73 I Xh 
I I 76 

5 
I 7 \ hl) 

I i 90 1 80 

1 Decrenslng wrth Decreasing wth 
1 

I 

lugx~thrn of 1 lugxlthm of 1 frequency to 70 frequency to 60 - 
\ l . i ln rertnlna! ili\t~iih:l~lce \olia~c. !~mir\ t o r  Gro~ip 1 Clas\ A cc~uip~ncnt  requiring current\ greater than 1004 arc under 

L i ~ ~ ~ k i d e r ~ ~ ~ i i ) ~ l .  

Group 1 Class A 
30 rn measurement 

Measured on a test site 

distance 
dB (pV/rn) 

Measured in situ 

Group 1 Class R 
10 m measurement 

distance 
dB (pV/m) 

Group 1 Class A 
limits with measuring 

distance 30 m from exterior 
wall outside the building in 

which the equipment is situated 
dB(pV/m) 

TABLE IIIB Radiated Emissions Limit for Group 2 , Class A 

0.15-30 
30-230 
230-1000 

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(pV/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 
3 0 1 7  48 5 8 
4 7 4 8  30 40 
68-80.872 43 5 3 

80.872-81.848 58 68 
8 1.848-87 43 5 3 

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 1 7 5 7 

170-1000 40 5 0  

Under consideration 
30 
37 

Under consideration 
30 
37 

Under consideration 
30 
37 
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TABLE IIIC Radiated Emissions Limit for Group 2, 
Class B Equipment Measured 
on a Test Site 

Appendix D 8 International EMC Requirements 

SUMMARY OF CURRENT INTERNATIONAL 
IMMUNITY REQUIREMENTS 

Frequency Measurement 
Band Distance 10 m 
MHz dB(pV/m) 

Under consideration 
30 
50 
30 
50 
30 
37 

Intemational standards for susceptibility (immunity) are provided by the IEC 1000-4-X 
series. This series describes the test and measurement methods for the Basic standards, 
which are specific to a particular type of EM1 phenomenon. It is not limited to a specific 
type of product. Internal to this immunity series are the following. 

Terminology 

Descriptions of the EM1 phenomenon 

Instrumentation 

8 Measurement and test methods 

Ranges of severity levels with regard to the immunity of the equipment. 

The Intemational 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 IEC 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 

8 IEC 1000- 1 General Considerations 

8 IEC 1000-2 Environment 

rn IEC 1000-3 LimitsIGeneric Standards 

IEC 1000-4 Test and Measurement Techniques 

IEC 1000-5 Installations and Mitigation Guideline 

8 IEC 1000-6 Miscellaneous 

IEC 6 1000-6- I Electromagnetic Compatibility (EMC) 
Generic Standard. Immunity for Residential. 
Commercial and Light Industrial Environ- 
ments. 

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 

Standard Description 

Elcctrostatic Discharge (ESD) 

Radiated electromagnetic field 

Electrical Fast TransientBurst (EFT) 

Surgc 

Conducted disturbance by RF 
General guide on harmonics and interharmonics measurements 
and instrumentation (not a standard; procedure only) 

Sot60 Hz magnetic field 

Pulsed magnetic field 

Oscillatory magnetic field 

Voltage dips and interruption 

Oscillatory waves "ring wave" 

Oscillatory waves 1 MHz 
Harmonics, interharmonics, and main signaling 

Voltage fluctuations 

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 

'I'est methods for equipment anrl \?stems: HEMP 
Calibration of probes and instrurnenr for measuring electro- 
magnetic fields 

I 'ribal;~lici. in ttlr-c.c [)liar I I I , I I I ~ \  

L';rri~rtiorl o l  power frequer~c) 
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PERFORMANCE CRITERIA FOR lMMUNlTY TESTS 

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 contirlzie 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 minimum 
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 R .  The apparatus shull 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. 

0 Moht 01' ttie EN 01000-1-u specifications have never heen written or re- 
lcx;isi~tl Th1\ ~ncladt.\ \t;lli~I~~rds identifieti as - I ?  and ~ i h o ~ e .  Titles Ii;~ve been issi1t.d and 
i \ o r l \ i r ~ ~  EJS(lli;l\ ha\ c hscn i\\\igncd 1.01. man! ot' ~lit.\t. ~ e s t x .  When perforrrring compliance 
I I I I l c i  tanrial-ds are inandatosy I'or :I protiuct along with re- 
(1~11rc~1 rckr Ici,c.l\ :~nd peslor~n;r~ice ~,ri[eria. 
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EN 61000-4-2 EN 61000-4-3 ENV 50204 EN 6100044 EN 61000-4-5 
Electrostatic Radiated Radiated R F  Electrical Fast Transients Signal 

Specification Discharge HF Immunity 
---- Immunity -- Transients Leads 

fzN 5'N)XZ-I 8 kV ( 4 1 r )  X(k1000 MHz 900 k 5 MHz 500 V, S~gnal 
1.2150ps 

Genrr~c llmlt 4 L V  (Direct) 3 V/nl Pulse modulated 500 V, DC power AC Power I kV-CM 
1-ight industr~dl I hHr. 8 0 4  AM 50% duty cycle 500 V. Process 

equlprnent 
SOOV-DM 

200 Hz 1000 V, Power DC Power: 500V-CM 
I Note 1 J 5/50 ns, 5 kHz SOOV-DM 

Process. 500V-CM 
CI-~terron B Criterion A Criterion A Criterion B Criterion B 

EN 50082-2 8 kV (Air) 10 V/m 900 k 5 MHz 1000 V, Signal 1.2/50ps 
Genenc llrnlt 4 kV (Direct) I kflz, 80% AM Pulse modulated 2000 V, Power AC Power: 4 kV-CM 
Heavy industrial 80-1000 MHz 50% duty cycle 5/50 ns, 5 kHz 2 kV-DM 

equtpment except 3 Vhn @ 200 Hz 
DC Power: 500V-CM 

(Note 2 )  87-108 MHz SOOV-DM 
174-230 MHz Process: 2 kV-CM 
47(k790 MHz I kV-DM 

Cr~ter~on B Cnter~on A Cnter~on A Cntenon B Cr~terton B 
Eh 55014-2 X kV ( 41r) 8% 1000 MHz Not proposed 500 V Slgnal IOOO V, DM 
4ppllances allti 4 kV tl)trect I 3 V!m 1oO V, AC 2000 V, CM on 

pov.er tool, 5/50 ns, 5 kHz power only 
1 2/50 u s  

- 
Crlrer~tsn B - Crlter~on A Crltenon B Crltenon B 

EN 60601 7 Not Yet Proposed 1000 V, DM 
Medical devices K LL (41r )  26- 1,000 MHz 500 V, S~gnal/IO 2000 V. CM 

1 LV I D ~ r e ~ t )  3 viM 1000 V, AC 1 2/50 p s  

80% AM-I kHr 5/50 ns, 5 kHz power lines only 
Crtter~on B Cnter~on A 

-- -- - -- Cnterion B Crltenon 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 61000-3-3 

Spec~fication Immunity Magnet~c Variation Harmonics Flicker 
-- - -- 
EX 50082-  1 0 15 -80 hlH7 3 A/m +lo%, -15% (A) 

Generli limit 3 V 50 Hz -3094, 10ms (B) 

1 ight tndustrial l kHz -60% ,100ms (C) 

equlprneni XOC4 AM, -95%. 5000ms (C) 

r Note I J 150 i2 Source 
Cntenon A Crtterlon A Cnterlon (x)  dbove -- 

EX 50082-2 0 15-80 MHz 30 Aim +lo%, -15% (A) 
Gener~c 11mit 10 V 50 Hz -30%, 10rns (B) 

Hen}  industrial 80% AM, -60% ,100ms (C) 

equlprnent I kHz -95%. 500(hns (C) 

I Note 7 )  150 R Source 
Cr~terion A Cnter~on A Cntenon (x) above 

EN 55013-2 O 15-230 MHr Not yet Not yet Not yet Not yet 
-2pplldnces a d  Category I1 proposed proposed proposed proposed 

power tools 0 15-80 VH7 
Category IV 
I V ,  S~gnal 
1 V, Power 

Criterion A 

EN 60601-2 Not yet Not yet Not yet Not yet Not yet 
Medical devices proposed proposed proposed proposed proposed 

Note I .  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. 

Perfornzunce c.r~tel-ion 
Level A: The apparatus shall continue to operate as intended. No degradation of performance or loss of function is allowed 
Level R :  The apparatus shall continue to operate as intended after the test. 
Level C: Temporary loss of functior) is allowed, provided the loss of function is self-recoverable. 





Index Index 

capacitance (c.otlr.) 

lead length inductance. 143 
power and ground planes, 134, 138, 144 
relative permittivity, 140 

capacitive 
coupling. 205.261 
crosstalk, 57, 77 
decoupling, 1 OX 
loading, 1 X O  
reactance, 1 92 

capacitors 
capacitance. 129 
dielectric material, 129, 140, 143 
energy storage. 13 1 
ideal. 130 
impedance. 129 
internal to a component. 155 
lend length inductance. 133 
parallel placement, 136 
peak transient current. 153 
physcial characteristics. 129 
placement. 147 
power and ground planes. 134, 138 
resonance, 132 
retrofit. 145 
self-resonance. 130. 133 

causes of EMC, I ?  
characten\t~c ~mpedance. 160, 2 l 6 
clock 

dr\tr~but~on network\. 74 
dr~ver\ .  58 
\hew. 58. 178 
\kew butler\. 58 
\peed. 1x5 

Llo\ed loop 
boundary, 36 
environment. 28 

CMRR. .\'UP common-motle-rcCiect~(>n-rat~o 
corn~rlon-impedar~cc 

power and ground. 266 
trace\. 262 

ivmrnon-~mpedance path 

'omn1011-1r10dc 
cl~oheh. 209 
currents. 4 I .  -14. 5 3. SS 

component characteristics 
bond wires, 76 
capacitive crostalk, 57 
capacitive overheads, 54 
drive current, 56 
edge rate, 5 6 5 5  
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. 1 12 
containment (definition), 3 
conversion between 

common-mode currents. 4 1 ,44 .46  
differential-mode currents. 4 1 3 3 ,  45-46 

copper wire, 40 
coupling paths. 13-1 4 

crosstalk, 203, 2 1 h 

backward, 205 
capacitive coupling, 705 
design techniques to prevent. 207 
hr-end. 204 
forward, 205 
frequency domain. 205 
inductive coupling. 205 
mutual capacitance. 204 
mutual coupling, 204 
mutual inductance. 204 
near-end. 204 

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. 5 1 

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, 2XX48, 140, 166, 169. 172. 

189 
dielectric losses, 166, I69 
differential microstriplstripline 

line-to-line impedance, 177 
differential-mode 

capacitor, 7 1. 73 
currents, 22.41--45. X X  
radiation. 42. 53 

differential traces, 177 
digital and analog components. 122 
digital-to-analog partitioning, 122 
dimensions, 17- 18 
diode network. 236 
distributed capacitance. 88, 161, 180 
distributed capac~tive load. 2OU 
divergence theorem, 28 
double-sided boards. 82. 1 14, 1 I6 
driver impedance, 162 
dual stripline. 175-1 76 
duty cycle shew, 59 

edge rate. 53-55, 100. l Xh 
effect~ve relauve permitt~v~ty. I hh. 172 

electric 
charge, 28. 35 
current. 35 
dipole. 3 1 
field coupling, 14 
field strength (calculation), 62 
fields. 28.33.46, 92 
shock, 249,253 
sources, 30-3 1 

electrically 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. 1 1, 13 
EMI. See electromagnetic interference 
emissions, 1 I .  15 
end termination, 226 

edge rate degradation, 326 
equivalent series inductance. 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 

Faraday cage, 7X 
Faraday's Law. 28-29 
far-end crosstalk, 204 
far-field effects. 3 1-31, 
krrilt: beads, 26, 104 
field transfer coupling, 273 
flat straps. 2hh 
t l u x  canccllat~on. 35. 45. >O. 84. 89. W. 

I I4 
FM radio band. h 
Fourier. Baron Jean Bapt~ste Joseph. l 7  
forwal-d crosstalh. 205 
FR-4 rnateri;~i, I h7 

diclectr~c propel-t1t.s. 107 
frequency responhe. I hX 
1:iminate. 168 
rnater~al. I hX 
resin sy\trrn. 1 hX 
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free \pace 
impcdance of. 32 
plane fieltl. 32 

frequency. 16-1 7 
frequency domain. 17. 36. 163 
functiorial 

partitioninp, 97 
5ubsections. 97 
subsy~terns. 106 

fundarncntal concept, oi suppression 
common-mode RF currents, 50 
current transientc. 50 
pull-uplpull-down current ratios. 5 l 
radiated emissions, 50 
RF voltages. 50 

(;au\\'s Law. 28 
gridded ground sy\teni. I 19 
ground 

t~ounce. 19. 00. 65. 6Li-68. 74. 93. 136 
currents. 750 
glitche\, h5 

:rid structure. 1 I?. 1 I L )  
isolation. 769 
loop. 760. 2bX 
noise marFln. (17 

nolsr voltage. 5 I. 53. 6.3. X X .  1 10 
pill\. I I? 

~o l t agc  magn~tuile. hh 

wlre hontl Ie;ttl\. 08. 77 
grvur~~l  plane\. 45. 56 

benefits. I .i4 

d ~ g ~ t a l  c~rcurts, 262 
electr~c shock, 249 
tunclamental concepts, 249 
ground currents, 25C 
ground loops, 268 
ground nolse voltage, 25 1 
hybrid ground, 261 
I10 conneltors. 277 
Impedance. 252 
metallre structure, 271 
mult~pornt. 259 
overview. 237 
reference system. 165 
resondnce 27 1 
51gnal voltage referenclng, 27 I 
s~ngle-pornt. 17, 2.56 
star. 264 
st~tch connection. 95 
voltage referenclng, 249 
Nlrea. 11 2 

hidden schematic. 7. 24. 27 
hybrid ground. 26 1 

capacitive and inductive coupling, 261 

inductors, 26 
inrush surge current, 54 ,57 
intentional radiators, 17 
interconnect pads. 77 
Interconnecting and Packaging Electror~ics 

Circuits Organization. 167 
interconnects, 1 12 

connector pinout dssignment, I 12 
ground pins, 1 12 
ground traces, 1 12 
ground wires, 1 12 
power distribution network, 1 12 
routing configuration, 1 12 

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 

jitter, 74 
110 connectors. 277 
Image plane, 38. 56. 8 1.  87, 05 

common-mode currents. X X .  99 
definition. Y 
d~fferenti:~l-mode current?. 88. (lo 

dihtributed capacitive load. 88 
ground plane structure, X X  
tnterpl~lriar capacitance, X8 
mutual partlal ~nductancc. X X  
b~olatron, Y Y  
voltage gr;~drznt. X X  

~rnniunity idcfinitioni. 3 
~rnpedunce. 17 - I8 

loop area. I 44 
free space. 32 

inciuctance 
copper pl;tnc\. IhO 

del'init~on. 34 
mutual partial inducta~~cc. SO. ST. X q  

partial ir~ductancc. X $7 
\elf'-p:\rtral ~nciucraricc. $4. Sh 
tr:ice Icngths. 2hO 

111Juct1ci. I . ~ I I ~ ! I I I ~ .  O i .  .'h! 

layer jumping, 102 
layout concerns 

asymmetrically placed components. 1 18 
double-sided boards, 114, 1 I6 
flux cancellation, 1 14 
gritlded ground system. I IY 
radial routing, 1 18 
single-sided hoards. 1 14. 1 15 
syrnmetr~cally placed components. I I6 

lead bond configurations, 64 
lead length inductance. 30. 60. 6 3 ,  133. 143. 

197 
llnc filter. 253 

loaded characteristic impcdance. I80 
loaded propagation delay. 180 
localr7ed ground plar~e, 170 
logic croscovcr current\. 5,-1 
logic fanlilies 

C'MOS. .54. 57. 59 

ECL, 54,58,59, I65 
GaAs, 58 
HCMOS, 57 
LVDS, 59 
TTL, 54.57.59, 165 

loop 
antenna, 43, 60 
area, 91,92, I92 
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, 27 1 
microstrip topology, 17 1 

coated microstrip, 172 
dielectric constant, 48. 172 
embedded microstrip, 172- 174 
impedance. I7 1 
intrinsic capacitance. 17 1 .  173 
surface microstrip. 17 1-1 72 

moat, 107 
multiple terminators. 237. 239 

dual terminations, 239 
termination effects, 239 

multipoint ground. 259,27 1 
ground stitch location. 259 
resonance. 271 

mutual 
capacitance. 204 
coupling. 204 
inductance, 204 
partial inductance. 84. 86, 87 

nature of iiiterference, I 6 
amplitude. I h 
dimensions, 17 
em~ssions. 1 ti 
frequency, I h 
irnrnunrty. I h 
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nature of interference (cant.) 

impedance, 17 
time, 17 

negative reflections. 2 17 
noise margln upset, 194 
noise margin, 67 
near-end crosstalk, 204 
near-field effects, 3 1-32 
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 

Omega layer, 228 
optical isolators, 269 
oscillators, 6, 75 
output resistance, 56 
output-to-output skew. 59 
overdamped, I93 
overshoot, 188,216 

parallel capacitors 
effectiveness. 136 

parallel tennination, 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. X7 
partial split plane, I05 
partitioning, 97. I Oh 

functional \ubsystema. !Oh 
clu~et areas. 107 
quiet ground, 107 

passive component behavior. 27 
PCB traces. 25 

~ h , i r a c t c r ~ ~ i r ~  irnpeciancs, I60 

peak power currents. 54 
permeability, 28, 39 
point discontinuities, 200 
positive reflections, 2 17 
power distribution 

network, 1 12 
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, 59.201) 

quiet areas, 106-107 
quiet ground, 107 

radial routing, I I8 
radiated emissions. 77 

definition, 3 
radiation resistance, 19 
radio frequency (definition). 3 
RC network, 234 

analysis of effects. 2.76 
propagation delay. 216 
ttrne constant. 234 
trace impedancc. 3 - 1  

when to use. 236 
reflected 

pulse. 20 I 
voltage. I89 

reflection equation, 190 
reflections. 188, 316 

electrically long trace. i8X 
reflected voltage, 189 
voltage margin. I 8X 

 regulation^. 4 
relalive pcm1tttlvlty. 130, l h6 

resistivity of materials, 263 
resistors, 25 

carbon composition, 25 
carbon film, 25 
film, 25 
leads, 26 
mica, 25 
wire-wound, 25 

resonance, 132-1 34 
anti-resonance, 128 
parallel, 128, 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, 8 1 
voltages, 19,57 

RFI (radio frequency interference), 4 
right hand rule, 35 
ringback. 190 
ringing, 188, 19 1 ,2  16 

electrically long trace, 188 
reflected voltage, 189 
voltage margin, 188 

round 
conductors. 266 
wire, 264 

rounding, 192 
routing concerns, 178 

clock skew. 178 
crosstalk, 178 
propagation time, 178 
trace impedance, 178 

routing configuration, I 12 

safety ground. 149, 253 
electric shock, 253 
green wire, 253 
ground path, 254 
series choke, 254 

secondary short-clrcuit fuse. 108 
self-compatibility. 6 
self-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, 185-1 87 

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, 1 15 
skin depth, 202 
skin effect, 29, 39, 89, 263 
slots in planes, 101 
slotted holes, 100 
SMT. Sue surface-mount technology 
sockets. 64. 18 1 
source tem~ination, 22 1 
spectral plot, 6 
split planes, 104 
standoffs, 27 1 
star ground. 264 
static fields, 29 
stray capacitance, 69 
stray impedance, 253 
stripline topology, 173- 177 

advantages, 174 
dual stripline, 175-176 
Impedance, 174, 177 
propagation delay, 175. 176 
single. 174-1 75 

suppression. X 
definition, 3 

surface-mount technology, 63 
susceptibility. 12, 15 

definition. 3 
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susceptor, 9 
symmetricaly placed components, 1 16 

T-stubs. See bifurcated lines 
TDR. See time-domain reflectometer 
TEM. See transverse electromagnetic field 
termination impedance. 162 
termination methodologies, 2 17 

diode network, 218, 236 
end termination, 226 
parallel, 21 8, 227 
RC network. 2 18, 227 
series, 2 18. 22 1 
source termination. 22 1 
Thevenin, 21 8, 230 

terminator noise, 237 
lead length inductance, 237 
multiple terminators, 237 
signal bounce. 237 

theory of electromagnetics, 28 
Ampere's Law. 28-29 
closed-loop environment. 28 
electric fields. 28 
Faraday's Law, 28-79 
Gauss's Law. 28 
Lorentz force relation. 28 
magnetic fields, 28 
Maxwell's equations. 28-29. 34.77 
static fields, 29 
time-varyirig current>. 29-30 

thermodynamic domain. 70 
Phevenin 

transfer mechanisms, 13 
transformers, 27 

common-mode isolation, 27 
parasitic capacita~ce. 27 

transient current surges, 75 
transmission line effects, 186 

overshoot, 1 88 
reflections, 188 
ringing, 188 

transmission lines 17 
basics, 162 
crosstalk, 2 17 
dielectric constant, 166. 169, 172 
distributed capacirance, 16 1, 180 
distributed circu~t, 164 
distributed line, 163 
effects, 163, 186, 216 
electrically long trace, 163 
electromagnetic field. 160, 169 
electromagnetic wave. 169 
lumped circuit, 164 
lumped elements. 163 
overshoot, 2 I6 
PCB trace. 160 
point discontinuity, 200 
propagational speed, 165 
pulse width. 200 
reflected pulse. 201 
reflections, 2 16 
ringing. 2 16 
structure. 159, 20() 
trace geometries. 169 
undershoot. 1x8. 116 

transverse electromagnet~c field. 36 

analysis o f  effects. 233 
equivalence. 17 
lumped capacitance. 233 
parallel equivalent reslstancc. ? : I 
terminatlon. 230 
trace impedancu. 27 I 
voltage transition pornr. 230 
when to usc. ??.i 

[race impe<lancc. 178 
11-ace routing. 142 

bifurcated I~r i i - , .  1-12 

underdamped circuit, 102 
untlershoot, IXX. 2 16 
cinloadcd prop;lgatlon delay. I X o  

veioc~ly of propag;rrlon. 47. 166. I 68 
via$. 1x1. 1x7. I47 
voltage gracllcnt. X X .  I I0 
volt:lgc rcfcrcnce, 10. 2.49 
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