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Preface 

Proper design of printed circuit boards can make the difference 
between a product passing emissions requirements during the first 
cycle or not. Traditional EMC design practices have been simply 
rule-based, that is, a list of rules-of-thumb are presented to the board 
designers to implement. When a particular rule-of-thumb is difficult 
to implement, it is often ignored. After the product is built, it will 
often fail emission requirements and various time consuming and 
costly add-ons are then required. 

Proper EMC design does not require advanced degrees from 
universities, nor does it require strenuous mathematics. It does 
require a basic understanding of the underlying principles of the 
potential causes of EMC emissions. With this basic understanding, 
circuit board designers can make trade-off decisions during the 
design phase to ensure optimum EMC design. Consideration of 
these potential sources will allow the design to pass the emissions 
requirements the first time in the test laboratory. 

A number of other books have been published on EMC. Most 
are general books on EMC and do not focus on printed circuit board 
design. This book is intended to help EMC engineers and design 
engineers understand the potential sources of emissions and how to 
reduce, control, or eliminate these sources. This book is intended to 
be a 'hands-on' book, that is, designers should be able to apply the 
concepts in this book directly to their designs in the real-world. 

(:hapter 1 provides an introduction into the basic concepts in this 
book, such as inductance, "ground", and shielding. 

Chapter 2 continues the fundamentals of EMC with discussions 
on various coupling mechanisms, the frequency-domain harmonic 
content of time-domain signals, resonance phenomena, and potential 
emissions sources. 



xvi 

Chapter 3 presents a brief introduction to inductance. While the 
subject of inductance could be an entire book by itself, this chapter 
presents an overview of self-inductance, mutual-inductance, and 
partial-inductance. A number of basic formulas are included to find 
the inductance for simple loop geometries. 

Chapter 4 discusses the concept of "ground". There are a 
number of different meanings for the term "ground", causing this 
term to be often misused and misunderstood. These different 
meanings are discussed, and issues with the various purposes of 
"ground" highlighted. 

The next three chapters are the heart of the basic concept of 
controlling the currents on the printed circuit board. Chapter 5 
discusses return current design, and the paths the return current must 
often take (if proper design practices are not followed). Chapter 6 
identifies the potential sources from intentional signals, while 
Chapter 7 identifies the potential sources from unintentional signals 
on the printed circuit board. Both types of signals must be 
considered in order to properly control the currents on a printed 
circuit board. 

Chapter 8 discusses decoupling power and ground-reference 
planes on printed circuit boards. This is an area where ",any myths, 
misinformation, and unfounded beliefs exist among designers. 
Chapter 8 also presents the two main sources of EM I 'noise' between 
the planes, and discusses various decoupling capacitor strategies' 
effectiveness in reducing this noise. 

Chapter 9 presents basic filter concepts for 110 areas on printed 
circuit boards. The 110 filter is usually the last defense against 
signals from inside a metal enclosure from being coupled onto the 
outside cables and causing emissions. Careful design of the 110 
filter, and proper connection of the filter capacitor to the appropriate 
reference, can change an ineffective filter to an effective filter. 

Chapter 10 discusses how to use standard signal integrity tools 
for EMC applications. These tools are usually used by design 
engineers to ensure functionality of the various high-speed traces on 
the printed circuit board, and can often help analyze the EMC 
effectiveness of various design options. 

Chapter 11 discusses the printed circuit board stack-up for 
various board configurations. Careful selection of which routing 
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layer is used for which signals can make a significant difference to 
the return current path, and ultimately, to the EMC emissions. 

Chapter 12 presents an introduction to shielding for printed 
circuit boards. Resonance effects within the enclosure, the effect of 
aperture size, and gasket design can all affect the overall shielding 
and ultimately, the amount of emissions 'leaking' from the 
enclosure. 

Finally, Chapter 13 discusses a strategy to help quickly identify 
the source of any signals which may cause EMC emissions levels 
that are over the allowed limit in the EMC test chamber. Random 
application of copper tape, ferrite beads, and capacitors is not the 
optimum way to solve emissions problems quickly. The source of 
the emission should he identified and the 'fix' applied to the source, 
for the most effective and efficient solution. 

The author encourages all readers to not blindly accept rules-of
thumb from so-called experts. It is important to understand the basic 
concepts for the important issues, and to make the correct decisions 
for each issue independantly. This does not mean the 'experts' are 
not correct, because they often are correct. This means that you 
should understand "why" or "why not" to implement a specific 
design practice, and to use engineering judgement for each 
circumstance. Design rules-of-thumb are correct for certain 
circumstances, but ultimately you need to make sure they apply to 
your specific circumstance. 
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Chapter 1 

Introduction to EMIIEMC Design for 
Printed Circuit Boards 

1.1 Introduction to EMIlEMC 

Electromagnetic Interference and Electromagnetic Compatibility 
(EMIlEMC) first became a concern in the 1940' sand 1950' s, mostly 
as motor noise that was conducted over power lines and into 
sensitive equipment. During this period, and through the 1960s, 
EMIlEMC was primarily of interest to the military to ensure 
electromagnetic compatibility. In a few notable accidents, radar 
emissions caused inadvertent weapons release, or EMI caused 
navigation systems failure, so military EMIlEMC was concerned 
chiefly with electromagnetic compatibility, especially within a 
weapons system of a airplane or ship. 

With the computer proliferation during the 1970s and 1980s, 
interference from computing devices became a significant problem 
to broadcast television and radio reception, as well as emergency 
services radio reception. The U.S. government decided to regulate 
the amount of electromagnetic emissions from products in this 
industry. The Federal Communications Commission (FCC) created 
a set of rules to govern the amount of emissions from any type of 
computing device and how those emissions were to be measured. 
Similarly, European and other governments began to limit emissions 
from computing devices. During this time, EMIlEMC control was 
limited to computers, peripherals, and computer communications 
products. 

During the 1990' s, the concern over EMIlEMC has been found to 
broaden dramatically; in fact, many countries have instituted import 
controls requiring that EMIlEMC regulations be met before products 
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can be imported into that country. The compatibility of all devices 
and equipment must coexist harmoniously in the overall 
electromagnetic environment. Emissions, susceptibility to emissions 
from other equipment, susceptibility to electrostatic discharge - all 
from either radiated or conducted media - are controlled. No longer 
is this control limited to only computers. Now any product that may 
potentially radiate (or conduct on cables) EMI, or that could be 
susceptible to other emissions (or noise conducted into the product), 
must be carefully tested. Products with no previous need for 
EMIlEMC control must now comply with the regulations, including 
dishwashers, video cassette recorders (VCRs), industrial equipment, 
and most electronic equipment. 

While commercial products have come under tighter control for 
EMIlEMC, the military has not relaxed its EMIlEMC requirements. 
In fact, because of the higher degree of automation and faster 
processing speeds, military EMIlEMC control has become a 
significant part of all military programs. 

EMIlEMC design means different things to different people. The 
standards for commercial applications, such as VCRs, personal 
computers, and televisions are fairly loose compared to the 
militarylTEMPEST i standards, however, they are still difficult to 
meet. The result of the relaxed nature of these commercial standards 
is that designers are constantly caught between lowering emissions 
and susceptibility while meeting cost reduction goals. The trade-offs 
between EMIlEMC design features are clear, but whether the 
absolute need for one or another individual EMIlEMC component is 
required is not so clear. Traditionally, EMIlEMC engineers have 
used experience, as well as equations and graphs from handbooks, 
frequently taken out of context, to help during the product design 
phase. Very little high quality EMIlEMC engineering-level training 
is available at universities, or at any institutions, and most engineers 
working in this area find these traditional methods somewhat 
inadequate. 

Military, space, and other government applications must control 
the emissions of electronics for security, weapon systems 
functionality, or proper communications, most often to a level far 
below the commercial emissions/susceptibility level. This increased 

I TEMPEST is the' U.S. government code name for the project which controls data 
related RF emissions from equipment processing classified information. 
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control requires additional EMIlEMC design features, and greater 
expense, just when these applications are being forced to reduce 
costs. 

EMIlEMC problems are caused by changes in current with 
respect to time on conductors within the equipment, known as dildt 
noise. This current change causes electromagnetic emissions. 
Alternatively, external electromagnetic energy can induce dildt noise 
in circuits, causing false logic switching and improper operation of 
devices. Most high speed fast rise time signals cause EMIlEMC 
problems. These problems are magnified through the wires and 
cables attached to the product, creating more efficient antennas at 
lower frequencies. The typical solution is to use metal shielding, to 
filter all data/power lines, and to provide significant on-board 
filtering of signal lines and power planes. The real question is "How 
much is enough?" and "How much is too much?". 

While many EMC engineers have long advocated close attention 
to EMC design early in the product design cycle, this 'close 
attention' often was simply a long list of "do's" and "don'ts" in the 
form of EMC design rules. These rules were most often based on 
past experience on some specific product or product family, and 
often these rules contradicted each other. The absence of true, root 
cause analysis yielded no real understanding of why a certain rule 
was required, or, even more importantly, when a particular rule could 
not easily be followed (due to some design constraint), then what 
alternatives should be investigated. The designers were simply told 
"do this or else". 

This resulted in a typical design process as follows: 
1. EMC engineer provides product designers with list of 
EMC design rules. 
2. Product designers are unable, or unwilling, to implement 
all the EMC design rules. 
3. The product is designed/built including only convenient 
EMC design rules. 
4. Once prototype product is tested in the EMC test chamber, 
it fails. 
5. EMC engineer and design engineer spend 2 weeks to 2 
months adding capacitors, ferrite beads, gasket, and finger 
stock until problem is solved. 
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6. Product design is updated with EMC 'fixes', and general 
manufacturing begins. 

This design process resulted in delayed first customer shipments 
of products as well as increased product cost, since the EMC parts 
were not designed into the product initially. Clearly, this is not a 
desirable design process, but it is very common! 

The goal of this book is to try to remove the magic from the EMC 
design process. Many have referred to EMC design as black magic, 
voodoo, simply wild guesses, and worse. EMC design is complex. 
There are many interconnected events that occur, and most are hard 
to predict, especially when taken together. If each potential EMC 
emissions source is taken individually, and proper design approaches 
can be applied to address each potential source, however, the 
designer will not get confused while looking at the overall product. 

The authors believe that the goal of every design project should 
be to pass the EMC requirements the first time in the EMC test 
chamber. If a particular Ie has more EMI noise than expected and 
causes a failure, this should be the exception, and not the rule, and 
the problem should be easily corrected. 

Proper EMC design is not just a list of rules. It does require a 
thought process that considers the potential sources and addresses 
each in turn. Naturally, the primary goal is to insure the product 
functions as intended. If, however, during the design phase, these 
EMC considerations are included and matched to the functionality 
requirements, then designers can achieve success in both areas with 
the first design pass. 

1.2 EMI Emissions Sources 

The most efficient way to reduce EMI emissions is to control the 
contributing signals at their source. So, where do these signals 
originate? There are a number of places where these signals can 
originate, but the majority of the signals start as fast switching 
currents in ICs. 

Nearly all EMI emissions come from common-mode currents that 
exist someplace within the product. All of these common mode 
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currents come from some intentional current, that is, some current in 
an IC that is needed for the functionality of the product. If the 
intentional signal is controlled to only include the harmonics that are 
necessary for the proper operation of the product, then the chance of 
a high-frequency harmonic causing unwanted emissions is greatly 
reduced. 

The source of these common mode currents is most likely the 
intentional signal return current path. While printed circuit board 
(PCB) layout engineers will take great care to route a trace from 
source to destination (driver to receiver), very little attention, if any, 
is given to the return current path. When clock speeds were less than 
10 MHz or so, the return current path was not particularly important. 
Today, on-board clock speeds of 200 - 400 MHz, and data bus 
speeds above I GHz are common, therefore, the signal trace must be 
considered a microwave transmission line. The return current path at 
high frequencies is critical, both to the EMC performance and the 
functionality performance of the signal trace. 

1.3 Inductance 

One of the most commonly misunderstood concepts is the concept of 
inductance. Beginning engineering students learn about inductance 
as specific components in inductors and transformers, but seldom 
consider the inductance of the current paths in our ground-reference 
planes, traces, etc. Inductance requires a current flowing through a 
loop. Sometimes the total path is not clear, and total path may even 
be partially radiated, so the concept of partial inductance is also 
important. Partial inductance can be combined to create the total 
loop inductance. However, if the partial inductance of a portion of 
the path is considered and reduced, then the total inductance of the 
path is also reduced. 

The high speed signal rates used today make the consideration of 
loop inductance and partial inductance more important than ever 
before. Even a perfect superconductor has inductance. The 
impedance of this inductance provides a voltage potential when a 
current flows through it. This voltage potential causes noise across 
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ground-reference planes, signal amplitude drop, and adds to EMI 
emissions. 

1.4 "Ground" 

If inductance is one of the most commonly misunderstood concepts, 
"ground" is the MOST misunderstood. When the term "ground" is 
used, designers mean a variety of different things. It might mean the 
safety earth reference for the 50/60 Hz AC power. It might mean the 
signal reference for a high speed trace. It might mean the power 
return on a PCB, or, it could mean the chassis reference for a 
shielded chassis. It might even mean the actual earth ground, as in 
the ground plane at an Open Area Test Site (OATS), where EMI 
emissions are often measured. 

It is clear that it is impossible for all these different uses of the 
word "ground" to be at the same electric potential, but that is really 
the intended definition of "ground". "Ground" is the point of zero 
potential. Actually, "ground" or zero potential only exists at infinity, 
and so, unless some really long leads are used, true zero ground 
potential will not exist in our products. 

A much more clear and accurate way to describe the various uses 
of "ground" would be to use the terms: earth-ground, ground
reference, power-reference, chassis-reference, etc. Then both the 
listener and the speaker are more likely to clearly understand each 
other. 

1.5 Shielding 

Another area of confusion in EMC is the concept of shielding. 
Classical shielding theory shows the effect of a plane wave hitting a 
shield with an aperture. With the density of our products, designers 
seldom have a plane wave hitting our apertures in a shield, so this 
classical approach can be misleading. 

Within typical products, the source of the energy is closely 
coupled to the enclosure shield and apertures. This close capacitive, 
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inductive, or electromagnetic coupling induces currents on the 
shield. The spacing of the shield to the source is important and can 
cause the coupling to change dramatically. Any currents induced in 
the shield can find apertures and transfer energy outside for the 
enclosure. 

1.6 Summary 

The most efficient way to approach proper EMC design for PCBs is 
to consider. the various sources and control the signals at their 
sources. Further chapters will provide much more detail about the 
different sources and how to control each of the individual sources. 
EMC must be considered early during the design phase, and indeed, 
throughout the entire design phase. 

It is important not to treat EMC design as simply following a 
cookbook. During the design, there must be a number of engineering 
trade-offs. If the designer understands the goals, and understands 
where the sources of EMI emissions occur and how to control them, 
then the designer will be successful in making the correct design 
trade-off. If the EMC design process is to just follow a set of rules, 
then when these rules become difficult or impossible to implement, 
they will be ignored, the product will likely fail, and the 'typical' 
design process explained earlier will repeat itself. 

In order to completely understand the thought processes 
associated with the sources, etc, some basic concepts must also be 
clearly understood, such as "ground", inductance, and shielding. 
There are many misconceptions in these areas, and this book is 
intended to help reduce the confusion about them. 



Chapter 2 

EMC Fundamentals 

2.1 Introduction 

The most fundamental fact about EMC is that it is NOT magic, 
witchcraft, or divine intervention. It is about current flow, electric 
field and magnetic field coupling, and electromagnetic radiation. 
The interactions between all the individual system components are 
often complex and hard to visualize simultaneously. In order to 
properly understand the various issues, the overall complex problem 
must be broken into smaller, discrete problems that can be more 
easily understood. Straightforward scientific and engineering 
principles can then be applied with success. 

This chapter will introduce some basic concepts that are 
fundamental to EMC problems. A good basic understanding of these 
fundamentals is necessary before the overall complex problem can 
be broken into isolated individual problems and solved properly. It 
is common practice by some EMC engineers to use the 'try-it-and
see' approach. That is, very little consideration is given to root cause 
analysis (as if the laws of physics might be somehow different for 
this product). When the product fails EMC requirements, they will 
try a capacitor here, or a ferrite bead there, or more gasket in another 
place. Eventually, some combination of things will work together, 
and the product will pass the EMC requirements. Another approach 
is the 'shot gun' approach. With this approach, the design engineer 
includes every possible filter and shielding design options with the 
hope that something will work. Either of these approaches increase 
the cost of the product and is a far from optimum design practice. 
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2.2 Coupling Mechanisms 

The two fundamental coupling mechanisms are electric field 
coupling and magnetic field coupling. The coupling from the noise 
source to the ultimate radiator could be either electric or magnetic 
filed coupling or it could be a combination of both. Understanding 
these coupling mechanisms, and how they· might manifest 
themselves in a product design, is an important part in controlling 
them. 

2.2. J Electric Field Coupling 

Electric field coupling is due to displacement current through a 
capacitive effect. That is, we do not intend the current to flow in this 
particular direction, but the natural parasitic capacitance provides a 
lower impedance path to the current than the intended path provides. 
Current must always flow in a complete loop, so the loop impedance 
is the important factor. 

For example, Figure 2-1 shows a typical printed circuit (PC) 
board with a few components on it. A clock buffer drives a trace that 
passes near a large ASIC/IC with a heatsink above it. As the trace 
passes the heatsink, there is a parasitic capacitance between the trace 
and the heats ink. There is also a parasitic capacitance between the 
heatsink and the clock buffer. (Naturally, there is also parasitic 
capacitances between the heatsink and the receiver, the shielded 
enclosure, and all other parts of the system, but for this example, 
they are small enough to not affect the EMC performance.) The 
impedance of a capacitor is given by 

where 
C = capacitance, and 
f = frequency. 

(2.1) 
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Figure 2-1 PC Board With Components 

The amount of capacitance is set by the physical geometry. The 
impedance, however, will be affected by frequency. Higher 
frequency harmonics will encounter lower impedance for a given 
geometry. 

Recall that all current must flow in a complete loop back to its 
source. The intended path in this example is to have the current at all 
harmonic frequencies leave the clock buffer, travel through the trace 
to the receiver, and then return to the clock buffer through the 
ground-reference plane. In this example, however, the parasitic 
capacitances between the trace and heatsink, and between the 
heatsink and the clock buffer, provide a lower impedance path than 
the intended one, causing at least some of the current to flow through 
the heatsink. While we might not initially care about this return 
current path, we should recognize that the heatsink is a physically 
larger radiator than the trace. The heatsink is very likely to be a more 
efficient radiator, especially at high-frequency harmonics, and can 
cause emissions that were unnecessary and must be contained by 
improved shielding. 
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2.2.2 Magnetic Field Coupling 

Magnetic field coupling is due to conduction current through an 
inductive effect. In this case, we do intend the current to flow in a 
particular direction, but the natural parasitic inductance provides a 
lower impedance path to the current than the intended path provides. 
Since current must always flow in a complete loop, the loop 
impedance is again the important factor. 

For example, Figure 2-2a shows a view of two PC board vias 
that are between two solid planes (such as a power and ground
reference planes). In this example, the same clock buffer from the 
previous example is used, only this time, the trace is buried between 
various layers (as shown in Figure 2-2b) to avoid the electric field 
coupling described in the previous example. The trace usually must 
change layers at some point (to avoid other traces and devices), and 
the signal current travels on the via shown in Figure 2-2b. 

~Vias 
Figure 2-2a PC Board with Vias Example 

In this example, the second via is connected to an internal 
unshielded cable, such as a ribbon cable for a disk drive. The current 
in the first via causes magnetic flux lines, some of which will 
intersect the second via, as shown in Figure 2-2c. These magnetic 
flux lines will induce a current in the second via which will be 
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conducted onto the ribbon cable. This parasitic mutual inductance 
will have a lower impedance for the higher harmonic frequencies, 
and will more easily conduct current away from its intentional path 
and onto potentially harmful unintentional paths (as described in 
Chapters 6 and 7). 

Signal Trace\. 

--------------------... ----~----------------.. ------------------
Planes 

Via • 

Figure 2-2b PC Board with Vias Example (Inside View) 

L PC Board 

Figure 2-2c PC Board with Vias Example with Magnetic 
Flux 

Recall that all current must flow in a closed loop back to its 
source. If we suppose the internal ribbon cable has a sufficient 
parasitic capacitance between the cable and the original clock buffer, 
then at least some of the current might flow through this path as 
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shown in Figure 2-2d. The combination of the parasitic mutual 
inductance and parasitic capacitance causes current to flow in the 
unshielded cable, and radiate onto the structure of the shielded 
enclosure. This requires the shielded enclosure to have additional 
shielding, again increasing the cost and complexity of the enclosure. 

Parasitic \. •••.•••.•..•...•. 

DP"""",!'»:' 
Ribbon Cable 

Figure 2-2d Example of Parasitic Return Current Path 

2.3 Signal Spectra 

The harmonic spectra of the intended signals are a very important 
EMC design consideration. The fundamental harmonic frequency is 
seldom the problem frequency. Most EMC problems are from 
higher frequency harmonics. 

2.3.1 Clock Signals' Harmonic Frequencies 

From a Fourier analysis, the harmonic frequency content from a 
simple square wave consists of the fundamental frequency and all the 
odd harmonics. The amplitude of the individual harmonic frequency 
is given by 
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1 
(2.2) 

n 

where 
n = odd numbered harmonic (1, 3, 5, 7, ... ), and 
An = amplitude of harmonic. 

Figure 2-3 shows an example for a 100 MHz square wave. The 
amplitude is displayed in dB, and it is apparent that the amplitude of 
the higher frequency harmonics does not decay fast. 

This example had no even harmonics because the duty cycle was 
exactly 50% and the square wave has equal rise and fall times. This 
is seldom the case in the real world. A slight change in duty cycle 
will create significant even harmonic amplitude. Even if the duty 
cycle is exactly50%, a difference in the rise and falI time will create 
even numbered harmonics. 

Square Wave Harmonic Frequencies 
(Fundamental @ 100 MHz) 
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Figure 2-3 Example of Harmonic Content for 100 MHz 
Squarewave (or 200 Mb/s Squarewave) 
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The previous example does not include the effect of rise/fall time 
for the pulse. In fact, the previous example used both rise and fall 
times of zero. When the real rise and fall times are included, the 
higher frequency harmonics are affected. Figure 2-4 shows the 
envelope of the frequency. spectrum of a typical trapezoidal pulse 
based on the pulse width and the rise and fall times of the pulse. 
Since higher frequencies tend to radiate more efficiently from traces, 
etc. and are also able to radiate through smaller openings in the metal 
enclosure, it is best to keep high-frequency harmonics as low as 
possible. As Figure 2-4 shows, the amplitude of the pulse spectrum 
decreases with higher frequency. The spectrum decreases at a rate of 
20 dB per decade of frequency above a frequency related to the pulse 
width, and at 40 dB per decade above a frequency related to the 
pulse rise/fall time. The slower the rise/fall time, the lower 
frequency at which the second break occurs, resulting in reduced 
signal levels at high frequencies. Clearly, the slower the rise and fall 
times of a pulse, the lower the potential frequency domain harmonic 
content of that signal. 

1 
00 

j (d and t are in seconds) 

@ 
~ 
.=. /40 dB/decade 

1 

1/(1td) 1/(1tt) 

Log Frequency (Hz) 

Figure 2-4 Envelope of Spectrum of Trapezoidal Pulse 
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2.3.2 Hertz vs. Bits-per-Second 

There is confusion sometimes about the difference between a (for 
example) 50 M bit/sec signal and a 50 MHz signal. These are not the 
same thing, and the fundamental frequency of the 50 M bit/sec signal 
is not 50 MHz. Figure 2-5 shows an example of a 50 M bit/sec 
square wave and the fundamental sinewave at 25 MHz. In effect, the 
squarewave data rate only uses one bit width (which is one half of 
the full sinew ave cycle) to determine the data rate. This means that a 
100 M bit/sec pulse will have its odd numbered harmonics at 50 
MHz, 150 MHz, 250 MHz, 350 MHz, etc. 

25 MHz Sinewave and 50 M bit/sec Squarewave 
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Figure 2-5 Comparison of 25 MHz Sinew ave and 50 Mbitlsec 
Squarewave 
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2.3.3 Non-Squarewave Data Signals 

Clock signals are typically a square wave, but data and address 
signals change from moment to moment. The instantaneous 
spectrum will change with the data as well. The basic harmonic 
content is similar to the square wave and based on a sinc type 
function!. If a max-hold function is applied to the changing 
spectrum from a pseudo-random bit stream, an envelope develops as 
shown in Figure 2-6. The peaks of the harmonic envelope are 
centered on the squarewave harmonics. At any instant in time, 
however, the actual harmonic frequency and amplitude will be under 
the envelope and probably not at the squarewave harmonic. 

As mentioned in a previous section, if the duty cycle is not 
exactly 50%, then the null frequencies in Figure 2-6 will have some 
non-zero values, depending on the amount of deviation form the 50% 
duty cycle. 
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Figure 2-6 Envelope of Spectrum for Pseudo-Random Bit 
Stream 

1 The sinc function is a sin(x)/x function. 
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2.4 Resonance Effects 

Most EMI emissions are not broad band but fairly narrow band. A 
resonance is excited somewhere in the system. It may be a 
resonance of an external cable is excited and becomes an efficient 
radiator, or an internal heatsink is excited and becomes a good 
radiator, or any number of other things that can become efficient 
radiators at specific frequencies if excited. 

Resonance is either a physical size phenomenon or a circuit 
based phenomenon. Circuit based resonances are due to capacitive 
and inductive reactive impedance components being equal and 
opposite phase. Energy is stored in the capacitor and then in the 
inductor, repeatedly. 

Physical resonance is due to the physical size of the conductor. 
For example, a wire in free space, when excited at its center, behaves 
like a dipole antenna. This 'antenna' is an antenna whether or not 
we intended it to be one! The antenna will be excited most 
effectively when the size of the wire is one-half the wavelength of 
the exciting frequency. The physical length of the antenna 
determines the resonance frequencies. Typically, a straight wire 
will be resonant at odd numbered half wavelength harmonics. 

Resonances can increase the amount of emissions because the 
final radiator is more efficient. For example, a personal computer 
product had a front panel LED display. The LEDs needed to be 
visible to operators and were on the outside of the metal enclosure. 
By themselves, the LEDs and their associated circuitry were not an 
efficient radiator at the frequencies (and the harmonics) contained in 
the circuits. A plastic door was positioned near the LED display 
area. This plastic door was not part of the metal enclosure and 
considered not an EMC concern. However, the plastic door latch 
was built on a metal rod that was about 30 cm long. Even though the 
metal latch rod was not in physical contact with the LED circuits, the 
parasitic capacitance and inductance coupled energy onto it, and 
harmonic signals in the 500 - 600 MHz range from the LED circuits 
were radiated efficiently! The halfwave resonant frequency for a 30 
cm long 'wire' is about 500 MHz, so the metal latch rod was an 
efficient antenna for harmonics around this frequency. This was an 
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example of where an unexpected resonance increased the emissions 
significantly. 

Cavity resonances are based on the volume of the 
enclosure/cavity. Boundary conditions force the tangential electric 
field to be zero on a perfectly conducting metal wall. In an empty 
rectangular cavity, whenever the cavity size allows an integer 
number of half wavelengths along any dimension, it will support 
standing (or stationary) waves, and is resonant. For an empty 
rectangular cavity, the frequencies where the cavity is resonant is 
given in [2.1] by 

fmn =_1 ~(m)2 +(n)2 + (!!...)2 
p 2# abc 

(2.3) 

where: 
a, b, and c = length of the sides of the cavity, and 
m, n, and p = integer numbers (only one can be zero at a time). 

Equation (2.3) only applies to empty rectangular cavities. Typically, 
electronic or computer products contain a number of circuit boards, 
internal cables, power supplies, etc. Each of these objects alter the 
boundary conditions and therefore change the resonant frequencies. 
In an enclosure with little open space, there is little space to support 
the standing waves, and the likelihood of internal cavity resonances 
is low. 

2.4.1 Magic and Luck 

One of the main reasons that EMC has a reputation for being magical 
is because of the effects of resonance. These are not generally from 
straightforward wire or cavity resonances, but because of the 
interaction between the physical resonances and the circuit based 
resonances when the parasitic elements are included. As mentioned 
earlier, the parasitic elements are difficult or impossible to compute 
with simple closed form equations, and so they are often ignored, but 
they exist whether they are ignored or not. 

For example, in the past, a common design practice was to 
intentionally not connect the PC board ground-reference plane 
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directly to the metal chassis at all of the PC board mounting screw 
locations. Often circuit pads were left on the PC board so that one 
could later install a capacitor, zero-ohm resistor, or ferrite bead as 
testing required if problems occurred. Unfortunately, this created 
more problems than it solved since even the zero-ohm resistor adds 
inductance (impedance) and is a poor connection at high frequencies. 

Traditionally, engineers would try different values of capacitor, 
ferrite. etc. until the emissions were low enough to pass the 
requirements. Often, while trying various combinations of 
components, they would observe the signal of interest reduced, but 
another frequency signal unexpectedly raised above the limits! 
Unknowingly, they were simply tuning the resonances of the various 
parasitic elements with their added circuit elements until they were 
lucky enough to arrive at a combination that allowed the resonances 
to add or subtract in their favor. 

Obviously, this is not the preferred approach. Rather than 
depend on luck and many hours spent in the EMC laboratory trying 
various circuit combinations, up front design and consideration of 
the parasitic circuit elements, the possible resonances, and the overall 
equivalent circuits will help the designer be successful the first time. 

2.5 Potential Emissions Sources 

To understand the potential emissions sources in the EMC test 
chamber, the product under consideration should be enclosed in an 
imaginary enclosure. Any thing that leaves this imaginary enclosure 
is a possible emissions source. 

2.5.1 Shielded Products 

There are two ways for noise energy to escape the shielded 
enclosure. Energy can escape through openings in the metal 
enclosure or be conducted through the enclosure on I/O cables and 
wires. 

Openings in the enclosure are typically air vent areas, seams 
where metal enclosure parts are joined, and any other doors and 
windows. Noise energy escapes these openings and causes RF 
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current on the outside of the enclosure, cables, etc. in a complex 
pattern. These currents cause emissions, and depending on the 
resonant frequencies of the external structure (with cables etc.) will 
radiate more or less efficiently. The radiation does not necessarily 
leave the opening, seam, or air vent and radiate directly to the 
receive antenna. This is why emissions often seem to come from a 
comer of the enclosure where there is no opening, or even from a 
metal side panel with no seams. The radiation direction is 
determined by the entire external system, not the point of leakage. 

110 wires and cable allow internal signals to travel to the outside 
of the enclosure directly. These signals may be the intended signals, 
but are often unintended signals that couple onto the 110 traces or 
connector pins inside the enclosure. Once the unintended signals are 
on the external cables, they will radiate based on the resonances of 
the external cable lengths and shapes. 

Note that while a straight wire has a resonant frequency (as 
described earlier), when the wire/cable is bent that resonant 
frequency changes because the RF current distribution changes. 
Typically, EMC emissions test procedures require that the external 
cables be bent in different shapes and their positions changed to 
optimize the emissions at all frequencies. This requirement is 
effectively changing the cables resonant frequencies to make them a 
more efficient radiator. 

2.5.2 Unshielded Products 

Some products do not include a metal enclosure. This is typical for 
low cost products where the cost of a metal enclosure is too high. In 
this case, the PC board can radiate directly, or signals can couple 
onto the attached cables/wires (as in the shielded case). 

Emissions from the PC board can be significant. Energy coupled 
onto heatsinks and external traces will cause emissions. Often, 
products that are very cost sensitive will use single or double layer 
PC board stackup, which eliminates the benefits of solid power and 
ground-reference planes. The return currents from intentional 
signals must be routed as traces, and the loop created by the driving 
trace and the return trace can cause direct emissions. 



EMC Fundamentals I 23 

2.6 Intentional Signal Content 

One of the most fundamental facts concerning emissions is that 
current causes emiss.ions, not voltage. As engineers, we tend to 
focus on voltage waveforms and not the current waveforms. This is 
sufficient if we are dealing in purely resistive circuits, but this is 
seldom the case. CMOS IC devices have a very different current 
waveform than the voltage waveform. In addition, if nonlinear 
devices are included, such as clamping diodes, the amount of current, 
especially at high frequencies, can be significant. 

High frequencies tend to radiate more than low frequencies. 
This is mostly due to the fact that resonant effects and parasitic 
elements are more effective at higher frequencies. If the energy is not 
created to begin with, it cannot be coupled though a parasitic 
element, nor will it excite a resonance and ultimately cause an 
emission. The most cost effective way to control emissions is at 
their source, and to control the spectrum of the intentional signal 
currents. Chapter 6 will discuss this in much greater detail. 

2.7 Summary 

EMC is not magic. Effective control of EMC emissions require an 
understanding of the signal harmonic spectrum of the intentional 
currents, and how parasitic capacitance and inductance can cause 
these currents to flow in areas where they were never intended. 
When intentional currents flow on metal surfaces where they were 
never intended, natural resonances of those metal parts can 
significantly increase the emissions. 
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Chapter 3 

What is Inductance? 

3.1 Introduction 

While many of us feel that we understand it, in reality inductance is a 
commonly misunderstood concept. Inductance is important to 
EMIJEMC design considerations since it is one of the primary 
limiting factors in high-frequency design. Whenever there is metal, 
and current flows though that metal, inductance is present and will 
affect the current flow. At high frequencies, this intrinsic inductance 
dominates all components, traces, and metal planes. Capacitors and 
resistors become inductors. 

A complete study of inductance would fill at least one entire 
book. The purpose of this chapter is to help the reader better 
understand the concepts of inductance, mutual inductance, and 
partial inductance as they apply to EMIJEMC design, especially on 
printed circuit (PC) boards. 

3.2 Electromagnetic Induction 

When the current in a loop changes with respect to time, the 
magnetic field associated with that current also changes. As this 
changing magnetic field cuts through a conductor it induces a 
voltage in the circuit of that conductor. This occurs whether the 
magnetic field lines cut through a different conductor or the same 
conductor as the original current. The voltage induced in a single 
wire loop is equal to the time rate of change of magnetic flux passing 
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through the wire loop. [3.1] This is described in Faraday's law of 
electromagnetic induction as: 

,C - fl dB -'1 E . dl = ~ at' dS (3.1) 

Figure 3-1 shows a simple rectangular loop. If the loop is small 
compared to the wavelength of the frequency of interest, then it can 
be assumed that the magnetic flux is constant over the area A, and 
Equation (3.1) can be reduced to 

V =-A aB 
at (3.2) 

The amount of voltage induced from a time-varying magnetic field 
can be found for any geometry using Equation (3.1) and for a simple 
rectangular loop using (3.2). 

Area = A 

v$ ® 
B 

Figure 3·1 Rectangular Loop 
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3.3 Mutual Inductance 

The mutual inductance of real world circuits is often difficult to 
calculate since the loops are seldom simple geometries, and other 
metal in the surrounding environment will affect the way the fields 
behave. If it is assumed that two loops are located in free space 
(electrically far from other conductors) then the problem is 
simplified and a reasonable estimate can be made. Under these 
conditions, the mutual inductance between the two loops is defined 
as 

where: 
I. = the current flowing in loop #1, 
B = the magnetic flux created by the current in loop #1, and 
S2 = the surface of loop #2. 

(3.3) 

In Equation (3.3) the magnetic flux from the current in the first loop 
is integrated across the surface of the second loop to find the mutual 
inductance. 

An alternative form for the mutual inductance may be obtained 
from vector potential formulations [3.2]. This provides the Neumann 
form of the mutual inductance of two loops as a double integral 
around the contours of both loops, in free space, as 

(3.4) 

where 
r = the distance between contour integration elements in loop #1 and 
loop #2 as shown in Figure 3-2. 
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Loop #2 

Figure 3·2 Two Arbitrary Loops 

The mutual inductance of any general combination of loops can 
be found from Equation (3.4). For the special case of two circular 
loops orientated coaxially (as shown in Figure 3-3) and when a « d 
and b « d, Equation (3.4) can be approximated [3.3] by 

(3.5) 

Loop #1 Loop #2 

Figure 3·3 Two Loop Coaxial Oriented 
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Another special case is to find the mutual inductance between 
two parallel current elements displaced from each other as shown in 
Figure 3-4. Reference [3.3] provides the Equation (3.6) for the 
mutual inductance. Distances A through D and overlap distances a 
through d are indicated in Figure 3-4. The resulting expression is 
useful to find the mutual inductance between square loop structures, 
adjacent PC board traces, etc. 

M =_0 In +(C+D)-(A+B) (3.6) 11 [ (A+at(B+b)b ] 

4Jl' (C+c)C(D+d)d 

Note that while 110 is used in all these equations, if the media is 
anything other than air, then the appropriate permittivity (Jl) for that 
material must be used. 

Figure 3-4 Two Parallel and Offset Conductors 

3.4 Self-Inductance 

Recall from the previous sections that induction occurs when a time
changing current causes magnetic lines of flux to cut through metal 
conductors. Until now, only the case where these lines of flux 
caused by a current in one loop cut through the conductors of another 
loop was considered. These lines of flux will also cut through the 
conductors of the original loop as well. This gives rise to the loop's 
self-inductance. 
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The self-inductance of an isolated circular current loop in free 
space can also be found using Equation (3.4) if the two loops are 
considered to be overlapping. The difference in loop radii is 
considered to be equal to the radius of the wire of the single loop 
avoiding a singularity in Equation (3.4). For a simple isolated 
current loop, where the wire radius ro is much smaller than the 
loop's radius a, then the loops self inductance is approximated as 

(3.7) 

If multiple turns of the wire loop are used, then the inductance is 
simply multiplied by the number of turns to find the total inductance 
of the number of loops. 

For an isolated square loop in free space, the self-inductance can 
be found from Equation (3.4) using 

L=-- In +--1+v2-- 1+ p 2J10a( p+~l+ p2 1 ~ 1 ~ 2) 
1i 1+J2 p p 

where 
p = afro 
a = length of side, and 
ro= wire radius. 

(3.8) 

For the case where the wire radius is much smaller than the loop 
radius (ro« a), Equation (3.8) reduces to 

L= 2J1oa(In 2p -2+J2) 
1i 1+J2 

(3.9) 

Note that for these calculations of self-inductance the 
contribution by the internal flux within the conductor has been 
neglected. This term is most important at low frequencies when skin 
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depth is not important and the current is uniformly distributed across 
the cross section of the conductor. This self-inductance from the 
internal flux is given as a per-un it-length parameter as 

(3.1 0) 

This term is then mUltiplied by the loop length to find the total 
contribution of the internal flux. 

For a single tum rectangular loop in free space (Figure 3-5), the 
self-inductance can be found from 

where 

A ~ hln( h+"~ + w' ) 

B ~ WIt + ":' +W' ) 

c ~hlf: )+Wlf:) 
L= /10 (-2(w+h)+2..Jh 2 +W2 -A-B+C) 

1l 

w = the width of the rectangle (wide dimension) 
h = the height of the rectangle (short dImension), and 
a = the wire radius. 

(3.11) 

For a single equilateral triangular loop in free space (Figure 3-6), 
the self-inductance can be approximated from 

L "'" 3/1os (In!.. -1.405) 
2ft a ) 

(3.12) 

where 
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s = the length of one side of the triangle, and 
a = the wire radius, 

Figure 3·5 Single Turn Rectangular Loop 

s 

Figure 3·6 Single Equilateral Triangular Loop 

For a single isosceles triangular loop in free space (Figure 3-7), 
the self-inductance can be approximated from 

(3.13) 
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where 
c = the length of the equal sides of the triangle, 
b = the length of the base of the triangle, and 
a = the wire radius. 

b 

Figure 3-7 Single Isosceles Triangular Loop 

3.4.1 Self-Inductance per Unit Length 

There are a number of special structures that are commonly of 
interest to EMIlEMC engineers. Many of these special structures 
lend themselves nicely to per-unit-Iength parameters, such as pair of 
wires, traces over ground-reference planes, etc. This section will 
provide estimates of the self inductance for a few special structures. 

For a pair of wires in free space (Figure 3-8) with the separation 
much greater than the wire radius (a « d), the self-inductance can 
be approximated from 

L::::; /10 COSh-I(~) 
1( 2a 

(3.14) 

where 
a = the wire radius, and 
d = the separation from the center of the wires. 
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d 

radius = a 

Figure 3-8 Pair of Wires in Free Space 

For a wire over a metal plane in free space (Figure 3-9) with the 
separation much greater than the wire radius (a « h), the self
inductance can be approximated from 

(3.15) 

radius =0 

Figure 3-9 Wire Over a Metal Plane 

For a flat trace over a metal plane in free space (Figure 3-10), 
with the width of the trace much greater than the height above the 
metal plane (h « w) and the height above the metal plane greater 
than the thickness of the trace (h > t), the self-inductance can be 
approximated from 
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where 
w = the width of the trace, 
h = the height of the trace above the metal plane, and 
t = the thickness of the trace. 

Figure 3·10 Trace Over a Metal Plane 

(3.16) 

For two flat traces in free space (Figure 3-11), with the width of 
the trace much larger than the separation between traces (h « w) 
and the separation of the traces is greater than the thickness of the 
trace (h > t), the self-inductance can be approximated from 

(3.17) 

w 

", 'I I"" ,.' "" ' .. ,\ ' .. .;'" 

d 

Figure 3·11 Two Flat Traces in Free Space 
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For two flat co-planar traces in free space (Figure 3-12), with the 
width of the trace much smaller than the distance between the center 
of the traces (w « d) and the width of the traces is greater than the 
thickness of the trace (w > t), the self-inductance can be 
approximated from 

(3 .18) 

h 

I c. 

Figure 3-12 Two Flat Co-planar Traces 

3.5 Partial Inductance 

The definition of inductance requires a current flowing in a loop. 
Without a complete loop, there cannot be inductance. Practical 
considerations, however, lead us to discuss the inductance of a part 
of the overall current loop, such as the inductance of a capacitor. 
This idea of discussing the inductance of only a portion of the overall 
loop is called partial inductance [3.4]. Partial inductances can be 
combined to find the overall inductance using Equation (3.l9). 

(3.19) 
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The concept of partial inductance is especially useful when the 
physical geometry is complex, or when the current is not uniform 
throughout the cross section of the metal. For example, if a metal 
bar (as shown in Figure 3-13) is considered to be small enough so 
that the current is constant throughout the cross section, then the bar 
could be replaced with an equivalent circuit of a simple series 
resistor and inductor. The resistance would be given as 

I 
R=-- ohms 

where 
I = the length of the bar, 
w = the width of the bar 

owt 

t = the thickness of the bar, and 
a = the conductivity of the material. 

(3.20) 

Figure 3-13 Metal Bar for Partial Inductance Calculations 
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A similar calculation [3.4-3.6] will provide the partial self
inductance, Lpii 

(3.21) 



Where 

AI =={I+u2JI2 

A2 == {I +0)2 1'2 

A3 == {U 2 + 0)2 1'2 

A4 ==(I+u 2 +0)21'2 

A ==In(~) 5 A 
3 

A. : In( m:,A. ) 

~ :In( u::. ) 
u ==lIw,and 

OJ ==tlw. 
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While (3.21) appears to be quite complex, it is straightforward to 
implement in a computer program. This calculation can be extended 
to a larger bar [3.7] that has non-uniform current across the cross 
section by dividing the large bar into smaller bars, each with a 
uniform current distribution (Figure 3-14). This approximates the 
current distribution across the large bar as a step distribution, and as 
long as there are enough smaller bars, the step size between adjacent 
small bars is low enough for good accuracy. The voltage across each 
small bar is 

N 

V = RJi + jmLPJi + jO)L(LpiJk) 
k=l 
h,i 

(3.22) 

where Lpik is the mutual partial inductance between the I-th and k-th 
small bars and which contains the relative location of the small bars. 
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Formulas for these mutual partial inductances between rectangular 
conductors with uniform current distribution are given in [3.4-3.6] 
with an excellent introduction to partial inductances in [3.4]. The 
sum of all the small bar currents equal the total current in the large 
bar. The voltage across each small bar is equal to each other and 
also equal to the voltage across the large bar. Figure 3-15 shows a 
schematic representation of this combination of partial inductances. 

Figure 3-14 Combining Individual Bars to Create Larger 
Structures 

3.6 Summary 

The basic principle that inductance requires current to flow in a loop 
is an important concept to understand. This is not unreasonable 
since current must flow in a loop. The size of the current loop 
determines the amount of inductance. 

Inductance is a basic building block in electronic circuits. That 
is, as soon as metal conductors are used, and current flows through 
them, inductance exists. This inductance becomes the limiting factor 
in all high-frequency circuits. When capacitors are used as filter 
elements, the natural inductance associated with the current flowing 
though the capacitor limits the frequency range where the capacitor 
is an effective filter component. 

Partial inductance is a useful concept, since with partial 
inductances one can discuss the contribution to the total inductance 
of a single part of the loop. An example is the PC board via 
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connecting between different layers on the PC board, the metal 
stand-off post between the PC board and the chassis, and traces on 
the PC board connecting between filter components. Each of these 
metal structures can be analyzed to find their partial inductances, and 
the results can then be combined to find the total inductance. 

This has been a very brief introduction to inductance. A much 
more complete study of this subject is available in the references. 
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Chapter 4 

The Ground Myth 

The term "ground" is probably the most misused and misunderstood 
term in EMC engineering, and in fact, in all of circuit design. 
Ground is considered to be a zero potential region with zero 
resistance and zero impedance at all frequencies. This is just not the 
case in practical high-speed designs. The one thing that should be 
remembered whenever the term "ground" is used, is that "Ground is 
a place where potatoes and carrots thrive"! By keeping this firmly 
in mind, many of the causes of EMC emissions problems would be 
eliminated. 

The term "ground" is a fine concept at DC voltages, but it just 
does not exist at the frequencies running on today's typical boards. 
All metal has some amount of resistance, and even if that resistance 
was near zero ohms, the current flowing through a conductor in a 
loop creates inductance. Current through that inductance results in a 
voltage drop. This means that the metal ground planelwirelbar/etc. 
has a voltage drop across it, which is in direct contradiction with the 
intention and definition of ground. 

4.1 Where Did The Term "Ground" Originate? 

The term "ground" was first used in electronics in the early days of 
the telegraph. Recall the old cowboy movies where the bad guy 
shoots down the single wire at the top of the telegraph pole so that 
the bank he just robbed cannot tell the next town and have them send 
a posse after him. Note there is only one wire, but in our very first 
circuits class it is emphasized that current must flow in a loop. It 
flows down the wire from the sender to the receiver, and then it must 
return. Back in the days of the telegraph, wire was expensive. It was 
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quickly discovered that if one side of the sending circuit and one side 
of the receiving circuit were connected to the earth (ground), then 
only half the wire was needed and the system worked fine. The send 
and receive ends were "grounded" as in Figure 4-1 and the telegraph 
circuit was complete. 

"Ground" Connections 

s 
Return Curren' 

GroundlEarth 

Figure 4-1-·· Ground Current for Very Low Speed 
Communications 

This was an excellent solution when the pulse signal rate was a 
maximum of approximately 5 pulses per second. Regardless of the 
conductivity of the earth, the signal got through. Obviously, this is 
completely unacceptable as data rates increased because the 
impedance of the earth increases quickly as frequency is increased, 
Now the entire current path must be considered, This includes not 
only the direct transmit path (or signal path), but also the return 
current path (or the signal return current). 

The confusion about "ground" is increased with our existing 
schematic standard symbols. The symbols in Figure 4-2 indicate 
normal circuit "ground", and even chassis "ground", all of which are 
assumed to be connected together. While the signal and power 
return current paths are not shown in typical circuit schematics for 
simplicity and clarity, these return current paths nonetheless exist, as 
shown in Figure 4-3. With the return current paths indicated, the 
current obviously flows in a complete loop. 
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Even the more complete schematic representation in Figure 4-3 
is misleading, since the current flows in three dimensional space and 
not only in the two dimensional circuit representation in the 
schematic. Figure 4-4 shows a simple Integrated Circuit (IC) driver 
and receiver on a printed circuit board (PCB) when the signal line is 
a microstrip trace using the metal plane as the return current path. 
Note that the return current flows in the metal plane, and any break 
in that return current path will interrupt the current loop. 
Unfortunately, a break in this return current path through the metal 
plane is common, and this results in the return current taking an 
unpredictable and most likely problematic path that can lead to 
interference with other circuits, or EM!. 

Circuit 
"Ground" 

Chassis 
"Ground" 

Digital 
"Ground" 

Analog 
"Ground" 

Figure 4-2 -- Typical "Ground" Symbols 

Figure 4-3 -- Schematic With Return Paths Shown 

1 A microstrip is a single trace placed over a reference (ground) plane. 
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~":~.:;~ ---==C:<:: ~ 

Retum Current 
Metal "Ground" Plane on Circuit Board Paths 

Figure 4-4 -- IC Driver on PC Board with "Ground" Plane 
(Reference) 

4.2 What Do We Mean When We Say "Ground"? 

The term "ground" is often used by different engineers to mean 
different things. Sometimes "ground" is used to mean signal 
return/reference. Sometimes "ground" is used to mean power 
return/reference. Sometimes "ground" is used to mean chassis 
reference, and still other times "ground" means the safety connection 
to the building metal and ultimately connected to the earth. All of 
these double meanings are valid connections, but by labeling them 
all with the same name ("ground") and a multitude of symbols the 
specific function in the design is totally confused and often misused. 
A more descriptive name should be used so to eliminate any 
confusion during design discussions, and to help the designer think 
more clearly about the function intended. 

4.2.1 Signal Reference 

One of the most common uses of the term "ground" is to describe the 
signal reference, or signal return current path. In a simple low speed 
circuit board, the return current path may be an additional trace, so 
that the signal current flows 'out' to the receiver on the signal traces 
and flows back' to the transmitter/driver on the signal return traces. 
Figure 4-5 shows an example of this PCB strategy. Using this design 
strategy, the return current path is explicitly designed, and care can 
be taken to ensure this path is not interrupted or routed in a fashion 
that interferes with other circuits, or picks up noise from other 
circuits. 

Most modem PCBs require signal rates in the ] O's, 100's or 
1000's of Megabits per second. Functionality concerns require a 
more controlled signal transmission line. The physical PCB 
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Signal Traces 

PC Board 

Figure 4·5 - PCB With Separate Traces for Signal and 
Signal Return 

arrangement for a microstrip line and a strip line configuration are 
shown in Figure 4-6. The signal current flows in the trace and the 
return current flows in the plane(s). Because of the close coupling 
between the signal trace and the reference plane(s), the return current 
flows directly beneath (or above) the signal trace in the reference 
plane(s).2 For the simple microstrip example in Figure 4-6, the 
return current will be (mostly) under the microstrip on the top side of 
the reference plane. For the symmetric stripline shown in Figure 4-6, 
the signal return current uses both planes equally. As long as no 
discontinuities in the reference plane exist, such as a break in the 
plane, a via transition, etc., the return current remains closely 
coupled to the signal current and an effective transmission line is 
created. 

Another common PCB configuration is the asymmetric strip line 
trace shown in Figure 4-7. This configuration is often used when 
multiple layers are required in the PCB stackup. The majority of the 
signal return current from an asymmetric stripline returns on the 

2 Note: most of the return current flows directly beneath/above the signal 
trace, but some of the return current spreads out to find the path of least 
inductance. Please see Section 6.6 for more discussion on this subject. 
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closest reference plane. Again, because of the close coupling 
between the signal trace and the reference plane(s), the return current 
flows directly beneath (or above) the signal trace in the reference 
plane. As long as no discontinuities in the reference plane exist, 
such as a break in the plane, a via transition, etc., the return current 
remains closely coupled to the signal current and an effective 
transmission line is created. 

Microstrip Transmission Line 

Signal Trace 

Reference Planes 

Stripline Transmission Line 

Figure 4-6 - Symmetrical Stripline and Microstrip Line 
Configuration 

'I:~:;;:;:::;:::======~-7Reference Planes 

(power, "Ground". 
etc.) 

Figure 4-7 - Asymmetrical Stripline and Microstrip Line 
Configuration 
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4.2.2 Power Reference 

Another common meaning of the term "ground" is the power current 
return. Typically, no distinction is made for an IC between signal 
current return and power current return. ICs require power to drive 
signal current down the signal trace, as well as to operate circuits, 
logic gates, etc. inside the IC itself. This internal power current must 
return to the power supply through the power reference connection. 
The current path for this purpose does not follow the signal traces, 
but flows in a completely different path. 

In the case of a simple low speed PCB, the power connection is 
clear, and the power return current path straightforward, as shown in 
Figure 4-8. Power is supplied to the driver IC, some of the current 
flows outward on the signal trace, and the remainder flows directly 
back to the power supply and decoupling capacitor. 

Power Traces 

PC Board 

Figure 4-8 -- PCB With Separate Traces for Signal, Power, 
and Return 

When the signaling speeds require more controlled transmission 
lines, such as microstrip lines and striplines, then the signal reference 
planes are often used as a power supply plane and a "ground" or 
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power reference plane3• This means that the signal reference plane 
could either be a power plane or a power reference plane as well as 
the signal reference plane. By using the term "ground" for signal 
return and power return, when the signal line is referenced to the 
power plane, things become very confusing. How can a single plane 
be both power and ground? 

This confusion can sometimes be reduced by referring to the 
power plane as "AC ground", because the decoupling capacitors 
connect the power plane and the "ground" plane together at high 
frequencies. While this is true over a limited range of frequencies, 
the inductance of the capacitor, and more importantly, the inductance 
of the vias, pads, and traces connected to the capacitor limit the high
frequency performance of the capacitor. This results in a non-zero 
impedance between the power and "ground" plane, and a non-"AC 
ground". 

Even if all signals and power are referenced against the same 
plane, the signal return currents and the power return currents flow in 
different paths. This is illustrated in Figure 4-9. Since the power for 
the IC is likely to be supplied from both the power supply and the 
local decoupling capacitors, some of the return current must flow to 
each location (to complete the required current loop(s». 

4.2.3 Chassis Reference 

Most products use a shielded metal enclosure to house the circuit 
cards, etc. All internal power references and all internal signal 
references should be connected to this metal chassis close to the 
connectors where all the external cables leave the board. The metal 
chassis is very important to the overall emissions performance of the 
system. The most common cause of EMI emissions is unintentional 
common-mode currents on external cables and cable shields. These 
currents result from a voltage difference between the cable (or cable 
shield) and the chassis metal. From the external emissions point of 
view, the chassis is the ultimate 'ground', or reference for these 
unwanted voltages. This means that the primary strategy to control 
external emissio~s is to reduce the unwanted voltages between the 
cable (or cable shield) and the chassis. The consideration is similar 

3 Please refer to Chapter 5 for more discussion on return current for 
transmission lines. 
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for the unshielded and shielded cables, but there are slight 
differences for each of these cases. 

Signal Traces 

Signal Current 
Return Paths 

GND 

PC Board 

Figure 4-9 -- Ground Plane Return Currents for Power and 
Signal 

4.2.4 Unshielded Cables 

An unshielded cable has the conductors directly connected to the 
internal circuits, typically through a connector. Since these 
conductors carry intentional signals, the frequency content and/or the 
signal level must be low enough that these intentional signals do not 
cause emissions themselves. 

There are a number of ways that an unintentional signal, or noise 
might be also present on the same conductors, but at a voltage level 
less than the intentional signals. The intentional I/O driver might 
have internal noise coupled onto the I/O signal line. Fields within 
the metal enclosure might couple onto the trace leading to the I/O 
connector, or even directly to the connector pins. There might be 
crosstalk coupling between high-speed clock or bus lines onto the 
I/O trace. There are other possibilities as well. Regardless of how 
these unintentional signals may couple onto this I/O line, a filter is 
required to reduce the unintentional noise voltage. Typically, this 
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noise voltage must be below 100 microvolts (0.0001 volts) to insure 
passing commercial regulatory limits (using a simple resonant dipole 
calculation) [4.1]. 

Chapter 9 will discuss in detail how to design effective filters. 
One of the most common strategies for filter design includes a 
capacitor between the signal line and the circuit board reference 
plane, as shown in Figure 4-10. Naturally, this filter must be 
designed so that the intentional signal is allowed through, and the 
unintentional signals are attenuated. The important consideration is 
for the unintentional signal on the I/O line to be attenuated relative to 
the chassis, not just relative to the circuit board reference. The filters 
normally used are mounted on the circuit board for convenience and 
lower cost, and all attenuate relative to the circuit board reference 
and not directly to the chassis reference. The impedance of the 
connection between the circuit board reference and the chassis 
reference allows a voltage drop across this impedance and therefore 
reduces the effectiveness of this I/O line filter4• Figure 4-11 shows a 
schematic drawing of this connection impedance. 

110 Driver 

110 Connector 

Filter 
Capacitor 

Figure 4-10 ---110 Filter Schematic 

o 
o 
o 
o 
o 

Since the impedance of the connection between the circuit board 
reference and the chassis reference is part of the filter design 
(unintentionally), this impedance must be minimized to ensure the 
filter will do the intended job effectively. At high frequencies, the 
DC conductivity is not an issue. The concern is due to the 
inductance of the PCB reference and chassis connection. Even a 

4 The connection between the PC board and the chassis is discussed later in 
this chapter. 
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perfect conductor has inductance, and therefore has impedance. 
Once a noise current is flowing through an inductance there will be a 
voltage drop. This noise voltage can then effectively drive the I/O 
lines relative to the chassis. 

1/0 Driver 

o 
JJO Connector 0 

o 
o 
o 

Filter Capacitor 

Circuit "Ground" ~ 
Possible Common
Mode Voltage 
Between Chassis 
and Circuit 
"Ground" 

_ __ __ _ ~!t~ <2h!,S~s ~ __________ : 

Figure 4-11 --- 110 Filter Schematic with Connection 
Inductance 

The loop inductance for various distances between the I/O 
connector and the metal post is dependent upon the loop area, not the 
lateral distance. The inductance, and thus the impedance, increases 
very rapidly if the standoff metal posts are not positioned close to the 
connector area. 

Another concern is the size of the connection between the board 
reference and the chassis. Part of the loop is the reference plane on 
the board, and another part is the chassis itself. These conductors are 
wide and have minimal partial inductance. The contact between the 
board reference and the chassis is typically much smaller and its 
partial inductance contributes significantly to the total inductance, 
and dominates to the impedance of the total path. This contact 
interface is where most of the noise voltage that drives the cable 
relative to the chassis is generated. 
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At high frequencies, the currents can only flow on the surface of 
the conductors. This is known as "skin-effect". The skin-effect 
limits the area the current can flow in, which increases the effective 
partial inductance. From this analysis, it is apparent that the size of 
the connection post is also important. The posts should be as short 
and as thick as possible. This will minimize the partial inductance of 
the post and therefore the total loop inductance (which consists of the 
various partial inductances). One common design strategy uses 
connectors with metal tabs that contact directly to the chassis and 
also to the board reference plane. When sufficient numbers of tabs 
are used, the inductance is minimized. If too few tab connections are 
used, the connection impedance is not lowered, and the noise voltage 
relative to the cable is again created. 

4.2.5 Shielded Cables 

When the intentional I/O signal is at a high-frequency or data rate, a 
shielded cable is required to ensure the intentional signal will not 
cause emissions over the required limits. This is an effective 
strategy to keep the intentional signal from causing radiated 
emissions as long as the cable shield is connected to the chassis with 
a low inductance/impedance path. 

Some shielded cables use a pigtail strategy to connect the shield 
of the cable. With this strategy, the cable shield is terminated some 
distance from the connector and a thin wire is connected to some 
metal part of the connector, and ultimately to the chassis. In some 
applications, this wire is connected to one of the connector pins, then 
to the circuit board reference. As described above, the thin wire 
conductor greatly increases the partial inductance of the connection 
as compared to a short, fat wire, and therefore the impedance is high. 
When the thin wire pigtail is connected directly to the metal of the 
chassis, there is still significant impedance between the cable shield 
and the chassis shield. Any currents flowing on the inside of the 
cable shield must also flow across this pigtail impedance. This 
effectively defeats any shield advantage, and causes a voltage 
between the chassis and the cable shield, the very thing the shield 
was being used to avoid. 
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4.2.6 Earth Safety Reference 

The earth safety reference is the one true "ground" connection, 
because the 'ground' conductor in the AC power plug is connected to 
earth someplace within the building. This connection is intended to 
help take any AC power line currents that might be present back to 
the earth connection, rather than through a person who comes in 
contact with a damaged piece of equipment. The path is a low 
impedance current path at AC power line frequencies (50/60 Hz) but 
a high impedance current path at high frequencies, and it cannot be 
used as a high-frequency reference. 

4.3 'Ground' is Not a Current Sink 

When we tum on the kitchen faucet, water flows out, and if the drain 
is open, water flows down the drain hole and into the ground. 
Although the flowing water analogy is often used to help new 
students understand electron flow, it does NOT apply in the case of 
circuit 'ground'. Current does not simply flow into the local 'ground' 
(or reference) connection and just stay there! As discussed earlier in 
this chapter, all current must flow in a closed loop, and return to its 
source. 

Signal and power references have been discussed along with 
how the currents return to their source. When a capacitive filter is 
used, the unwanted currents do not simply flow into the ground
reference plane and stop. The currents must return to their source. 
Some path will be found, whether it is the intended path or not. 
Most emissions problems occur because return currents are using a 
path that was never intended for the signals associated with these 
currents. 

4.4 Referencing Strategies 

There are two basic referencing strategies that are used in PC board 
design; single-point ground-reference and multi-point ground-
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reference. While a given product might have a stated design goal of 
one strategy or the other, nearly all high-frequency circuits become 
multi-point ground-reference circuits regardless of the intention of 
the designers. Optimum design requires the engineer to make 
conscientious decisions about which strategy is possible and desired, 
given the frequency rang~ of the signals involved in the various 
circuits. 

4.4.1 Single-Point Ground-Reference Strategy 

The single-point ground-reference strategy intends to have one point 
in the system, or on the PC board, where "ground" exists. All 
circuits are referenced to that point. Figure 4-12 shows a simple 
diagram of a single-point ground-reference strategy. This works 
well for DC and low-frequency circuits. Once the frequency is 
above 100KHz, however, parasitic capacitance and parasitic 
inductance become significant enough to allow return currents to 
flow in unintended paths. Figure 4-13 shows an example of 
parasitic components added to Figure 4-12. When return currents 
flow in unintended paths, the likelihood of EMC problems is 
increased significantly. As stated earlier, most EMI emissions can 
be traced to return currents flowing where they were never intended. 

Single-point ground-reference strategies thus become multi
point ground-reference strategies at frequencies above about 100 
KHz. Rather than try to enforce a single-point ground-reference 
strategy, it is better to consider the circuits separately, and provide a 
reference path appropriate for that circuit. This requires thought with 
regard to the return current for each signal, including DC power as 
well as the low-frequency, middle-frequency, and high-frequency 
circuits. 

4.4.2 Multi-Point Ground-Reference Strategy 

As stated in the previous section, regardless of the designer's 
intention, all referencing strategies become multi-point as the 
frequency increases beyond approximately 100KHz. Single-point 
ground-referencing can still be used for low-frequency and DC 
power circuits, but engineers should design with a multi-point 
ground-reference strategy in mind for all signals above 
approximately 100KHz. 
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Circuit A 

Circuit B 

Figure 4-12 --- Single Point Ground Example 

A multi-point ground-reference simply implies that each circuit 
has its own reference. This really makes the most sense, since the 
return currents must flow back to their source anyway. Indeed, the 
whole idea of "ground" tends to ignore the return current. When the 
design is done with the return currents in mind, the concept of 
"ground" becomes unnecessary. Figure 4-14 shows an example of a 
multi-point ground-reference strategy. Note that the physical 
configuration cannot be ignored, nor the circuits drawn as non
physical schematics, because at some location, all the reference 
points are connected together. To illustrate the mUlti-point ground
reference strategy, two high-speed circuits are shown with their 
signal lines and DC power connections. An additional dashed line is 
shown near the signal lines to illustrate the return path for the high
speed signals. This path is most likely the DC ground-reference 
plane adjacent to the signal line, but it could be a different plane. 
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Figure 4-13 --- Single Point Ground Example with Parasitic 
Coupling 

4.5 Grounding Heatsinks to PC boards 

It is common to use metal heatsinks placed on top of high-speed ICs 
to help cool the IC. These metal heatsinks are usually very closely 
mounted to the high-frequency part of the IC, so internal currents can 
easily be closely coupled onto the metal heatsink. The metal 
heatsink is physically and electrically much larger than the IC silicon 
chip and internal bond wires, so it is a more efficient radiator. 
Regardless of how the signals are routed on the PC board, or how the 
return currents are controlled, once the internal IC currents are 
parasitically coupled onto the heatsink (antenna), they will cause 
emissions. Depending on the amount of shielding provided (or not 
provided) by the enclosure, these emissions may exceed the limits. 
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A common practice for controlling emissions from heatsinks is 
to "ground" the heatsink to the PC board ground-reference. This will 
reduce the voltage difference between the heats ink and the ground
reference plane, and reduce the emissions. The number of 
connections, their size, and their location can make the effort and 
cost of this heatsink "grounding" effective or may actually increase 
the emissions [4.2]. 

Signal B---..... 

Figure 4·14 ... Realistic Referencing Example 

The frequency content of these signals depends on what signals 
are within the Ie. Figure 4-15 shows an example of the voltage 
between a processor IC and the ground-reference plane measured 
with a spectrum analyzer. Note that the processor internal clock 
frequency (l GHz in this example) was not the dominant frequency 
detected on the heats ink. The various bus signals contained more 
current than the internal clock signals and dominated the noise on the 
heatsink well into the GHz range. As the frequency increases, the 
size of the heats ink becomes electrically large and makes the 
heatsink a more effective radiator. Any heatsink "grounding" must 
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therefore be designed carefully in order to be effective at high 
frequencies. 

o 

Heatslnk Voltage Measurements for WllllameHe @ 1000 MHz 
with 100 Mhz Frontslde Bus and 400 MHz RAMBUS 

200 400 600 800 1000 1200 1400 1600 1800 2000 

Frequency (MHz) 

Figure 4-15 --- Example of a Heatsink Voltage Measurement 
from a Processor Ie 

As discussed in an earlier chapter, all conductors have 
inductance. The contacts used between the heatsink and the ground
reference plane will have inductance, and thus will have a non-zero 
impedance. The greater the number of contacts that are used, the 
lower the impedance and the more effective the contacts will be in 
reducing the emissions from the heatsink. Typically, however, the 
area around the heatsink is valuable real estate and adding 
"grounding" contact pads is difficult. A trade-off must be made 
between the number of contacts and the amount of reduction in 
emiSSIOns. The following example is given to show that the 
emissions can be increased at some frequencies if a sufficient 
number of contacts are not used. 
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4.5.1 Heatsink "Grounding" ExampLe 

A significant amount of literature has been written about modeling 
heatsinks and various methods for grounding heatsinks. The Finite
Difference Time-Domain (FDTD) simulation technique is probably 
the most widely used modeling technique for this type problem, and 
models have been validated with measurements [4.2], [4.3]. 

For this example, a 55 mm x 68 mm x 40 mm high heats ink was 
analyzed. FDTD was used as the simulation technique. An infinite5 

metal plate was used to simulate the metal ground reference plane in 
the PC board, and the heatsink was placed above the metal plate. 
The source was then placed between the heatsink and the ground 
reference plate. Figure 4-16 shows an example of this configuration. 
Emissions were found in the near field of the heatsink. The highest 
emission level at each frequency (over a range of positions) was 
taken as the result, regardless of the direction and polarization. 

nk 

Ground-Reference 
Plane 

Figure 4-16 --- Heatsink Example Emissions for Few 
Contacts 

A number of different heatsink "grounding" configurations are 
shown. The no contact case was modeled, as well as one contact 
point, two contact points (on the opposite sides), four contact points 
(one in the center of each side), four contact points (one in each 
comer, and eight contact points (one in each comer, and one in the 
center of each side). The contact points were small metal posts 

5 In FDTD, when the Liao boundary condition is used. a metal plate can be 
simulated as infinite by placing it against the boundary condition. 
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(approximately 25mm x 25 mm) connecting between the ground 
plane and the heats ink. 

The results are given in electric field strength for a given 
normalized source level. Since the actual source level will vary with 
different les, the absolute level of the result is not important, but the 
relative levels for different grounding configurations are important 
and useful results. The results were normalized to remove any 
influence of the freqQency spectrum of the source. That is, the 
source level was assumed to be identical for all frequencies. 

Figure 4-17 shows the results for the no-contact, one contact and 
two contact configurations. A clear resonance is apparent at 3.75 
GHz. 

Figure 4-17 also shows that at lower frequencies (300 - 800 
MHz), the emissions are increased when only one contact point is 
used. At frequencies above 800 MHz, the emission levels are 
approximately the same as those for the case with no contact points. 
Two contacts improve the low-frequency emissions (below 800 
MHz), but increase the emissions from 800 - 2000 MHz. Emissions 
at frequencies above 2000 MHz when two grounding points are used 
are approximately the same as no heats ink "grounding". 

Near Field Emissions from He.tslnk 
55 mm x 68 mm x 40 mm (high) 
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Figure 4-17 Emissions From Heatsink with Few "Grounding" 
Contacts 
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Figure 4-18 shows the results when four or eight contacts are 
used. When the four corners of the heatsink are "grounded" the 
emissions were reduced below about 1000 MHz. In the frequency 
range of 1000 - 2000 MHz, the emissions were significantly 
enhanced. When four contact points were used with one in the 
center of each side, the emissions were reduced up to about 1600 
MHz. Between 1600 and 2500 MHz, the emissions were increased. 
When eight contact points were used, the emissions levels were 
significantly reduced up to about 2500 MHz. There was an increase 
in emissions level between 2500 and 3000 MHz. 

Near Field Emissions from Heatslnk 
55 mm x 68 mm x 40 mm (high) 

200y--__ ~~-G~N~D~C~OO-I-m-------.'I-.I-rIT,,-------,----.--.--r-.~ 

195 -OneGNDContact -:-~-:-~ 
I 

190 -Four GND Contact (cant8f) 

160 

I I 

.l I 
I I 

I I I 
I 

I I I I 
I I I I 

• I 
I I I I 
I I 

- I- -. 
I I 

I I 
I I 
I I 

I I I I I I I 

156 - - - - - - -i - - - -1- - -I - t . t . I t I 

I I I I I I 
I I I I I I 

160~----------~~~--------4-------------------------~ 
1.0E+08 1.0E+09 

Frequency (Hz) 

Figure 4-18 Emissions From Heatsink with Additional 
"Grounding" Contacts 

1.0E+l0 

The re~ults show that the emissions levels were greatly affected 
by the number of contact points between the heatsink and the 
ground-reference plane. A primary resonance will exist, and 
depending upon the grounding configuration, the frequency of this 
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primary resonance can be moved to a higher frequency (where it is 
not going to affect emissions in the frequency range of concern). It 
is clear from these simulations that one or two contact points should 
be avoided, since the resonances are likely to be in the range of the 
first or second harmonic of the processor clock frequency (where the 
most energy exists). Eight contact points provided the most 
significant improvement of all the configurations tested. 

4.6 PCB Reference Connection to Chassis Reference 

If we have a system with a completely enclosed chassis with no I/O 
cables leaving the enclosure, it makes no difference how, or if, the 
internal circuits are connected to the enclosure chassis inside the 
enclosure. Any internal fields from the PC board are contained 
within the enclosure. This is seldom the case, however, since most 
real world products include openings and I/O cables. 

The most common cause of external emissions in typical 
products is unwanted common-mode voltages from unintentional 
signals on the I/O cables and wires relative to the chassis. From an 
external point of view, we can consider the enclosure chassis to be 
the reference, and the voltage on the I/O cable to be the feed for an 
'antenna'. We might even consider the enclosure and wire (with the 
source between them) to be a kind of lumpy, irregularly-shaped 
dipole antenna. Regardless, the combination of I/O wire and 
enclosure creates an antenna that will radiate quite effectively at 
some frequencies. 

A low impedance connection between the PC board and the 
chassis, when done correctly, can reduce the emissions from these 
unintentional signals. 

4.6.1 I/O Area Connection 

Consider the case with two I/O wires, such as a signal line and its 
return (ground), (for example, an audio speaker connection to a 
personal computer). The return wire is usuaJJy connected to the 
ground-reference on the PC board. Any filtering on the audio signal 
line is referenced to the ground-reference on the PC board. The 
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reference for the external radiation is the chassis and not the ground
reference on the PC board. Any impedance between the chassis and 
the PC board ground-reference will allow a voltage to be created 
between them. This voltage will appear to be a source on the I/O 
reference wire and the I/O signal wire. Figure 4-19 illustrates this 
problem. 

The connection between the PC board reference and the chassis 
is often accomplished with stand offs and machine screws. The 
placement of these stand offs is mostly arbitrary and seldom selected 
for best EMI emissions control. Figure 4-19 shows a connection 
impedance between the PC board reference and the chassis. This 
impedance consists of the resistance of the connection and the 
inductance of the connection. If we consider the loop inductance of 
the connection between the chassis and the PC board, we will want 
to keep the loop area as small as possible. Figure 4-20 shows the 
loop area for the side view and a top view. The total three 
dimensional loop area is important. 

/" Cha,ss_is ___________ _ 

Ground-Reference Line 

Signal Line 

\ PC Boon! .. ,""'" 

Connection to Chassis Impedance 

Figure 4-19 Connection Impedance Between Board and Chassis 

Many I/O connectors have shields that serve two purposes. First, 
they shield the connector pins from unwanted signals coupling 
directly onto them from fields inside the enclosure. Secondly, and 
more importantly for this discussion, they provide a low impedance 
and low loop area path from the chassis to the PC board. This 
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connector becomes the main connection between the ground
reference plane on the board and the chassis. 

Side View 

Top View 
Connection Loop Area 

Stand off 

Siand off 

Figure 4-20 Loop Area For PCB Reference Connection to 
Chassis 

4.7 Summary 

Unfortunately, it is unlikely that the word "ground" is removable 
from designer's vocabulary. The concept of "ground" is easy to 
understand and emotionally comforting. Once the frequency range 
of the signals is above about J 00 KHz, however, the "ground" 
concept is not a good way to think about the physics of the current 
flow. Consideration to the return current flow path is vital to 
controlling "ground" currents. 

The term "ground" is often misused to mean a number of 
different references. It is much better to consider the power
reference, the signal-reference, the chassis-reference, cable shield
reference, etc. Once these various references are clearly described, 
then the proper connections can be established, and the return 
currents controlled. 
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Chapter 5 

Return Current Design 

5.1 Introduction 

Many EMI problems associated with high-speed circuits are due to 
improper design of the return current path. PCB designers often 
expend considerable effort to carefully design traces with the proper 
length, proper transmission line impedance, etc., but neglect the 
return current path that completes the current loop. These EMI 
problems can usually be avoided if attention is paid to this return 
current path. 

First, to understand the physics of the high-speed transmission 
line, the concept of current flow must be extended beyond the direct 
current (DC) sense. Current does not start at the source, travel down 
the transmission line signal conductor, appear at the receiver, and 
then return through the ground-reference plane back to the source. 
The transmission line supports a transverse electromagnetic (TEM) 
wave. [5.1] When the transmission line is longer than the pulse, there 
will be regions along the transmission line where the TEM pulse is 
present, and regions where the TEM pulse has not yet arrived (or has 
already passed). 

In the region where the TEM pulse exists, there will be a time
varying electric field between the trace and the ground-reference 
plane, as shown in Figure 5-1 a and Figure 5-1 b for the simple 
microstrip and stripline cases, respectively. The electric field 
requires a current to be in the two conductors. This current will be in 
opposite directions in the conductors, and must exist simultaneously 
with the pUlse. The current must flow in both conductors as the 
pulse moves down the trace. Any discontinuity or break in the 
current's path in either the trace or the ground-reference plane will 
affect the current. The current must flow in order for the TEM pulse 
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to propagate, and it will likely find a path that compromises the 
signal integrity or EMI performance, if the designer does not provide 
an intentional path. 

Trace 

E-field __ ~ 

~Reference Plane 

Figure 5-1a Electric Field for Microstrip 

/Reference Plane 

~m~iJii~ii )~ Trace 

~field__ 111llInI '\ 
~Reference Plane 

Figure 5-1b Electric Field for Stripline 

There are three different ways that the return current path is 
often interrupted: a split in the reference plane, a signal trace 
changing reference planes, or a signal going through a connector 
between two different circuit boards. Each of these three design 
concerns will be addressed separately. 
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5.2 Split Reference Planes 

It is important to remember that the return current is present due to 
the TEM pulse traveling down the transmission line. This signal 
return current is not affected by the De power schematic name given 
to the reference plane. That is, the return current is the same whether 
the plane is called a "ground" plane, or a "vee" plane, or whatever. 
"Ground" planes and power planes are both used as reference planes 
for signal return currents in many high-speed designs. The ground
reference plane is usually unbroken and provides a good return 
current path. The power planes, however, are often broken into 
smaller areas to allow different voltages, or DC power supplies, to 
exist on the same peB layer. When a trace is run across a split 
between two different DC power voltages, etc. the return current can 
not flow across the split. Figure 5-2 shows an example of a trace 
crossing a split. Regardless of whether the split is in the power plane 
or a "ground" plane, a high-speed trace should not cross a split in its 
reference plane. Note that when the power plane is used as the 
reference plane, the current must still return to the driving IC's 
ground-reference pin. The current must flow through decoupling 
capacitors to flow from the power plane to the ground-reference 
plane. 

Conduction 
Current can NOT 

Driver 

Cross Splits! -::.9------I!==~ 

2.5v 

1.8v 

Receiver 

Figure 5-2 Example of Trace Crossing Split Reference Planes 
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5.2.1 Stitching Capacitors 

While it is clear that high-speed traces should not be run across a 
split in the reference plane, design constraints sometimes make this 
necessary. For example, when a six layer PCB is being used, the 
most common layer assignments are four signal layers and two plane 
layers in a S-P-S-S-P-S stackup as shown in Figure 5-3. One of the 
planes is typically assigned as "ground" and is not usually broken. 
The other plane is usually assigned as the power layer, and all the 
different voltages required for the different rcs and circuits are 
positioned in the required areas on power islands. Since there are 
only four signal layers, and two of them are referencing the power 
plane layer, there is little chance to completely avoid a high-speed 
trace crossing a split between two different power islands. For 
example, in Figure 5-3, if Layer #5 is the power layer, the signal 
return current from signals on Layer #6 will use the underside of 
Layer #5 as its path. The signal on Layer #4 will be most tightly 
coupled to Layer #5 and will return on the upper side of Layer #5. 
Due to skin effect, these currents will remain on separate sides of 
Layer #5. Stitching capacitors connected between two power islands 
and positioned close to the location where the trace crosses the split 
are often used to try to provide a return current path across the split. 
Figure 5-4 shows an example of stitching capacitors across splits in 
the reference plane. 

Signal Layer 
Plane 

Signal Layer 

Signal Layer 
Plane 

Signal Layer 

Figure 5-3 Six-Layer PCB Stackup 
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Driver 

Stitching 
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Receiver 

Figure 5-4 Stitching Capacitors Across Split in Reference 
Plane 

While the use of stitching capacitors helps provide a return 
current path across a split, the impedance of that path must be 
considered. Certainly, if no split exists, the impedance along the 
plane is quite low. The stitching capacitor must provide that low 
impedance to allow the return current to cross the split. Recall, 
however, that the impedance of a capacitor changes with frequency. 
Figure 5-5 shows a typical surface mount capacitor's measured 
impedance as a function of frequency. This capacitor is a 0.01 uF 
capacitor in an 0805 size SMT package. As the frequency increases, 
the capacitor's series impedance decreases until the self resonant 
frequency is reached. At the self resonant frequency, the inductance 
of the capacitor becomes dominant, and the impedance increases 
with frequency. If a 100 MHz clock signal is the intentional signal 
on a trace crossing a split, the magnitude of the stitching capacitor's 
impedance is approximately 0.4 ohms at 100 MHz. In order to 
support a fast rise time on the clock signal, harmonics of the 
fundamental frequency are also required. The 9th harmonic (at 900 
MHz) sees a much higher impedance, approximately 4-5 ohms. The 
return current at the fundamental frequency would have a much 
lower impedance path through the stitching capacitor than the would 
this signal's higher harmonics. 

Figure 5-6 shows an example of the radiated field from a simple 
PCB with an exposed microstrip trace. Both the non-split plane and 
split plane (without a stitching capacitor) cases are shown over a 
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Figure 5-5 Typical 0805 SMT 0.01 uF Capacitor Impedance 

1.E+09 

frequency range of 20 - 1000 MHz. The radiated fields are much 
greater, in excess of 20 dB, when the trace is crossing a split, as 
expected. Figure 5-7 shows the same example when one or two 0.01 
uF stitching capacitors are placed across the split. For frequencies 
up to approximately 100 MHz, the emissions are reduced to the same 
level as the case when there is no split. When only one stitching 
capacitor is used, the emissions above 100 MHz increase as the 
frequency increases. When two stitching capacitors are used, the 
emissions remain low up to 1 GHz. 

Until now, an ideal capacitor as the stitching capacitor has been 
discussed. The inductance associated only with the current path 
through the capacitor body was used, but the mounting and 
connection metal on the PCB has been ignored. If the solder pads, 
via to the plane, and connecting traces are considered, an additional 
1.5 nH of inductance must be included for the two connections. This 
will result in much greater impedance at high frequencies, and would 
be expected to increase the emissions. Figure 5-8 shows the 
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comparison of Maximum Radiated E-Fleld for Mlcrostrlp 
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Figure 5-6 Near Field Radiation from a Microstrip on a 
Board with a Split in the Reference Plane 

1000 

radiated emissions from the same example when the inductance of 
the connection vias etc. are included. The emissions are higher when 
the capacitor is more accurately represented than when the additional 
inductance is ignored (and again significantly greater than the case 
with no split), but are still lower than in the case where no stitching 
capacitors bridge the split. 

The best approach is to not cross a split with high-speed traces. 
If a PCB stackup requires splits in a power plane, then careful layout 
of the high-speed traces so that they are referenced only to a 
continuous (or solid) "ground" plane. or to areas where the power 
planes are not split. will provide the best EMC design. 
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Figure 5-7 Near Field Radiation from a Microstrip on a Board 
with 'Perfect' Stitching Capacitors 

5.3 Trace Changing Reference Planes 

1000 

It is very common to route a high-speed trace on multiple layers. In 
order to use as many routing channels as possible, designers will 
usually run traces on one layer in a north-south orientation, and east
west orientation on another layer. This means the signal must 
change layers to reach the receiver, and the return current must 
change reference layers as well. Figure 5-9 shows a simple example 
of a trace changing layers through a via. This example shows a basic 
four-layer board, with the signal layers on the outside (top and 
bottom). A simple diagram of the return current is shown in Figure 
5-10. How can the return current cross from the bottom reference 
layer to the top reference layer? There are two parallel paths. For 
lower frequencies, the path is through a decoupling capacitor 
positioned nearby. For higher frequencies, the path is through the 
displacement current of the interplane capacitance. The path with 
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the most current will depend on which path has the lower impedance 
at a given frequency. 
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Figure 5-8 Near Field Radiation from Microstrip on Board 
with Stitching Capacitors Including PCB Connection Inductance 

Figure 5-9 Traces Through a Via and Changing Reference 
Planes 
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Figure 5-10 Return Current Near Via 

Often, designers place decoupling capacitors near the via 
transition to facilitate the return current path. Figure 5-11 shows the 
return current path through a decoupling capacitor. The current 
cannot flow through the plane, due to skin depth, so it must flow 
around the via hole opening. The current will be on the underside of 
the bottom plane, flow to the via hole opening, travel on the bottom 
surface of the bottom plane to the capacitor, through the capacitor, 
travel on the inside surface of the top plane to the via hole, through 
the via hole opening, and finally under the trace on the top surface of 
the top plane. Naturally, the impedance of the capacitor and the 
inductance of the connection traces and vias will affect the return 
current path as discussed in Section 5.2.1. 

Once again, this is an greatly simplified view. Decoupling 
capacitors are not placed between the planes, but rather are placed on 
the surface layers of the PC board. Figure 5-12 is a better 
representation of the current paths through decoupling capacitors. 
Again, the currents flow to the decoupling capacitor, but now, some 
of the currents will become common-mode currents and will flow on 
the outside of the top plane where they can cause direct emissions. 

Naturally, when the impedance through the decoupling capacitor 
is higher than the displacement current path between planes, there 
will be little advantage using the decoupling capacitor. When the 
displacement current path is the lower impedance path, these 
currents cause 'noise' between the planes over a widely distributed 
area. 
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Displacement Current 
Reference Planes 

Return Current 

Figure 5-11 Return Current Through a Decoupling 
Capacitor 

If the reference plane must be changed, then decoupling 
capacitors should be used close to the via where the layers are 
changed. While this will not help at high frequencies, it will help 
lower frequencies. As in the case of the stitching capacitors in 
section 5.2.1, two capacitors placed very close to the via should be 
used to minimize the additional emissions. The capacitors must be 
selected to have low impedance across the frequency range that 
includes the harmonics of the fundamental signal on the trace 
changing layers. 

___ .... __ D.,ecouPling capacitor~ 

Common-Mode Current 

Displacement Current 

Reference Planes 

Return Current 

Figure 5-12 Return Current Through Decoupling Capacitor 
on the Surface of the PC Board 
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Naturally, it is best not to change reference layers. This does not 
mean the trace must remain on a single layer in the PCB stackup, but 
that care must be taken when changing layers. Figure 5-13 shows a 
simple six-layer board stackup. Figures 5-13a and 5-13b show a 
routing strategy where the trace changes reference planes, and 
decoupling capacitors must be used. Figure 5-13c shows a better 
routing strategy where the trace changes layers but does not change 
the reference plane (only the surface of the reference plane used for 
the return current changes). Return currents can flow from one side 
of the plane to the other side of the plane through the anti-pad 
opening of the via hole, and no extra currents are present to cause 
emissions, nor is the impedance of the return current path increased 
with a decoupling capacitor and its associated interconnect 
inductance. 

5.4 Motherboards and Daughter Cards 

It is very common to have two PCBs, such as a 
motherboard/daughter card arrangement, where high-speed signals 
must travel from one board to the other. In a simple example of two 
four-layer boards (two signal layers and two plane layers), the 
connection between the planes would likely be as shown in Figure 5-
14. A signal trace is also shown, and it is referenced to the "ground" 
plane on the motherboard and the power plane on the daughter card. 
The return currents are now added in Figure 5-15. Since the 
assignment of the signal trace is to layers referenced to different 
planes, this is effectively the same as the case in Section 5.2. The 
return current will take the path of least impedance, which will be 
through decoupling capacitors or through the interplane capacitance 
displacement current, depending upon the frequency. As in the 
previous section, higher frequencies will tend to use the 
displacement current path, while lower frequencies will use nearby 
decoupling capacitors. When the path is through the decoupling 
capacitors, the return currents must find the nearest decoupling 
capacitor(s), and may use capacitors from either board or both boards 
to return to the necessary reference plane. If the return current path 
is much longer than desired, exposed currents will most likely 
increase emissions and these currents can lead to functional 
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problems. When the displacement current path is the lower 
impedance path, these currents cause 'noise' between the planes over 
a widely distributed area [5.2] and can cause common-mode 
currents. 
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4 Reference Plane 
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Figure 5·13 Different Routing Strategies for a Signal Layer 
Change 

The solution is to use foresight when designs include card-to
card connectors. Figure 5-16 shows the return currents when the 
signal is assigned to the same reference plane on both cards. The 
return currents stay closely coupled to the signal traces and 
emissions are greatly reduced. 
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GND Laye , PWR Layer 

Daughter Card 

Connector 

Figure 5·14 Motherboard/Daughter Connection Routing 

Decoupling 
-..0.+-----: Capacitors 

Connector 

Figure 5·15 Motherboard/Daughter Connection Return Current 

5.4. J Connector Pin Assignments 

Connector pin assignments are traditionally a subject of debate 
among EMC design engineers. Many designers simply try to assign 
as many "ground" pins as possible, while others insist that 
alternating signal and ground pins is the best strategy. Both of these 
approaches ignore the power pins, except to acknowledge that power 
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pins are required and a sufficient number must be placed in the 
connector to provide a low DC voltage drop across the connector. 

Both of these approaches ignore the need to manage the return 
current path to optimize the emissions from the connector. As stated 
earlier in this chapter, the schematic name of "ground" or "power" is 
not important to the return current. The best design strategy is to 
match a signal line with a return path, regardless of its schematic 
name. If a 64 bit bus is routed through a connector, and 40 of the 
signals are referencing the power plane, and only 24 of the signals 
are referencing the "ground" plane, then the best strategy is to use 40 
power pins and only 24 "ground" pins, and to place these pins as 
close to the signals using them as a signal return as possible. 

Daughter Card ~ 

Figure 5-16 Optimum MotherboardlDaughter Card Connection 
Return Current 

5.5 Summary 

The return currents associated with high-speed signal traces are 
critical to the EMI design success. The path these return currents 
will take must be intentionally designed or the return currents will 
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most likely take a path that causes additional emissions and may 
result in functional problems. 

The most common return current path problems are due to splits 
in the reference plane, changing reference plane layers, and signals 
through connectors. Stitching capacitors or decoupling capacitors 
may help in some cases, but the impedance of the capacitors and the 
PCB connection vias, pads, and traces must be considered for the 
fundamental frequency and the harmonics needed to support the fast 
rise times. 

Developing a design strategy that considers the return current 
path before the traces are actually routed on the board will provide 
the best chance for success in lowering radiated EM! emissions. 
Since changing the routing layer etc. before the initial layout does 
not cost money, this is a way to improve EMC for free! 
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Chapter 6 

Controlling EMI Sources 
- Intentional Signals 

6.1 Introduction 

When starting to think about EMI design, the most effective approach 
is to consider the actual sources of EMI emissions, and treat them all 
individually. Most of the causes of EMI emissions at the printed 
circuit (PC) board level are separable and can be considered and 
treated individually, without increasing the emissions from some 
other source. 

In order to do this, all the signals on the board must first be 
separated into two categories: intentional signals and unintentional 
signals. During the board design, engineers naturally consider the 
intentional signals. These are the signals they 'intend' to be on the 
board, and carefully design traces on the board to carry them from 
their source to their destination. 

Unintentional signals are often neglected during the design. After 
all, we don't 'intend'them to be on the board, so they are not often in 
our thoughts. These unintentional signals are the cause of more than 
90% of the EMI emissions from a PC board! Some of these 
unintentional signals will be present regardless of how carefully the 
board is designed. They must be considered and appropriate steps 
taken to insure they will not cause excessive emissions. 

The sources of emissions can therefore be broken into two major 
categories: intentional signals and unintentional signals. Each of 
these major categories can be further broken down. Sources of 
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emissions from intentional signals include loop-model and common
mode2 sources. Sources of emissions from unintentional signals 
include common-mode, crosstalk coupling to YO traces, power 
planes, and above board structures. This chapter will describe the 
sources (and how to control them) resulting from intentional signals 
and Chapter 7 will describe the sources resulting from unintentional 
signals. 

6.2 Critical Signals 

Naturally, not all signals on a PC board cause EMI emissions that 
concern us. Many signals only switch occasionally or only on system 
start up. It is necessary to focus only on those signals that switch 
often. Clock signals, memory, data, and address bus signals, data 
strobe signals, video signals, and any other fast, high bandwidth 
signals must be considered EMI critical signals. These signals must 
be all carefully considered, since they all are possible sources of EMI 
emissions 

6.3 Intentional Signals 

The intentional signal is usually specified as a certain data rate and a 
rise/fall time. Since EMI emissions limits are specified in the 
frequency domain, the time domain intentional signal must be 
converted into a frequency spectrum representation. A general pulse 
waveform contains a number of different sine waves of various 
amplitudes and phases. For example, a typical clock signal is a 
simple squarewave. A squarewave can be constructed from a sine 
wave of the fundamental frequency, and all its odd numbered 
harmonics, each in-phase and with a decreasing amplitude. Figure 6-
1 shows a simple in-phase summation of the fundamental, third, fifth, 

I The term "differential-mode" has different meanings to different people. 
We will define "loop-mode" in Section 6.4. 
2 The term "common-mode" also has different meanings to different people. 
We will define this term in Section 6.6. 
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seventh, and ninth harmonics. With only these few harmonics 
included, the sum is already looking like a squarewave with some 
ripple. 
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Figure 6·1 Harmonic Content of a Squarewave 

9 10 

Figure 6-2 shows the envelope of the frequency spectrum of a 
typical trapezoidal pulse based on the pulse width and the rise and fall 
time of the pulse. Since higher frequencies tend to radiate more 
efficiently from traces, etc., and also radiate through smaller openings 
in the metal enclosure [6.1], [6.2], it is best to keep the amplitude of 
the high-frequency harmonics as low as possible. As Figure 6-2 
shows, the amplitude of the pulse spectrum decreases with increasing 
frequency. The spectrum for a given voltage amplitude pulse 
decreases at a rate of 20 dB per decade of frequency above a 
frequency related to the pulse width, and at 40 dB per decade above a 
frequency related to the pulse rise/fall time. The slower the rise/fall 
time for a given pulse amplitude, the lower the second break 
frequency becomes, resulting in reduced signal levels at high 
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frequencies. Clearly, the slower the rise and fall times of a pulse, the 
lower the potential frequency domain harmonic content of that signal. 

t 1.- .. I t 1.-. I I 

I ....... l"l 
~ 20 dB/decade 

,~ 

(d and t are in seconds) 

/4() dB/decade 

1/(1td) 1/(1tt) 

Log Frequency (Hz) 

Figure 6-2 Spectrum Envelope for Trapezoidal Pulse 

While "rise" and "fall" times are commonly used to discuss 
effects on the frequency spectrum of a signal, consideration of the 
edge rates are critical for comparing signals with different pulse 
amplitudes. Rise time and fall time are normally defined as the time 
it takes for the pulse to rise (or fall) between the 10% and 90% 
amplitude levels of the pulse. Consider a 5 volt pulse with a 1 nsec 
rise time, the edge rate is 5V Ins. If the pulse is changed to a 2.5 volt 
pulse with the same edge rate, the rise time is now only 500 psec. 
The shorter rise time would normally cause significant concern, but in 



Controlling EMI Sources - Intentional Signals / 89 

this case it does not add to the high frequency spectrum content 
because the edge rate is constant. Lowering the pulse amplitude 
would actually lower the overall spectrum without changing the knee 
frequencies in Figure 6-2. An example of the edge rate effect is 
shown in Figure 6-3. In general, when we discuss rise and fall times, 
and their effect of the signal spectrum, we are keeping the pulse 
amplitude constant. 
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Figure 6·3 Comparison of Frequency Spectrum for Different 
Pulse Rise Times and Amplitudes 

Figure 6-4 shows the relative frequency spectrum amplitude for 
different data rates and rise times (for the same pulse amplitude). The 
change of the data rate makes almost no difference in the high
frequency hannonic amplitude, but changes in the rise and fall times3 

make a significant difference in the same high-frequency hannonics. 

3 Rise and fall times are changed while keeping the pulse amplitude constant. 
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Figure 6-4 Frequency Spectrum for Different Data Rates 

While all the calculations of the hannonic content of the 
frequency spectrum of a given pulse are useful, the actual real-world 
pulses seldom resemble a clean trapezoidal pulse. Slight 
imperfections in the wavefonn can have dramatic effects on the high
frequency hannonic amplitude. Figure 6-5 shows an example of two 
different voltage wavefonns, and Figure 6-6 shows the associated 
frequency spectrum for both voltage wavefonns. 

Typically, the signal integrity analysis of critical signals uses the 
voltage wavefonns, and the example wavefonns in Figure 6-5 are 
nothing extraordinary. In fact, for most applications, either 
waveshape would be acceptable, since the transition region is single 
directional (either rising of falling) and double switching would not 
occur. The additional noise on the top or bottom of the waveshape 
would often be within the voltage noise margins for a given signal 
integrity analysis. 
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Figure 6-5 Voltage Waveform (Time Domain) 
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For EMf applications, however, the cu"ent is the most 
important consideration. Cu"ent radiates, not voltage! Equation 
6.1 gives the relationship to find the electric field from a current loop 
in free space [6.3]. Since most of this equation would be constant for 
a given frequency and observation point, Equation 6.1 reduces to a 
much simpler expression in Equation 6.2 

E = mplS (13 +_l_}-ifJr sinO 
8 41l' r jr2 

E8 =kIS 

where 
k = a constant for a given frequency and observation point, 
I = the amplitude of the current, and 
S = the area of the conductor loop. 

(6.l) 

(6.2) 

It is clear that the radiated electric field is dependant on only two 
things: the magnitude of current and the size of the loop. 

From this example, it can be seen that the current waveform on a 
critical net is very important for EMI purposes. With the current Ie 
technology, the current and voltage are not the same waveshape, as 
would be the case in a simple resistive circuit. The signal integrity 
analysis of critical signals should include the analysis of the current 
waveforms for EMI purposes, once the signal integrity voltage 
waveform analysis is complete. Figure 6-7 shows the time domain 
current waveforms for the critical signal traces whose voltage 
waveforms were just discussed, and Figure 6-8 shows the frequency 
spectrum for the currents of the two signals. In this figure, it is 
apparent that the high-frequency content of the current is very 
different for the two signals, and it is expected that their emissions 
will be very different as well. 
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6.4 Intentional Signals - Loop-Mode 

Recall that we are considering the various possible sources of 
emissions separately. In this section, we will discuss loop-mode 

Comp8rl.on of Current Wlve'orm. 

0.100 -
.--

l\-. 
Casa2 

0.080 

i 0.040 

i i 0.020 

i 0.000 

~ i -0 .020 

a -0.040 

\ -" case 1 

'" L" 1\ 

~ ~ ,/ ft J~ ---
~ A. ,.../"'-... J \ (1. fr.. \ ~~ ~ tT) ~ Ih J It ,J ~ \ 11 Vv' \ 

I ~ ~ ~ ~ \ V 

r --I-. ---

V V 

0.080 

-0.060 

-0.060 

-0 .100 
10 12 l' 16 18 20 

Th". (nl) 

Figure 6-7 Current Waveform (Time Domain) 

emissions from intentional signals. Direct emissions from intentional 
signal traces are considered to be loop-mode emissions. That is, the 
current flows down a trace, and returns under that trace in the 
reference4 plane when a microstrip is used on a multilayer board. If a 
board without reference planes is used, then the current return must be 
through an explicitly-designed return trace. For most high-speed 
signals, the microstrip, stripline, or asymmetric stripline PCB stackup 
is used, and the emissions from these are defined by the amount of 
current exposed on the outside layer of the PCB for the loop-mode 
potential source. 

4 Please refer to Chapter 4 for a discussion about "ground" and "reference" 
planes for signal return paths. 
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The current path forms a small loop between the trace and the 
reference plane below the trace. This can be analyzed using a simple 
loop antenna approach. While there are commercial software tools 
that will provide the emissions from this simple loop antenna at any 
specified distance (such as 10 meters), this analysis is not very useful 
and often misleading. The analysis should be limited to the near field, 
often about I" - 2" above the PCB. Nearly every product with a PCB 
has some amount of metal shielding around it and/or long wires 
attached to it. The far field emissions will usually be dominated by 
signals on the long wires and not signals radiating directly from the 
PCB traces. Certainly, any amount of metal shielding around the 
product will completely change the nature of the emissions from the 
traces themselves, so analyzing the simplified loop is hardly 
representative of the actual design. 

100 

90 

80 

70 

l' 60 

! 
i 50 

1 40 

30 

20 

10 

o 
I.E~7 

Comparllon 01 Frequencv Spectrum of Current on Trice 

n ~ 
Jf7~ ~ 1. 

.... ' ~ .... rJ ,\ I\~ -...... 
........ 
~ ~ 1'1'-. ~ ........ ' I , I I"' , 

,,-- "~ 

"-
......... " C .. ,,2 

.~'C.S' 1 

Figure 6-8 Current Waveform (Frequency Domain) 

,J 

]A 

, 

I.EM 

The emissions in the near field, just above the PCB will be a 
source of energy that can (and will) couple onto other internal wires 
(and ultimately be conducted to the outside of the metal enclosure). 
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These emISSIOns will also be an energy source that can excite 
resonances within the metal enclosure and possibly leak out through 
slots, vent holes, and other apertures. Analysis of the near fields 
allows direct cause and effect analysis without the likelihood of 
masking the result due to some other effect, such as the resonant 
length of the external wires, etc. 

6.S Controlling Emissions from Intentional Signals - Loop
Mode 

While emissions from this potential source are usually not the primary 
source of emissions, controlling emissions from this source is fairly 
straightforward. The primary strategy should always be to control the 
spectrum of the source signal. That is, do not create the high
frequency harmonic content of the current waveform unless it is truly 
required for proper circuit operation. Often the rise time of an 
intentional signal is much faster than required for functionality. A 
good design rule-of-thumb is that generally only the first five to seven 
harmonics of a signal are required to produce a good rise time. 
Higher frequency content will result in faster rise times, and likely 
higher costs for EMC emissions controls. 

Once the signal harmonic content current amplitude is controlled, 
Equation 6.1 clearly shows that there is only one other way to control 
the emissions: to control the exposed length of the trace. High-speed 
traces should be routed on internal layers, buried between solid 
reference planes. Traces routed as strip lines (equal distances 
between the two reference planes), or as asymmetrical striplines are 
much preferred to exposed traces on the top or bottom layer of the 
board for high-speed signals. Naturally, some exposed portion of 
trace is required to connect to surface pads of components. These 
segments of the traces should be minimized and typically kept less 
than approximately a centimeter long. 
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6.6 Intentional Signals - Common-mode 

Now we will discuss a different potential source than described in the 
previous sections. It is still directly caused by the intentional signal, 
but this time through an indirect radiation mechanism. The previous 
potential source assumed that all of the return current was contained 
directly under the microstrip trace. While most of the return current is 
under the micros trip trace, not all of it is confined to this narrow 
region. [6.4] The return current will spread outward on the reference 
plane to find the path of least impedance (dominated by inductance at 
high frequencies) back to the source. A simple microstrip trace is 
shown over a ground-reference plane in Figure 6-9. The current 
distribution across the ground-reference plane is shown in Figure 6-
10. 

Position 
Across Board 

Figure 6-9 Two Microstrips Over Reference Plane 

If the microstrip in the previous example was located relatively 
close to the edge of the ground-reference plane, the return current 
along the edge would be significant, and would cause radiation from 
that plane edge. When observing the board from the edge, the 
current on the ground-reference plane would resemble the current on 
a thin-wire antenna, similar to a dipole antenna. Again, the near fields 
are more useful to consider than the theoretical fields at 10 meters. 
The edge of the board is usually placed close to the metal enclosure, 
and will likely be near the seam of the enclosure, or an air vent area, 
etc. The near field emissions close to the edge (for example, within 2 
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inches) become the source that excites the seam slots, holes, and other 
apertures. 

Example of RF Current Distribution In Reference Plane 
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Figure 6·10 Current Distribution in Reference Plane 

An example of the maximum electric field along the edge of a PC 
board due to the return current spread in the reference plane is shown 
in Figure 6-11. The microstrip is moved from very close to the edge 
to a few inches away. In this example, the board is 10 inches long, 
and the microstrip is 4 inches long. The edge of the board is scanned 
for the maximum electric field across a frequency range from 10-1000 
MHz. As can be seen in this figure, the maximum electric field along 
the edge of the board is constant with frequency and increases as the 
micros trip is placed closer to the edge. Figure 6-12 shows a summary 
of the microstrip distance from the edge vs. amplitude of the electric 
field. The electric field amplitude changes very rapidly as the 
microstrip is moved from very close to about one-half inch from the 
edge. The field strength declines at a slower, linear rate for distances 
greater than one half-inch from the edge of the board. 
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While it is impossible to prevent the return current from spreading 
out over the reference plane, the amount of emissions along the edge 
of the board can be reduced by keeping the microstrip traces as far 
from the edge as possible. A good rule of thumb is to keep all traces 
with high-frequency content that are parallel to the board edge at least 
one-half inch from the board's edge. 

A second (and more effective) way to reduce the emissions from 
th~ edge of the board is to not create currents that contain harmonics 
in frequencies that are not required for functionality of the circuits. 
This is a technique that will work across all the various potential EM! 
sources. 
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6.7 Intentional Signals - Common-mode with Interrupted 
Return Path 

As described in the previous section, the return current is contained 
mostly under the trace. This is true when the return current path is 
continuous. However, this return path is often not continuos. There 
are two major PCB design approaches that cause an interrupted return 
current path: critical signal traces crossing splits in the reference 
plane, and critical signals using vias between different layers within 
the PCB. Chapter 5 discussed the effects of interruptions in the 
return current path in detail. In this section, the effects will be 
highlighted in the context of this potential emissions source. 
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Figure 6-12 Electric Field vs. Distance From Edge 

6.7.1 Critical Signal Traces Crossing Splits 

Section 5-2 described the effects of traces crossing splits in their 
reference planes, as sometimes happens when the power plane is used 
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as the reference plane. Different DC voltages are used on various 
plane islands to meet different IC requirements. If a high-speed trace 
is referenced to this DC power layer, it is likely to cross from one 
island to another, resulting in a split plane crossing. 

Stitching capacitors are often used to provide a return current path 
across the split. They should be positioned immediately next to the 
trace that is crossing the split in the reference plane. Many times, 
however, there are numerous traces crossing in a small area (as with a 
high-speed data or address bus) and it is not practical to provide a 
stitching capacitor for each trace or each pair of traces. The farther 
away the stitching capacitor is placed (relative to the point where the 
trace crosses the split) the more common-mode voltage will be 
created across the split resulting in more emissions. [6.5] 

Figure 6-13 shows how the common-mode voltage across the 
split increases as distance between the trace crossing point and the 
stitching capacitor increases. The common-mode voltage increases 
very rapidly for approximately the first one-half inch and then 
continues to increase at a slower rate. Placing the stitching capacitor 
within the first one-half inch will provide the greatest benefit. 

Stitching capacitors can help lower the emissions from traces 
crossing a split in their reference plane, but only at low frequency 
harmonics. The natural inductance of the capacitor and the 
inductance associated with the connecting traces and vias greatly limit 
the effectiveness of stitching capacitors. For higher frequency 
harmonics, there is no effective way to reduce these emissions other 
than to not cross a split in the reference plane, and to use solid planes 
for high-frequency signals. Lowering the high-frequency harmonic 
content of the intentional currents will also reduce these emissions. 

6.7.2 Critical Signals Through Vias 

The previous section discussed a break in the return current path when 
a plane is used for more than one DC voltage. Interruptions in the 
return current path can occur vertically as well as horizontally. It is a 
frequent practice to route critical signal traces on multiple levels 
within the PCB. For complex boards, finding a path for all the signals 
(critical and non-critical) is difficult, and requires the use of different 
layers. With the proper design, these layer changes will not cause 
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EMC problems. Without the proper care, these layer changes can be 
one of the greatest contributors to EMC problems of all. 

Increase In Common Mode Voltage Across Split Plane 
Due to Trace Crossing Split and Stitching Capacitor 
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Figure 6-13 Common-mode Voltage Across Split Plane 

Section 5.3 discusses the return current paths in detail when traces 
change their reference planes. When this occurs, the increase in 
return current path length causes increased electric fields between the 
two planes, which result in 'noise' voltage between the planes. This 
noise voltage will propagate across the PCB, cause emissions along 
the edges of the board, and potentially cause functional problems if 
the noise voltage is too great at sensitive IC's power pins. As 
discussed in Section 5.3, decoupling capacitors connected between 
the two planes can help with some of the lower to midrange frequency 
return currents. The return currents must use a combination of the 
decoupling capacitor path (conduction· current) and a distributed 
capacitance path (displacement current) to travel from one plane to 
the other. The distributed capacitance is a path that is always present, 
but this path requires the current to travel over the entire board to use 
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all the distributed capacitance. This results in long path lengths, 
which increases the path loop inductance, thus limiting the amount of 
effective distributed capacitance. 

Using a via to change layers is not a bad practice by itself, 
changing the reference planes for the return current is the bad 
practice. Section 5.3 also discusses how PCB wiring layers can be 
changed using vias without causing return current path problems. 

Some PC board stackup designs use many layers, and there may 
be a number of planes at the same DC voltage potential, such as 
"ground" or zero volts. This allows direct via stitching between the 
planes. A critical signal that is referenced to a "ground" plane on 
layer four (for example), and which changes its routing layer so that it 
becomes referenced to another "ground" plane (on layer 10, for 
example) could rely on the many vias between layers four and 10 for 
the return current path between layers. However, most of the return 
current will attempt to flow through the nearest via to the transition 
point. In order for other vias to have an effect, some of the return 
current must flow to those positions where the additional vias are 
located. If all the 'extra' vias are very close to the transition point 
(within a 0.5 inch radius), then some improvement in the return 
current path impedance can be expected. In general, using vias (or 
decoupling capacitors) farther away means that the return current 
must travel farther from the via transition point. This longer return 
current path causes additional common-mode currents in places on the 
PC board where they are not desired, and can also result in data pulse 
distortions. 

6.8 Summary 

There are a number of possible sources of EMC emissions. These 
potential sources are independent of each other, allowing us to 
consider how to best reduce the emissions from each of them in turn. 
This chapter discussed emissions from intentional signals. An 
intentional signal is a signal that is desired to be present at a given 
location for the functionality of the circuit. Chapter 7 will discuss 
emissions from unintentional signals. 
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One important concept in the discussion of all the types of 
sources is that nearly all the possible sources of emissions were due to 
the intentional signal, either directly or indirectly. If the intentional 
signals are properly controlled to contain only harmonics required for 
the functional signaling task, then the need to fight EMC emissions at 
higher frequencies is reduced or eliminated. 

A second important concept is that most of the various potential 
emissions sources are directly related to the return current path, or the 
lack of a return current path. The most important EMC design 
consideration is to design this return current path explicitly. The 
design of the board layout should not simply be routing a trace from 
the driver to the receiver, but should include consideration of the 
return current path for the signal on that trace. This is probably the 
most important design consideration, since it affects so many possible 
emissions sources. 
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Chapter 7 

Controlling EMI Sources 
- Unintentional Signals 

7.1 Introduction 

When starting to think about EMI design, the most effective 
approach is to consider the actual sources of EMI emissions, and 
treat them all individually. Most of the causes of EMI emissions at 
the printed circuit (PC) board level are separable and can be 
considered and treated individually, without increasing the emissions 
from some other source. 

As discu~sed in Chapter 6, all signals on the board must be 
separated into two categories: intentional signals and unintentional 
signals. During the board design, engineers naturally consider the 
intentional signals. These are the signals they 'intend' to be on the 
board, and carefully design traces on the board to carry them from 
their source to their destination. The previous chapter discussed how 
to identify the intentional signal and the various sources of emissions 
from intentional signals. 

Unintentional signals are often neglected during the design. 
After all, we don't 'intend' them to be on the board, so they are not 
often in our thoughts. Unfortunately, these unintentional signals are 
the cause of more than 90% of the EMI emissions from a PC board! 
Some amount of these unintentional signals will be present 
regardless of how carefully the board is designed. These 
unintentional signals must be considered and appropriate steps taken 
to insure they will not cause excessive emissions. 

The sources of emissions can therefore be broken into two major 
categories: intentional signals and unintentional signals. Each of 
these major categories can be further broken down. As discussed in 
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the previous chapter, sources of emissions from intentional signals 
include differential mode and common-mode sources. This chapter 
will discuss sources of emissions from unintentional signals 
including common-mode, crosstalk, power plane, and above board 
structures. Power/ground-reference plane noise (sometimes called 
simultaneous switching noise, or even [gasp] "ground bounce"l) is 
another form of unintentional signal source, but this subject will be 
discussed in a separate chapter. 

7.2 Unintentional Signals 

The previous chapter discussed various ways the intentional signal 
can cause EMC problems. The next few sections will discuss how 
un-intentional signals can also cause EMC problems. An 
unintentional signal is simply an intentional signal that exists 
someplace it was never intended to exist. All unintentional signals 
originate from an intentional signal which has somehow coupled 
onto a wire, trace, or conductor that was never intended to be a path 
for that signal. 

Unintentional signals have the same frequency spectrum as the 
intentional signal, but since the signal is at a location never intended 
for it, these unintentional signals can be difficult to find and control 
unless they are understood and the proper design practices 
implemented to reduce their effects. 

7.3 Unintentional Signals - Common-mode 

In this section, the causes of the potential emissions from common
mode currents from unintentional signals will be discussed. 
Previously, in Sections 6.6 and 6.7, potential emissions from 
intentional signals with common-mode currents were discussed. In 
those sections, the return currents spread over the ground-reference 

I "Ground bounce" is fairly common in the state of California, but is NOT a 
term that should ever be applied to electronic equipment unless the 
equipment is undergoing vibration testing ..... 
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plane due to the natural inductance of the planes, or due to 
interruptions in the return current path. These same currents are the 
source of the unintentional signal common-mode currents. 

For this potential EMI emissions source, the signal current on the 
ground-reference plane couples onto an JJO connector 'ground' pin 
and 'escapes' the shielded enclosure through the attached JJO cable2• 

Figure 7-1 shows an example where a critical signal trace is not 
directly connected to an JJO connector, however, the "ground" pin on 
the JJO connector is directly connected to the ground-reference 
plane. Return currents existing on the ground-reference plane are 
spread over the entire plane (as discussed in Chapter 6), and can 
easily couple onto the JJO connector's "ground" pin. Once this 
energy is on the JJO connector "ground" wire, it is connected directly 
to the outside of the shielded enclosure. 

/"Ground" pin in VO 
V Connector 

Ground-Reference Plane 

Figure 7-1 Example ofI/O "Ground" Pin connected to 
Ground-Reference Plane 

Most radiated emissions are caused by unwanted currents on 
external cables and wires. When a particular JJO cable is unshielded, 
any unwanted or unintentional currents on any of the conductors, 
even the "ground" conductor, will cause radiated emissions to 
increase. Even shielded cables are likely to have increased 
emissions, due to noise coupled onto the cable shield, unless care is 
taken to ensure a good (low impedance) electrical connection 
between the cable shield and the shielded enclosure chassis. 

2 Note: this section is NOT discussing signal 110 lines and how to filter 
them. Filtering 1/0 signal lines will be discussed in Chapter 9. 
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7.4 Controlling Emissions from Unintentional Signals -
Common-mode 

Section 6.6 described the spread of return currents in the reference 
plane, and the fact that this spread cannot be prevented where the 
reference plane is continuous. One way to keep the return current 
spread from continuing into the 110 connector area is to use an 
intentional split between the high-speed digital circuit area and the 
110 connector area. Figure 7-2 shows an example of using such a 
split to isolate the 110 ground-reference area from the digital ground
reference area. This strategy can be very effective for isolating 110 
"ground" pins from the return current spread. 

A serious caution is needed here. A significant portion of the 
previous chapter was devoted to explaining why splits in reference 
planes are a "bad thing", and now we suggest that splits are a "good 
thing". The basic truth is that splits are neither "good" nor "bad" by 
themselves, the circumstances where they are needed must be clearly 
understood, and splits used . only under the correct conditions. 
Allowing a high-speed trace to cross a split reference plane means 
that the return current must find some other return path, and this new 
return path will likely cause increased emissions. Reference plane 
splits should never be permitted adjacent to high-speed traces. When 
a low speed 110 area is near high-speed circuits, however, the low 
speed 110 connector "ground" pins can be effectively isolated from 
the high-speed return currents when using splits in the reference 
planes. 

A good candidate for effective reference plane split use is a 
typical computer motherboard. There are a number of low speed 110 
connectors on a typical personal computer motherboard, such as 
keyboard, mouse, serial port, parallel port, etc. All of these 110 ports 
have a 'ground' pin that is usually connected directly to the 'ground' 
plane on the motherboard. Any 110 port with an intentional data rate 
of less than 5 MHz can be considered a low speed 110 for these 
purposes. There is no need to have any high-speed traces (for 
example, clock traces, high-speed bus traces, etc) running near the 
low speed 110 connectors. Splitting the ground-reference plane in 
the low speed 110 area can be very effective at isolating the return 
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currents that have spread out on the reference plane from the I/O 
connector 'ground' pins, and can be a low cost EMC design solution 
at the same time. 

/ 

Shielded Box 

PCB 

r-------~----~----~ 

"Ground" Signal Line in 
External Cable 

.-+-1t---- Portion of Reference Plane 
Connected to Chassis 

Split in Plane 

Figure 7·2 Example with Split Reference Plane 

There are a couple of additional important design considerations 
to address in order for the split I/O ground-reference approach to be 
successful. First, the portion of the ground-reference plane that is 
split away from the main PC board digital ground-reference must be 
carefully connected to the shielded enclosure chassis with a low 
inductance (low impedance) contact. If this contact is omitted, is 
intermittent, or does not have a low enough impedance, the 
emissions can actually increase at some frequencies. Remember, the 
ultimate reference for any signals on the external wires and cables is 
the chassis shield. The I/O signal reference inside the enclosure near 
the I/O connector must be at the same potential as the external 
chassis. 

The second important design consideration is the intentional low 
speed I/O data return current path. As discussed in previous 
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chapters, current must always return to its source. The low speed I/O 
signals must have a return current path or data errors could occur, or 
the system could experience other failures. This return current path 
is provided by placing ferrite beads across the I/O split. The ferrite 
beads allow the return current to flow at low frequencies and block 
the high-frequency digital ground-reference return current spread. 
Capacitors should never be used across these splits, since a capacitor 
will allow the high-frequency noise to pass, and will block the 
intentional low frequency return currents. Figure 7-3 shows a 
diagram of the reference plane on a PC board with a split and with 
ferrite beads across the split. Since these beads are intended for low 
frequency return currents, only a few are needed across the board, 
distributed across the split near the low-frequency I/O connectors. 

High Speed 
Circuits 

Serial, Parallel 

Audio. 

keyboard, mouse 

High Speed I/o, Video, 
SCSI, etc 

Figure 7-3 Split Reference Plane Example with Ferrite 
Beads Across Split 

A split in the ground-reference plane is intended to provide a 
high impedance to high-frequency signals on the reference plane. 
The width of the split is not critical but should be 50 mils or more. 
Figure 7-4 shows the impedance across a split plane for an example 
PC board of to" x 12". Note that at about 400 - 500 MHz the 
impedance becomes low due to a resonance effect. This means that 
using a split is effective in blocking the high-frequency current 
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spread, but only up to a few hundred megahertz. At higher 
frequencies, the impedance of the split may not be as high as 
expected due to board and slot resonances. 
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An example of emissions from a simple metal enclosure with an 
internal PC board and a single external wire is shown in Figure 7-5. 
In this example, a microstrip trace is on the internal PC board, but 
does not come close to the I/O "ground" pin. The PC board's 
ground-reference plane is connected to the shielded chassis in the I/O 
connector area. The first plot shows the emissions from the 
enclosure with no wire connected to the I/O connector. Enclosure 
resonances are visible at about 425 MHz and 750 MHz. The external 
wire is added and resonances associated with the wire length are 
visible at 80 MHz, 225 MHz, etc. When a split is placed in the 
internal PC board's ground-reference plane between the microstrip 
trace and the I/O area, the emissions from the external wire are 
reduced by at least 10 dB for frequencies below 500 MHz. Above 
500 MHz, it is difficult to see any improvement with the split. This 
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is consistent with what is expected based on the previous impedance 
discussion. 
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For isolating frequencies above 400 - 500 MHz, the best 
technique is to eliminate the ground-reference plane near the low 
speed I/O connectors completely. The "ground" pins on the low 
speed I/O connectors should be treated as signal pins, and be filtered 
just as the signal pins are. In fact, the "ground" pins carry the same 
currents (if everything works correctly) as the signal pins. A ferrite 
bead in series between the 'ground' pin of the I/O connector and the 
digital ground-reference area provides a filter for the noise currents 
and provides a low frequency return current path. The ground 
reference plane is not present in the I/O area as shown in Figure 7-6. 

As an added note, the power planes should also not be present in 
the I/O area since they are often used as reference planes for high
speed signals and will contain return currents which have spread out 
to find their own path of least impedance back to their sources. If 
these power planes are allowed into the I/O area, energy from these 
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currents can couple onto the 110 signal lines (including the "ground" 
signal line) and be conducted outside the enclosure and cause 
emissions. 

Ferrite Bead 

Digital Ground -Reference Plane 

• • • · · • • · • • 

External Cable 
"Ground" Wire 

~ Enclosure Shield 

PC Board Area with No 
Reference Plane 

Figure 7-6 110 "Ground" With Ferrite Filter 

7.5 Unintentional Signals - 'Crosstalk' Coupling onto 110 
Lines 

'Crosstalk' coupling onto 110 lines is another means by which an 
intentional signal is coupled onto an unintended conductor, making it 
an unintentional signal on that conductor. Crosstalk is usually 
carefully monitored on critical signal traces during signal integrity 
analysis to insure that proper signal quality is maintained. From an 
EMC point of view, however, crosstalk between critical signal traces 
is not the concern, but crosstalk coupling between critical signal 
traces and 110 traces is an important focus. 

Crosstalk coupling between a critical signal trace and an 110 
trace is represented in Figure 7-7. The critical signal trace is not 



114/ PCB Design For Real-World EMI Control 

directly connected to the JlO trace, but they are routed close to each 
other, allowing crosstalk coupling to occur. The crosstalk coupling 
can be horizontal, as shown in the figure, or it could be vertical, i.e., 
coupling can occur between different internal layers within the PCB. 

Super II chl 

~C1OCkN" 
.......... ~ ....................... .. 

External Cable 

~pcBoard 

Figure 7-7 Single Level Crosstalk Coupling to I/O Trace 

Multi-level, or cascaded crosstalk coupling is also a concern 
since very little current from the critical signal trace is needed on the 
outside of the shielded enclosure to cause unacceptable emissions. 
Figure 7-8 shows an example of multi-level crosstalk coupling. The 
critical signal trace is routed near an 'innocent' trace and some of the 
intentional signal currents are coupled onto the 'innocent' trace. The 
"innocent" trace is then routed close to an JlO trace, where secondary 
crosstalk coupling occurs, and a portion of the original intentional 
signal is coupled onto the JlO trace and becomes an unintentional 
signal. 

The concern is to keep high-speed signal harmonics away from 
the JlO area, especially unshielded JlO connectors and cables. It only 
takes about 100 microvolts of common-mode noise on an external 
unshielded cable to cause emissions above commercial limits. [7.1] 
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Figure 7-8 Cascade Crosstalk Coupling to 110 Trace 

7.6 Controlling Emissions from Unintentional Signals -
'Crosstalk' Coupling to 110 Lines 

Obviously, the best way to control crosstalk coupling to 110 lines is 
to keep high-speed traces and 110 traces far away from each other. 
The most effective way to isolate these types of traces is to route the 
two types of signals on different layers in the PC board stackup with 
a solid plane between them. It is often overlooked that crosstalk can 
and does occur between different layers when there is no solid plane 
between them. Figure 7-9 shows an example where the low speed 
110 signal traces are routed on the outside layers of the PC board, 
and the high-speed signals are routed on the inner layers. Note that 
the high-speed traces are not exposed on outer layers (as discussed in 
Chapter 6) and the high-speed trace does not change reference planes 
(again, from Chapter 6). This strategy is effective for other concerns 
as well as the crosstalk coupling to 110 traces concern. 

Unfortunately, it is not always possible to keep 110 signals and 
high-speed signals separated by solid planes. The desire for some 
separation between traces is still valid but often hard to achieve 
because of the need to utilize all routing channels on the PC board. 
Figure 7-10 shows a diagram of a PC board with a driven (high
speed) trace, a susceptible (110) trace and adjacent wiring channels. 
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In this arrangement, it is recommended that the I/O trace be moved 
away from the high-speed trace, leaving empty wiring channels 
between them. 

110 ~ 

,....~, .. - -

Signal Layers 

Plane 

Figure 7-9 Isolation Using Solid Planes 
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Figure 7-10 Crosstalk Coupling Example 
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A more effective way to isolate traces on the same layer is to use 
a guard trace. A guard trace is connected to the ground-reference 
plane by vias every inch (or more often)3 and positioned between the 
high-speed trace and the susceptible trace. If there are a number of 
associated high-speed traces, such as in a bus, then they can be 
routed together with guard traces routed on the perimeter of the 
entire bus. Figure 7-11 shows the same PC board configuration as 
shown in Figure 7-10, except that a guard trace has been added. 

PC Board 

Ground-Guard Trace 
Susceptible Trac 

Other Locations 

Figure 7-11 Trace Positions With Ground-Guard Trace for 
Isolation 

Figure 7-12 shows the additional loss that physical separation or 
a guard trace provides over having two adjacent traces. In this plot, 
o dB indicates the same amount of crosstalk coupling as the case 
with two adjacent traces. As can be seen in this figure, the physical 

3 The spacing between the vias for a ground-guard trace should be less than 
1/1O'h of a wavelength at the highest harmonic frequency contained in the 
intentional signal. For 1 GHz, a one-inch spacing is effective. 
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separation provides a few dB of additional isolation, but the guard 
trace provides the best isolation, and uses less board real estate. 
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Figure 7-12 Loss from Physical and Ground-Guard Trace 
Isolation 

7.7 Summary 

There are a number of possible sources of EMC emissions. These 
sources are independent of each other, allowing us to consider how 
to best reduce the emissions from each of them in tum. This chapter 
discussed emissions from unintentional signals. Chapter 6 discussed 
emIssIons from intentional signals. Both intentional and 
unintentional potential sources must be considered during the design. 

An important theme throughout the discussion of unintentional 
sources is that all the possible sources of emissions were due to the 
intentional signal. If the intentional signals are properly controlled to 
contain only harmonics required for the functional signaling task, 



Controlling EM! Sources - Unintentional Signals / 119 

then the need to fight EMC emissions at higher frequencies is 
reduced or eliminated. 
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Chapter 8 

Decoupling Power/Ground Planes 

8.1 Introduction 

It is likely that decoupling power and ground planes is one of the most 
misunderstood design concepts, and certainly the area having the 
most myths about the 'correct' decoupling strategy. The use of 
decoupling capacitors connected between the power and ground 
planes on a printed circuit board (PCB) is a common practice to help 
ensure proper functionality(i.e. signal integrity) and to reduce EMI 
emissions from printed circuit boards. The proper number and value 
of decoupling capacitors is always a topic of debate between EMC 
engineers and design engineers. Some typical rules-of-thumb include 
requiring a decoupling capacitor for each power pin on an IC, at least 
one decoupling capacitor per side of physically large ICs, and/or 
decoupling capacitors spread evenly over every square inch of the 
board. Few qualitatively proven approaches for the optimal approach 
to decoupling is available in the technical literature. These rules-of
thumb can often result in drastic over-design of the decoupling 
strategy, since the saying 'better safe than sorry' is often applied. 
Many of these rules are really based in myth. In addition, there are a 
number of outright myths that exist and are published, causing 
significant confusion within the general design community. Some of 
these myths have some level of rationale justifying them; others do 
not. One published article claimed that the decoupling capacitors 
actually caused the emissions! Unfortunately, many myths seem 
infinitely plausible and are not easy to discount. 
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Traditionally, the values of the decoupling capacitors are largely 
based upon habit and the experience of the EMC engineer. Values of 
0.01 uF or 0.1 uF are typically used. Often smaller capacitors are 
used in parallel with the main decoupling capacitor to provide a high
frequency and a low-frequency filtering effect. By using multiple 
capacitor values in close proximity, however, there is a risk of causing 
cross resonances that can have an adverse effect on noise and 
emission levels. 

The overall result is that a design approach for the power plane 
decoupling (between a power plane and a ground reference plane) has 
historically been difficult to develop or analyze. With on-board clock 
speeds of 400 - 800 MHz becoming common, a more rational 
approach must be taken to optimize the design of decoupling 
capacitors on the printed circuit (PC) board. 

8.2 Background 

There are two primary purposes for using decoupling between power 
and ground-reference planes. The first purpose is for functionality, 
that is, the decoupling capacitor is a charge storage device, and when 
the IC switches state and requires additional current, the local 
decoupling capacitor supplies this current through a low inductance 
path. If the capacitor is able to supply all of the current required by 
the IC, then the voltage at the IC power pin remains constant at the 
desired supply voltage. If the capacitor is not able to supply the 
required current, then the voltage at the IC power pin is lowered 
temporarily until adequate current is provided, or until the need for 
the current is ended. If sufficient current is not provided, the IC may 
experience a functional failure. It is important, therefore, to locate 
decoupling capacitors close to the demand for current (IC power 
pins). It is also important to provide a low impedance path from the 
Ie power pins to the power plane, from the IC's ground-reference 
pins to the ground-reference plane, and from the decoupling capacitor 
to the power and ground-reference planes. Capacitors used for this 
charge delivery function must have low equivalent series resistance 
(ESR) and low equivalent series inductance (ESL). Table 8-1 shows 
typical values for different SMT capacitor types. 
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Type Package ESL ESR@ 100 MHz 

0603 0.6nH 60mn 
NPO 

0805 InH 70mn 

1206 1 nH 90mn 

0603 0.6nH 90mn 
X7R 

0805 0.9nH 110mn 

1206 1.2nH 120mn 

0603 2.5 nH 80mn 
Y5V 

0805 3.1 nH 90mn 

1206 3.2 nH 100mn 

0603 O.4nH 60mn 
X5R 

0805 InH 80mn 

1206 1.1 nH 110mn 

Table 8-1 Typical Values for SMT Capacitors 

The second purpose for decoupling capacitors is to reduce the 
noise injected into the power and ground-reference plane pairs and 
thus reduce the EM! emissions from the edge of the circuit board. For 
example, the edge of a board may be near the seams of the metal 
enclosure or near an air vent area, allowing this noise to escape the 
enclosure. Another possibility is for this noise to couple onto 110 
connector pins and be directly coupled out of the metal enclosure 
through any of the cables. There are a variety of coupling 
mechanisms that are possible once this noise is created. 
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The source of this injected noise can be either: (1) the temporary 
lowering of voltage at the IC pin power pin when sufficient current is 
not provided from the decoupling capacitor (creating a short duration 
voltage pulse), or (2) the noise signal injected between the power and 
ground-reference planes due to an intentional current (e.g. a clock 
signal or other fast switching signal) transitioning to different PC 
board layers on a via. Measurements on active ICs have shown that 
the relative magnitude of typical power and ground-reference plane 
noise sources is about the same. [8.1] 

Once a signal from either of these sources results in noise 
between the power and ground-reference planes, the goal is to reduce 
the noise voltage level using decoupling capacitors. 

8.3 Calculating the Source of Decoupling Noise 

Since there are two different sources of this decoupling noise, the 
magnitude of the noise must be calculated differently for each source. 
While the cause of the noise is different, studies have shown that the 
relative level of noise is similar for both potential sources. Both 
sources must therefore be considered. [8.2] 

8.3. J Decoupling Noise from AS/CI/Cs power pins 

While it is common knowledge that some ASIC/ICs cause more noise 
problems than others, it has been traditionally difficult to predict the 
amount of noise from the ASIC/IC. First, consider how this noise is 
created. The ASIC/IC is not a generator where some noise exists 
internally, is conducted out of the ASIC/IC through the power/ground 
pins, and then couples into the power/ground plane pair. The 
ASIC/IC can be considered a fast switch. The impedance of this 
switch changes from a high impedance to a low impedance very 
quickly. In a low impedance state, the ASIC/IC is trying to draw 
more current from the supply. If the supply is able to meet this 
current demand, there is no problem, and no noise. In some cases, 
however, the supply cannot provide the current as quickly as the 
ASIC/IC requires it (mostly due to inductance) and there is a 
momentary decrease in the supply voltage locally at the ASIC/IC pin. 
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This lowered voltage results in a noise pulse that will propagate 
around the power/ground plane pair, and is commonly known as 
"decoupling noise". 

It is necessary to focus on the current the ASIC/IC is trying to 
draw, and not a noise voltage, when trying to predict the amount of 
noise to expect between a power/ground plane pair since this current 
is the actual cause of the noise. The resulting noise voltage is very 
dependent on the impedance of the power/ground plane pair at the 
point where the ASIC/IC power pins are located, and across the entire 
frequency range of interest. 

8.3.1.1 ASIC/IC Power Current Requirements 

There are two main types of current required by an ASIC/IC. First, 
the ASIC/IC is likely to have some 110 drivers. These 110 drivers 
have significant current drive requirements and must draw this current 
from the power supply. The second required current is often called 
"shoot through" current, and is not used in the 110 drivers of the 
ASIC/IC, but rather is used within the ASIC/IC for internal switching 
and processing. 

Depending on the type of ASIC/IC, either of these types of 
current is likely to dominate the power requirements. An ASIC/IC 
with a lot of 110, such as a clock buffer with a large number of 
outputs or a bus controller, will have the 110 current requirements 
dominate the power current demand. An ASIC/IC with only a few 
110 lines will likely have the shoot-through current dominate. Both 
types of current can be considered individually, and simply added 
together to find a better estimate of the total current. 

8.3.1.2 Finding the ASIC/IC Power Current Demandfor I/O 

The 110 current can be found conveniently by using standard signal 
integrity tools. Normally, signal integrity tools are used to simulate 
voltage waveforms on various transmission lines. Many of these tools 
can also be used to find the current on the 110 trace. For clock 
buffers, the total 110 demand current is simply found by multiplying 
the individual trace current by the total number of active 110 lines. 
This is the most accurate technique to determine the pulse shape and 
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allow accurate detennination of the frequency domain harmonic 
content of the current pulse. 

If it is difficult to obtain the current from a signal integrity tool, 
another simple technique is to use a simple capacitive load method 
given in 

(8.1 ) 

where: 
CL = the Capacitive load, nonnally about 10 pF for CMOS devices, 
n = the number of active loads, 
Vee = the supply voltage, and 
t, = the rise time of the output pulse. 

The current pulse shape can be approximated as a simple 
triangular pulse, and the peak amplitude of this pulse is found from 
the above method. The width of the pulse is assumed to be equal to 
the rise time plus the fall time of the 110 signal. While not as accurate 
as the signal integrity tool method, this method provides reasonable 
estimate of the current demand. 

8.3.1.3 Finding the ASIC/IC Power Current Demand for "Shoot 
Through" 

For clock buffers and other ICs, the peak amplitude of the shoot 
through current can be estimated using a vendor data sheet parameter 
called power dissipation capacitance (Cpd)' The same triangle 
wavefonn shape is assumed, and the current pulse amplitude is found 
using 

where: 

Cpd * m*Vcc 
I - ----'-----

p2 - I!:..t 
2 

(8.2) 
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m = number of 110 drivers, and 
&t2 = 4 + tf, and 
tr and tf are the rise and fall times, respectively. 

The total IC power current is the sum of the shoot through current 
and the 110 current. The waveform for the total power current is 
shown in Figure 8-1. 

This method of using the 110 load current and the Cpd parameter 
to predict the noise voltage at the IC power pins was applied to a few 
standard clock buffers. These same ICs were used on a simple PC 
board and their power bus noise was measured. Figures 8-2 and 8-3 
show the results for two different clock buffers. The agreement 
between the predicted and measured is quite good for such a simple 
calculation. 

t 

T/2 

Figure 8-1 Power Pin Current Waveform for ASICIICs 

8.3.1.4 Finding the ASIC/IC Power Current Demand without Cpd 

The Cpd parameter is available for many clock buffers and other ICs, 
but not all ASICIIC manufacturers specify or document this 
parameter. Depending on the complexity of the ASIC/IC, a first order 
approximation can be made using the 110 drive current only. The 
assumption that the 110 current dominates depends on the number of 
output drivers. On devices with a high number of outputs, this 
assumption can give a reasonably good prediction. Figure 8-4 shows 
an example of the prediction and measurement for a clock 
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buffer where no Cpd value was available from the manufacturer. The 
agreement between measured and predicted values is not as accurate 
as in the previous examples, but it is still an adequate estimation. 

Large ASICs, such as processors, memory controllers, bus 
controllers, etc., require the manufacturer to do extensive simulations 
just to insure the device operates properly. Major ASIC 
manufacturers, such as IBM, Intel, ServerWorks, AMD, etc., create 
SPICE models to simulate the ASIC under various load and 
operational conditions. Most of these SPICE models are developed 
for signal/data flow in the ASIC, however, SPICE models are also 
created for the power requirements of the device. While ASIC 
vendors are seldom asked for these models (or the model results) from 
companies using these devices, these models can provide a very good 
indication of the power current requirements for large ASIC devices. 
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8.4 Decoupling Capacitor Effectiveness 

The previous section discussed ways to determine the level of the 
source of noise between the power and ground-reference planes from 
an ASIC/IC. Regardless of this level, design practices often attempt 
to reduce the amount of this noise voltage some distance from the 
source of the noise by using decoupling capacitors. A good measure 
of decoupling "goodness" is to use a transfer function of the voltage 
at the observation point relative to the source voltage. This transfer 
function is dependent on both frequency and observation point. The 
definition of the transfer function (transfer impedance) is shown in 
(8.3). The transfer function relates the current at the source (the IC 
power pin) to the voltage at the observation point (some distance 
away). Since the goal is to have the least amount of noise at the 
observation point, we want Z2/ to be as low as possible. 

Z (f) = Vo(f) I 
21 Is (f) 10=0 

(8.3) 

While (8.3) is a simple expression, calculating this transfer function 
across the frequency range of interest, including the important 
parameters such as the inherent capacitance of the parallel planes, the 
inductance of the vias connecting the capacitors, the internal parasitic 
parameters of the capacitors, and the physical separation between 
capacitors is an extremely difficult task. The transfer function will 
vary depending on the size of the PC board and when any of the 
previous values are changed, but we can make some general 
predictions using a standard size PC board. A test PC board was 
created to help illustrate the effects of a variety of decoupling 
capacitor configurations. Measurements of the transfer function were 
made on this test board to show the effectiveness of each capacitor 
configuration. 
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8.4.1 Test Board Description 

This example focuses on a 4-layer PC board with external dimensions 
of 10" x 12", and is considered a typical board size I. The PC board 
stackup consists of a top layer with connection/solder pads, two solid 
planes (a "power" and a "ground" plane), and an unused bottom layer. 
The separation between the solid planes was 0.035". Since the 
frequency range under investigation extends from 30 MHz to over 1 
GHz, a repeatable and well-controlled connection method to the test 
board is required. A series of 15 SMA connectors were mounted 
across the board as shown in Figure 8-5. The center pin from each 
SMA connector was connected to the lower plane, and the outer 
conductor of the SMA connector was connected to the upper plane. 
Each of the SMA connectors are surrounded by four locations for 
SMT (0805 size) decoupling capacitors. Figure 8-6 shows the detail 
of each location. The PC board dielectric was standard FR-4 material 
with a relative dielectric constant of 4.5. 

In addition to the SMA connectors and their local decoupling 
capacitor sites, locations for additional SMT decoupling capacitors 
are located on a one-inch grid on the PC board, as shown in Figure 8-
7. 

An equivalent circuit of the PC board is shown in Figure 8-8. The 
99 capacitors are each represented with an equivalent circuit including 
its capacitance (Cx), equivalent series resistance, and equivalent series 
inductance. The inherent capacitance of the two parallel planes 
(Cplanes) is in parallel to all the discrete capacitors. Note that this is 
only a low-frequency model and does not include resonance effects 
due to the physical size of the board (which will dominate at high 
frequencies). 

I Note: the board size will affect the resonance frequencies. 
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Figure 8-6 Test Board SMA Connector Area Detail 
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Figure 8-7 Additional Decoupling Capacitor Locations on Test 
Board 

C99 

• • • • I Cplanes 
C2 

T T T 
Figure 8-8 Equivalent Circuit for Decoupling Test Board 

The physical size-based resonances will begin at frequencies 
where the cavity created between the two metal plates is one-half 
wavelength (or integer multiples of half wavelengths). The electric 
field is assumed to not vary in the z-direction (normal to the plates). 
This size-based resonant frequency can be found from 



134/ PCB Design For Real-World EMI Control 

where: 
m and n are the mode number (only 1 can be zero) 
and a and b are the dimensions of the PC board. 

(8.4) 

All measurements were taken with a network analyzer. The transfer 
function was found using S2l two port measurements where 

(8.5) 

where 4J is the 50 n characteristic impedance of the test instrument. 

8.4.2 Empty Test Board Configuration 

There were a number of different decoupling configurations 
evaluated, as well as different capacitor values. The difference 
between local source decoupling and distributed decoupling was also 
investigated. Finally, the number of capacitors and various values of 
capacitance (both single and multiple values) were examined. 

Throughout the measurements of the S21 transfer function, 
significant resonant effects are found at high frequencies. Figure 8-9 
shows the transfer function from the center of the example test board 
to one corner. While the exact values of the transfer function will 
change as the source and observation locations change on the PC 
board, the general effects will be consistent. As apparent in Figure 8-
9, resonances due to the board dimensions become the dominant 
factor above 200 MHz. Depending upon which location on the PC 
board was used for the transfer function measurement, a particular 
resonant frequency mayor may not be excited. From an EMC point 
of view, however, it is not possible to control where a component 
might be placed. To ensure a particular resonance mode would not be 
excited, all modes must be assumed present (or a worst case 
"envelope"). For this set of experiments, the center and one comer 
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port were used so that most of the resonant modes would be excited 
over the frequency range of interest « 2 GHz). 

Further experiments with different capacitor values at various 
locations demonstrate that while a particular resonance would shift to 
a different frequency (as capacitors were added and/or moved about 
the board), the general shape and impedance of the resonant peaks did 
not change. This indicates that the entire frequency range must be 
considered resonant. That is, since the frequency of resonance shift 
with any change in placement of value of the capacitors, all 
frequencies must be assumed to be resonant, and the overall envelope 
of the 521 transfer function lowered. These resonances are extremely 
important and require a full-wave electromagnetic analysis to 
consider the physical dimensions of the board. This resonance 
variation makes SPICE circuit analysis ineffective for high-frequency 
decoupling analysis. 
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Figure 8-9 Transfer Function for Board with No Decoupling 
Capacitors 
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8.4.3 Quantity of Distributed (Global) Decoupling Capacitors (.Oluf 
Only) 

When decoupling capacitors are distributed evenly across the entire 
PC board they are considered global decoupling capacitors. They are 
not intended to provide decoupling to any specific IC, but instead to 
the entire PC board. The number of decoupling capacitors and the 
density of their placement is important to maintain a low transfer 
function across the board. 

For the following example, all the capacitors used are 0.01 uF2 
SMT3. To illustrate the effect of different capacitor densities, the 
example 10" x 12" board was populated with 25, 50, or 99 (every 
inch) capacitors. In each case the capacitors were evenly distributed 
across the board. The results and conclusions for the various board 
source and receive locations were consistent at high frequencies. 
While the individual resonances might shift slightly, the overall 
envelope of the S21 transfer function is not affected by location. 

As can be seen in Figure 8-10, adding capacitors lowers the S21 
transfer function in the lower frequency ranges (below 200 - 400 
MHz). At higher frequencies, the overall envelope for the S21 transfer 
function decreased only very slightly (despite a resonant frequency 
shift) as more capacitors were added. 

The maximum number of capacitors populated was 99 distributed 
capacitors, representing one capacitor every square inch across the PC 
test board. This is a much more dense capacitor placement than is 
often possible on real products. Even with this dense capacitor 
distribution, the decoupling transfer function was only improved 
below approximately 400 - 600 MHz. This frequency limitation is 
due to the connection inductance of the vias, traces, pads, etc., which 
are inherent in the capacitor attachment. 

2 A variety of capacitor values were selected for this study. 
3 Surface mount style capacitors in the 0805 package size were used 
throughout this study. 
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Figure 8-10 Transfer Function with 0.01 uF Decoupling 
Capacitors 

8.4.4 Quantity 0/ Distributed Decoupling Capacitors 
(O.Olu/ and 330 pFJ 

A seemingly obvious solution to the limited high-frequency 
performance is to add capacitors with lower impedance at high 
frequencies. Using a combination of so-called "high-frequency" 
capacitors and "regular" capacitors might 'tune' the decoupling 
performance over a wide range of frequencies. If this analysis is 
performed using SPICE circuit type analysis, which ignores the three 
dimensional full wave nature of PC boards, the high-frequency 
capacitors appear to provide a lower impedance (and therefore lower 
the transfer function) across a wide frequency range. The three
dimensional full wave nature of PC board is an important behavior 
not accounted for in SPICE simulation, and combined with the added 
inductance of the capacitor attachment, "tuning" the capacitor values 
does not yield the results initially expected. 
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To illustrate this limitation, the 0.01 uF capacitors used in the 
previous section are now combined with 330 pF capacitors to 
illustrate the effect on the high-frequency performance of S21 when 
two different values of capacitors were used. For this set of 
experiments, the test PC board is completely populated with 
alternating .01 uF and 330 pF capacitors (all 99 locations had either 
0.01 uF capacitor or a 330 pF capacitor, but not both values). 

The results in Figure 8-11 show that at frequencies below about 
75 MHz, the S21 behavior is very similar to the case with only 0.01 uF 
capacitors. The S21 transfer function is dramatically worse in the 75 -
200 MHz range due to cross resonances (the capacitance of one 
capacitor resonates with the inductance of the other capacitor and the 
inductance of the planes between them). There is no noticeable 
improvement in high-frequency decoupling performance with the 
addition of the second value of capacitance. In fact, the overall 
decoupling performance is degraded in a frequency range where much 
of the typical noise energy exists (50 - 200 MHz). 

This example was repeated with a different decoupling capacitor 
configuration. In this second example, the test board is again fully 
populated with 0.01 uF capacitors (99 capacitors) and 22 pF 
capacitors are added directly on top of the SMT 0.01 uF capacitors 
(connected in parallel). While this mounting strategy is not practical 
in real world manufacturing, it serves to lower the additional 
connection inductance for the 22 pF capacitors. 

Figure 8-12 shows the transfer function results for various 
quantities of 22 pF capacitors added onto the 0.01 uF capacitors. The 
effect on the transfer function is minimal and shows no significant 
improvement. Given this and the previous example with so-called 
"high-frequency" decoupling capacitors, there is no improvement, and 
in some cases the decoupling performance is worsened! Global 
decoupling capacitors should be all the same value to avoid creating 
unexpected resonances. 
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Measured Comparison of Multiple and SIngle Value 
Decoupllng Capacitor Strategies 
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Figure 8-11 Transfer Function with Combination of Decoupling 
Capacitor Values 
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8.4.5 Selecting the Value of the Decoupling Capacitors 

The actual value of the decoupling capacitors is another topic for 
confusion. The decoupling performance of global SMT 0805 
capacitors with values of 0.01 uF, 0.1 uF, and 0.33 uF on the same 
test PC board is shown in Figure 8-13. The high-frequency 
performance of the transfer function is not significantly affected by 
the value of the decoupling capacitor selected for these capacitor 
values. Again, the inductance of the capacitor and of its attachment to 
the board overwhelms the impedance of the capacitor at high 
frequencies. The optimum solution is to choose an SMT capacitor 
package size, and then use the largest capacitance value available in 
that package size. 

521 Transfer Function for Different Value Capacitors 
Center-to-Corner (10" x 12" Board) 
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Figure 8-13 Transfer Function for Different Capacitor Values 

8.4.6 Perfect Decoupling Capacitors 

A perfect decoupling capacitor can be approximated as a simple via 
between two adjacent parallel planes. While this is impractical when 
the two planes have different DC voltages, it is valid for planes of the 
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same DC voltage (e.g. two ground-reference planes) and it serves as a 
reasonable limit to the performance of decoupling capacitors. 

Figure 8-14 shows the transfer function performance of the 
various global decoupling capacitor values and the results when only 
a via is present. Again, the natural inductance of the via limits the 
transfer function at high frequencies. Clearly, the capacitors are about 
at the limit of performance and the transfer function cannot be 
reduced. The analysis with "perfect" capacitors shows that the value 
of the capacitor is not important at high frequencies. As stated in the 
previous section, the largest capacitance value (for a given package 
size) is best for low frequencies, and should always be selected for 
global decoupling capacitors. 
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Figure 8-14 Transfer Function with "Perfect" Capacitors 

8.4.7 Source Vs Distributed Decoupling 

As mentioned earlier, a common debate between EMC and design 
engineers is whether to place decoupling capacitors close to the 
source of the 'noise' (that is, near the power and/or ground pins of the 
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ICs), or to simply distribute them across the entire board. If we 
consider the purpose of the capacitors, we can easily answer this 
question. First, capacitors must deliver charge to the IC/ASIC power 
pins quickly when the device changes from a high impedance to a low 
impedance state internally. In order to reduce the loop inductance, the 
capacitor must be positioned as close to the power pins as possible. 
The second purpose of the decoupling capacitors is to keep the noise 
between the power and ground-reference planes as low as possible 
across the board and especially along the edge of the board. 

The transfer function, or transfer impedance, can be used to 
observe the remote effects of adding local decoupling capacitors. In 
[8.3], a 6" x 9" PC board was tested with global decoupling 
capacitors spaced on a one-inch grid. Figure 8-15 shows the effect on 
the transfer impedance when only the global decoupling capacitors 
were used and when a local decoupling capacitor is added at various 
distances from the source. There is about a 5 dB improvement in the 
transfer impedance when the local capacitor is placed extremely close 
(50 mils) to the source, but the improvement drops to 1-2 dB when 
the capacitor is placed 300 mils from the source. In most 
applications, it is unrealistic to place capacitors within 50 mils of all 
the power pins in high density ASICs. The expected reduction in the 
EMI noise at a location away from the local decoupling capacitor is 
minimal, but a capacitor should still be placed close to the power pins 
for the charge delivery function. 

This is consistent with our understanding of the cause of the high
frequency transfer function performance. The resonant nature of the 
three-dimensional cavity formed by the closely spaced parallel plates 
dominates the high-frequency performance of the transfer function. 

It is helpful to consider the following analogy to help understand 
how decoupling capacitors work in this resonant environment. 
Consider a metal shielded room. We place a vertically oriented 
dipole antenna at some location in the room, and excite the antenna 
with a high-frequency sine wave. If the frequency is selected so that 
it is a resonant frequency of the shielded room, standing waves will be 
created and there will be locations where the electric field is greatest 
and other locations where it is minimal. Next we place a metal post 
from floor to ceiling near the source antenna. When observing the 
electric field throughout the room, we would observe a change in the 
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location of some of the maximum field locations, but the field 
strengths would not be significantly reduced. 
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Figure 8·15 Transfer Impedance with Local Decoupling 

Next, let's add a number of metal posts throughout the room. 
Again, we have changed the boundary conditions in the room, and the 
field distribution will change. If the metal posts are spaced close 
enough, the standing waves may not be able to fully develop, and the 
maximum electric fields will be lower than the previous case. 

This analogy can be helpful to understand the reason that 
positioning a decoupling capacitor near the Ie power pins does not 
significantly affect the decoupling transfer function. This does not 
imply that placing decoupling capacitors near the Ie power pins is 
unnecessary, however. Remember that the capacitors placed near the 
power pins provide a rapid charge delivery to the Ie for functionality 
considerations and are very important for this task. 
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While a distributed decoupling strategy appears to be best for an 
EMC design, signal integrity design considerations still require a 
decoupling capacitor near a high-speed IC to provide the necessary 
supply current with as low a series inductance as possible. A 
combination of both decoupling strategies will meet both EMC and 
signal integrity requirements. 

8.4.8 Buried Capacitance Decoupling 

The so-called buried capacitance is created by placing the two planes 
close together, thus increasing the inherent capacitance between the 
planes. In some cases, the dielectric constant of the material between 
the two planes is increased, further increasing the inherent 
capacitance between the planes. 

Figure 8-16 shows the transfer function for the same 10" x 12" 
board with the spacing between the planes decreased and the same 
dielectric (FR4) used. The transfer function is lowered significantly 
when the spacing between planes is only 2 mils compared to a 
separation of 35 mils. When compared to the 35 mil separation case 
with 99 global 0.01 uF SMT capacitors, the transfer function is 
reduced at high frequencies, but not at low frequencies. This is the 
first example we have seen where high frequencies were significantly 
lowered. A combination of traditional decoupling capacitors and 
closely spaced planes will give an overall lower transfer function 
while potentially reducing the total number of capacitors needed. 

It is important to understand that closely spaced planes provide 
decoupling for those planes only. In a PC board where closely spaced 
planes are used, there are usually a number of different layers, some 
planes and some signal layers and possibly a number of planes. The 
transfer function is improved only for the closely spaced planes. 
Since noise between planes can also be created by high-speed signal 
via transitions, [8.4] other pairs of planes still need traditional 
decoupling capacitors. Figure 8-17 shows an example to illustrate 
this concept. 
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Transfer function for Oecoupling Board 10" x 12" 
with Various PowerfGround Plane Separation 
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Figure 8·17 Example of Multiple Plane Pairs 
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8.4.9 Lossy Capacitors 

It is commonly accepted that decoupling capacitors should have low 
equivalent series resistance (ESR). It has been shown that at high 
frequencies, normal circuit simulation results are not consistent with 
the measured results, and the physical resonances of the board will 
dominate at high frequencies. It is therefore necessary to add some 
amount of loss to dampen the Q factor of these resonances. 
Experiments with high ESR capacitors (6 - 10 ohms in series with a 
0.1 uF capacitor in the same SMT package) showed that lossy 
capacitors can have a significant effect at high frequencies. Figure 8-
18 shows the results from these measurements. Figure 8-19 shows 
the measured impedance of the SMT part for both the typical low 
ESR capacitor and the lossy capacitor. The best improvement in the 
transfer function occurs when approximately 65% of the total 
capacitors used are lossy and the remaining 35% are regular low ESR 
capacitors. With this combination of low ESR (regular) capacitors 
and lossy capacitors, the high-frequency transfer function was 
lowered as much as 20 dB without significant degradation in the low 
freQuency performance. 
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Figure 8·18 Transfer Function with Lossy Decoupling Capacitors 
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Note in Figure 8-18 that using only lossy capacitors significantly 
degrades the low frequency performance of the transfer function. A 
combination of both types of capacitor provides the optimum 
performance. The low ESR capacitor is a low impedance only at low 
frequencies above which the natural inductance of the SMT part (and 
interconnect inductance) become dominant. At frequencies where the 
low ESR capacitor is no longer effective, the loss of the lossy 
capacitor lowers the resonance effects. 

It is important to remember that the decoupling capacitor serves 
more than one purpose. While our focus has been EMI noise 
reduction, another primary function of these capacitors is to provide 
charge (power) to the IC or ASIC rapidly during device switching. In 
order to provide the charge quickly, the decoupling capacitor must 
have a low ESR in order to insure a low RC time constant. When 
using lossy capacitors, it is important to use low ESR capacitors near 
the ICI ASICs and to use the lossy decoupling capacitors only for the 
remote global decoupling capacitors. 
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Another important purpose of decoupling capacitors is to provide 
a low impedance return path for current when a high-speed trace 
changes reference planes on a via. This subject is discussed in 
Chapter 7. Since these capacitors must provide a low impedance path 
for the return current, lossy capacitors should not be used for return 
current path applications. 

Lossy capacitors can have a significant effect on the high
frequency performance of the overall decoupling strategy without 
requiring special board designs (as in the case of distributed 
capacitance between planes), but they require care in their use. The 
general approach of simply sprinkling capacitors over the entire board 
without giving thought to the noise source can cause problems. The 
purpose of the capacitor must be considered, and the appropriate 
component used at each location on the board. 

8.5 Summary 

Oecoupling design strategy is important and complex. This chapter 
has shown how to predict the level of decoupling noise likely from 
various devices. Using Cpd for clock buffers along with the I/O 
current can give a good estimation of the amount of noise expected. 
Even if the Cpd parameter is not available from the manufacturer, a 
reasonable estimation can still be made using only the I/O current. 
This is especially true in cases where there is a large number of output 
drivers or the I/O current is significant (as in the case of OOR RAM 
memory). 

The impact of decoupling capacitor location, value(s), and the 
effectiveness of adding so-called "high-frequency" capacitors was 
also discussed. Global decoupling with a fixed value was shown to be 
the most effective while also preventing unexpected resonances. In 
general, once the SMT capacitor package size is selected, the largest 
capacitance available in that package size should be used. A variety 
of different capacitor values does not reduce the high-frequency 
resonance effects, and in some cases can reduce the effectiveness of 
the decoupling strategy in mid-range frequencies. 
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Other decoupling strategies can be effective if done correctly. 
The so-called buried capacitance is really just an increase in 
distributed capacitance created when the planes are spaced closer than 
normal or when the dielectric constant of the inter-plane material is 
increased. This can be effective, but only for the two planes involved, 
and it does not reduce the need for traditional decoupling capacitors 
for other pairs of planes in a multilayer PC board stackup. 

Lossy decoupling capacitors were shown to reduce the resonance 
effects at high frequencies by adding loss. This can be very effective 
in reducing noise between the power and ground-reference planes, but 
lossy capacitors must be used carefully. A combination of lossy 
capacitors and regular low ESR capacitors provides the best 
performance. Care is needed to make sure that capacitors placed near 
ICs and high-speed signal via transitions are low ESR capacitors. 
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Chapter 9 

EMC Filter Design 

9.1 Introduction 

Traditional filter design is complex. The maximum pass band ripple 
allowed, the roll off required, and the minimum loss in the stop band 
all must be considered. There are various standard filter types with 
linear phase, faster roll off, etc. Once it is decided which of the 
standard filter types is desired, the realizablility of the filter must be 
considered, and after all this, then we can start to assign values to the 
components of the filter. While these traditional filters are necessary 
in many applications, such as radio receivers, they are typically more 
complex than the real-world EMC application requires. 

A filter is really a simple voltage or current divider. If the 
impedance of the filter is considered, its source impedance, and its 
load impedance, and simple Kirchoff laws are applied, then the filter 
can be quickly designed and it will meet the needs for most EMC 
concerns without the need for the traditional filter complexity. 

9.2 Filter Design Concepts 

The most common EMC filter is one to stop unwanted signals from 
exiting a shielded enclosure and causing emissions from the external 
cable. Figure 9-1 shows a simple case where an I/O driver is some 
distance from the I/O connector and a filter is used to stop unwanted 
signals from exiting on the cable. These signals may have originated 
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Figure 9·1 I/O Filter Example 

External Cable 

from a number of sources, including crosstalk coupling) from critical 
signal traces, 110 driver noise, or from some other general EMI 
coupling path onto the 110 trace. In order to minimize high-frequency 
pickup between the filter and the 110 connector, the filter should be 
placed as close to the 110 connector as possible, within one centimeter 
for most systems. Additional distance between the 110 connector and 
the filter components allows high-frequency noise to bypass the filter 
completely or to couple onto the signal trace between the filter and the 
110 connector. 

Many I/O signals are relatively low frequency, that is, below 1 
MHz. There are some I/O signals that contain much higher 
frequencies, but these signals typically use shielded cables, and are 
handled in a different manner as compared to low speed I/O signals 
using unshielded cables. Regardless of the intentional 110 signal 
frequency, optimum filter design needs to consider what frequency 
harmonics are required for proper operation, then the filter should be 
designed to pass those signals and block all other signals. EMC filters 
for this application are normally low-pass filters. Figure 9-2 shows 
the four most common general low pass filter configurations. 

Before the effectiveness of these filter configurations can be 
properly analyzed, the load impedance expected at the I/O connector 
must be considered. Analysis of the exact impedance is difficult, 
since EMC emissions testing requires the external cables to be moved 

) As discussed in Section 7.5 
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in all possible positions to maximize the emissions at all frequencies. 
Moving the external cables changes the impedance at different 
frequencies, making the impedance unpredictable. It is generally 
accepted that the worse case impedance (the external cable's 
"antenna" radiation impedance) is 100 n across the frequency range 
of interest. 

For simple filter design, it is desirable to keep the unwanted 
signals from reaching the external 100 n radiation impedance. -This 
means the series filter components must be selected with impedance 
much greater than lOOn, and parallel components with impedance 
much less than 100 n impedance over the frequency range of interest. 

For example, let's assume a 100KHz intentional 110 signal, and 
wish to filter all signals from 30 MHz to 1000 MHz. The intentional 
110 signal's rise time can be included in the first 7-9 harmonics, so if 
up to 1 MHz is included in the pass band, the data signal should not 
be attenuated. A typical rule-of-thumb is to have a factor of 100 
between the external wire's radiation resistance and the filter 
components. This means that at 30 MHz, it is desirable to select the 
series components with at least 10K n and the parallel components 
with no more than one ohm impedance. For a low pass filter, the 
parallel components will be capacitors and the series components will 
be inductors or ferrite beads2• While it is not practical to require 10K 
n from ferrite beads, 1000 n ferrite beads are available and a one
ohm requirement for the parallel components is achievable. The 
impedance of these components will be discussed in later sections, but 
for now, the general impedance of capacitors and inductors is given 
by (9.1) and (9.2). 

2 Ferrite beads are more commonly used because they have a wider effective 
frequency range and include loss. 
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Figure 9·2 Low Pass Filter Configurations 



where: 

Magnitude Xc = _1_ 
27ifC 

Magnitude XL = 21lfL 

Xc = impedance of a Capacitor, 
C = capacitance, 
f = frequency, 
XL = impedance of an inductor, 
and L = inductance. 

9.3 Filter Configurations 
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(9.1) 

(9.2) 

There is some debate about which filter configuration is best. There 
are a number of considerations that affect this decision. Often, the 
number of components must be minimized to reduce cost, and/or 
board real estate used. In this case, a two-component filter, or even a 
one-component filter is desired. Another consideration is whether the 
filter is intended to reduce emissions or susceptibility. Two
component filter configurations will be discussed first, since their 
analysis illustrates filter operation most clearly. 

9.3.1 Two-Component Filter Configurations 

Figure 9-2a shows a simple filter configuration with a capacitor and 
an inductor (or ferrite bead). In order to analyze the effectiveness of 
this configuration, this filter will be inserted into the emissions 
example in Figure 9-1, and simple current node analysis used. 

Consider an unwanted current on the trace traveling towards the 
I/O connector. Figure 9-3 shows a schematic of this circuit with the 
external cable's radiation impedance added. At Node #1, the current 
will "see" a low impedance through the capacitor back to its source 
relative to the high impedance of the inductor/ferrite. Therefore, very 
little current will travel through the inductor/ferrite and result in a 
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common-mode current on the cable causing external emissions. This 
is an effective filter. 

Node #1 LI 

External Cable 
Cl 

Radiation Impedance 

~Enclosure Shield 

Figure 9-3 Low Pass Filter Configuration (a) 

Now consider the filter configuration in Figure 9-2b. Figure 9-4 
shows the equivalent schematic. Also, consider the same unwanted 
current on the trace traveling towards the 110 connector. The current 
will see a high impedance in the inductor/ferrite, but once it arrives at 
Node #1, it sees a low impedance in the capacitor across the external 
cable's radiation impedance. While 100 ohms is often used as a 
worst-case cable antenna radiation impedance, remember this can be 
nearly any impedance, depending on the cable position. Due to this 
uncertainty it can no longer be certain the capacitor will have a low 
impedance relative to the external cable radiation impedance. The 
capacitor will be useful at some frequencies, and not useful at other 
frequencies. Since the external cable's radiation resistance is 
impossible to know in advance, it can only be assumed that the 
external cable's radiation impedance will be low at a frequency where 
there is an unwanted emission and the filter will not be effective. The 
inductor/ferrite is providing all the filtering that can be depended on 
in this filter, and the capacitor might as well not be used in this 
configuration for emissions control. 

If the design goal is changed from emissions control to 
susceptibility control, then the source of the unwanted signal changes 
from the internal 110 driver to the external cable. The load to be 
considered is the load presented by the 110 driver (or receiver), which 
is typically low at high frequencies. The analysis now resembles the 
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previous case (in Figure 9-3) where the capacitor presents a low 
impedance relative to the high impedance of the inductor/ferrite. This 
filter configuration is effective for susceptibility concerns. 

L1 
Node #1 

'-tI---r_~M 

Cl External Cable 

Radiation Impedance 

~Enclosure Shield 

Figure 9-4 Low Pass Filter Configuration (b) 

9.3.2 Reference Connectionfor Two-Component Filters 

In the previous section, the position of the capacitor (shunt element) 
and the inductor/ferrite (series element) for optimum low-pass 
filtering were discussed. Section 7.4 discussed placing splits in the 
ground-reference plane to isolate the 'ground' pin of I/O connectors 
from the spreading return currents from high-speed traces. Which side 
of this split that the capacitor is connected to reference will have a 
major impact on the filter's performance. 

Figures 9-5 through 9-8 shows the four possible connection 
configurations with two ground-reference planes connected through a 
ferrite bead (to provide a return path for the intentional low-speed I/O 
signals). Figure 9-5 shows the shunt capacitor connected to the 
'digital' (or noisy) ground-reference. This is the optimum 
connection, since it allows high-frequency signals that are on the I/O 
line3 to be returned to their source with a low impedance path. The 
capacitor and inductor/ferrite configuration are optimized to reduce 
signals from exiting the enclosure as discussed in the previous 
section. 

3 These high-frequency signals may have originated with the 110 driver as 
unintentional signals, or they could have been coupled onto the 110 line from 
another source. 
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Digital Ground -Reference Plane 

External Cable 

Radiation Impedance 

Figure 9-5 Filter Connection Strategy #1 

Figure 9-6 shows the same capacitor and inductor/ferrite 
configuration with the capacitor connected to the chassis reference. 
This connection would require the high-speed noise signals to pass 
through the ferrite bead between references. Since a ferrite bead 
typically has a high impedance to high-frequency signals, this is not a 
low impedance path back to the noise signal's source and will not be a 
good filter configuration. This connection strategy should be avoided. 

Figure 9-7 uses the opposite capacitor and inductor/ferrite 
configuration with the capacitor connected to the 'digital' ground
reference. The previous section explained why this capacitor and 
inductor/ferrite configuration is not the optimal design for emission 
control. More alarming is the effect on susceptibility for the system. 
This connection strategy allows any signals from the outside of the 
enclosure (i.e. ESD pulses, RF susceptibility signals, EMP, etc.) to 
travel through the low impedance of the capacitor to the digital 
ground-reference. This will likely cause system susceptibility 
problems. This connection strategy should be avoided. In addition to 
being a poor emissions filter, this filter configuration allows external 
noise (like ESD pulses) to be coupled from the chassis through the 
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capacitor to the data lines. This coupling will lead to likely data 
errors. Again, this filter configuration should be avoided. 

Digital Ground -Reference Plane 

• 

• • 

Figure 9-6 Filter Connection Strategy #2 

Digital Ground -Reference Plane 

Figure 9-7 Filter Connection Strategy #3 
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Figure 9-8 shows the same capacitor and inductor/ferrite 
configuration as the previous example, except the capacitor is now 
connected to the chassis reference. The capacitor will still not provide 
a low impedance return current path for internal noise signals trying 
to exit the system because of the ferrite bead between the two ground
reference planes. For susceptibility concerns, however, the capacitor 
does provide a low impedance path from the 110 line to the chassis, 
and will help block these external signals from entering the system. 
This connection strategy works quite well for susceptibility concerns, 
but is not effective for emissions concerns. A combination of the 
connection strategy in Figure 9-5 and figure 9-8 (resulting in a three 
component filter) would result in optimum performance for both 
emissions and susceptibility 

• 

Digital Ground -Reference Plane 
• 

External Cable 

Radiation Impedance 

Figure 9-8 Filter Connection Strategy #4 
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9.3.3 Three Component Filter Configurations 

A similar analysis can be performed for the 7t and T filter 
configurations in Figure 9-2c and Figure 9-2d, respectively. Figure 9-
9 shows the equivalent schematic for the 7t-filter configuration. Using 
current node analysis, the unwanted emissions current at Node #1 will 
see a low impedance path through Cl relative to the high impedance 
of the inductor/ferrite and be effectively blocked from the external 
cable radiation impedance. In a similar fashion, any unwanted 
external signals (susceptibility) will see a low impedance in C2 
relative to the high impedance of the inductor/ferrite and be 
effectively blocked. This means this 7t-filter configuration is effective 
for both emissions and susceptibility design concerns. 

Node #1 Node #2 

External Cable 

Radiation Impedance 

~Enc1osure Shield 

Figure 9-9 Low Pass 1t-Filter Configuration 

In a similar fashion to Section 9.3.2, the connection strategy for 
the capacitor(s) must be considered. In the case of the 7t-filter, 
connecting one capacitor to the digital ground-reference allows the 
internally created high-frequency noise currents to return to their 
source (as in Figure 9-5). Connecting the other capacitor to the 
chassis reference allows external susceptibility signals to return to the 
chassis without entering the enclosure. This connection strategy is 
illustrated in Figure 9-10. This is the optimum configuration and 
should be used whenever possible. 

The T-filter analysis is similar. Figure 9-11 shows the equivalent 
schematic drawing. Using current node analysis similar to that for the 
previous filter configurations, the unwanted emissions current at Node 
#1 will see a low impedance path through Cl relative to the high 
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impedance of the inductor/ferrite L2, and be effectively blocked from 
the external cable radiation impedance. In a similar fashion, 
unwanted external signals (susceptibility) will see a low impedance in 
C 1 relative to the high impedance of the inductor/ferrite L1, and be 
effectively blocked. So this means this T -filter configuration is 
effective for both emissions and susceptibility design concerns . 

Digital Ground -Reference Plane 

• 

• • 

External Cable 

Radiation Impedance 

Figure 9·10 Filter Connection Strategy for 1t·Filter 

Node II L2 

Ll External Cable 

Radiation Impedance 

E 'Enclosure Shield 

Figure 9·11 Low Pass T ·fiIter Configuration 

The T-filter configuration only allows one capacitor connection. 
If the capacitor is connected to the digital ground-reference, then the 
filter would be effectively like the filter in Figure 9-7 for emissions 
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and would not be the most effective filter. Conversely, if the 
capacitor is connected to the chassis reference, the filter configuration 
resembles Figure 9-6 and is not very effective for emissions or 
susceptibility. If the load and source impedances are very low, the 
high impedance provided by the T-fiIter can be very effective. Since 
most EMC applications do not have low source and load impedances, 
the T-fiIter configuration is not as desirable as the It-filter 
configuration for EMC applications. 

9.3.4 Single Component Filter Configurations 

Often a single component must do the filtering due to cost and space 
constraints on the PC board. A similar current node analysis to those 
previously discussed will show the most effective single component 
for this filtering task. If the inductor/ferrite is removed from Figure 9-
3, the capacitor will be placed in parallel with the external cable's 
antenna radiation impedance. When the external cable is in a position 
so that the external impedance is low, the capacitor will not shunt the 
high-frequency currents away from the external cable and the 
capacitor will not be effective as a filter. If the single component 
filter is an inductor/ferrite, however, then the current will see a high 
impedance path and be reduced. Therefore, when only a single 
component is used for a filter, the series inductor/ferrite is more 
effective than the parallel capacitor. This will become even more 
apparent when the capacitor's internal inductance and the connection 
inductance are included in the analysis. 

9.4 Non-Ideal Components and the Impact on Filters 

In the previous sections the performance of a filter was analyzed 
using ideal components: a capacitor with only capacitance, and an 
inductor with only inductance. Real-world components have both 
inductance and capacitance. The parasitic portion of the component 
will tend to limit the frequency range where the component is 
effective. 
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9.4.1 Non-Ideal Capacitors 

When using a simple ideal formula as in (9.1) to find impedance of a 
capacitor, the true impedance can be underestimated. At high 
frequencies (above about 100 MHz) the parasitic elements of the 
capacitor have a significant effect on the impedance of the capacitor. 
Since a capacitor consists of two or more parallel metal plates 
separated by a dielectric, the metal plates of the capacitor have 
inductance. In addition, the connection pads, vias, etc. add 
inductance. Figure 9-12 shows the impedance of a single surface 
mounted technology (SMT) 0.01 uF capacitor. Note that the 
impedance does decrease as frequency increases (and as Equation 9.1 
predicts) only to about 60 MHz, and then the impedance actually 
increases with frequency. The parasitic inductance of the SMT 
capacitor dominates the impedance of the component, and the 
component no longer acts like a capacitor. Figure 9-13 shows a 
simple schematic representation of the capacitor with its parasitic 
elements. 

This parasitic inductance is increased when there is more metal in 
the component. For example, low-speed applications often use 
capacitors with wire leads. Figure 9-14 shows the difference in the 
impedance for two capacitor values when the SMT part and the 
capacitor with leads are measured. Notice that the resonant frequency 
is greatly lowered when the capacitor has leads, and the impedance at 
high frequencies is 20 - 24 dB greater compared to the surface mount 
capacitor. 

Even when using SMT capacitors, another important 
consideration is the connection impedance of the traces and vias. 
Each via typically adds approximately 0.75 nH of inductance. The 
length of trace connecting the SMT capacitor to the via is also 
important. An additional trace length of two centimeters will add 
significant inductance [9.1]. Clearly, the capacitor will not be very 
effective at high frequencies once all the connection parasitic 
inductances are included if these inductances are not minimized. In 
fact, designing and implementing a filter on a multilayer PC board 
that is effective beyond several hundred megahertz is very difficult. 
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Measured Impedance of .01 uf Capacitor 
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Figure 9-12 Impedance of SMT 0.01 uF Capacitor 

SMT Component ..................................................... , . . · . · . 
+1= : · . · . • ~~'--4 

· · . : •••••••••••••••••••••••••••••••••••••••••••••••••••• 1 

C 

Connection 
Parasitic 
Inductance 

Parasitic 
Inductance 

Parasitic Resistance 

I 

1000 

Figure 9-13 Equivalent Circuit of SMT 0.01 uF Capacitor 
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Figure 9·14 Impedance of Leaded Capacitors 

9.4.2 Non-Ideal Ferrite Beads 

Ferrite beads are a widely used and effective SMT filter component. 
They resemble an inductor since their impedance increases with 
frequency (until the parasitic capacitance becomes dominant), and 
they usually have a low Q-factor so the loss they provide to the filter 
has a wide bandwidth. Figures 9-15 and 9-16 show the impedance of 
some typical SMT ferrite beads. Ferrite beads are usually specified 
by their impedance at 100 MHz. Because of their frequency 
dependence, care should be taken when using this method of 
specifying ferrite beads. For example, two of the beads in Figure 9-
15 have an impedance of 80 ohms at 100 MHz, but their impedance 
above 100 MHz is quite different from each other. 

The impedance does not always continue to increase as the 
frequency increases above 100 MHz. Figure 9-16 shows an example 
of a few high impedance SMT ferrite beads. Note that the impedance 
is at its peak well below 100 MHz. 
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Figure 9-15 Ferrite Bead Impedance Example #1 
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Figure 9-16 Ferrite Bead Impedance Example #2 
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9.4.3 Non-Ideal Zero Ohm Resistors 

Zero ohm resistors are widely used in many designs as 'place 
holders'. That is, instead of using a ferrite bead, a "zero ohm" resistor 
might be installed because it is less expensive than a ferrite bead. 
Note that this resistor is not truly zero ohms, but instead is typically 
0.05 ohms4. If emissions laboratory testing indicates the need for 
more filtering, the "zero ohm" resistor can be replaced by a ferrite 
bead (of the same physical size) without the need to re-Iayout the PC 
board. 

This technique is quite effective, since the "zero ohm" resistor is 
actually a small inductor (a zero ohm inductance) as a result of the 
interconnect and component parasitics and therefore provides a small 
amount of series filtering. The same general values described 
previously in Section 9.4.2 for the parasitic inductance of the 
component, the vias and the connection traces should be used for the 
"zero ohm" resistor. 

9.5 Common-Mode Filters 

Many 110 data signals use differential signaling. USB and Ethernet 
are examples of differential signaling 110 data. Typically, the data is 
passed though an isolation transformer converting it from common
mode data to differential-mode data. At this point, a common-mode 
filter should be used to remove all common-mode components of the 
signal and is often built into the isolation transformer. This common
mode filter is especially important since differential data signaling 
often uses unshielded cables. Any common-mode data on the 
external unshielded cables will cause emissions. 

Once the differential signal has gone through the common-mode 
filter, there is no longer any need to have a ground-reference plane 
beneath the data traces on the PC board as shown in Figure 9-17. The 
ground-reference plane is only used for common-mode signals. True 
differential signals do not use this ground-reference. If the ground
reference plane is present, RF noise currents on the ground-reference 

4 A true "zero Ohm" resistor would be an expensive precision component. 
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plane can couple onto the differential signal traces and effectively 
bypass the common-mode filter. All power planes should also be 
removed from this area of the PC board for the same reason. 

Some external 1/0 connections require both differential and 
single-ended signals (e.g. SCSI). These types of 1/0 require careful 
analysis of which signals are differential and which are not 
differential. Non-differential signals should be treated as described 
previously in this chapter, including treating the "ground" signal 
return as a signal with a filter, etc. Differential signals should be 
treated as described above. A schematic example of a mixed 1/0 
connection is shown in Figure 9-18. 

-,----------------------,------,-

Combination Isolation 
Transformer & Common
Mode Filter 

Digital Ground -Reference Plane 

-• • • • • • • • 

External Cable 

Enclosure Shield 

PC Board Area with No 
Reference Plane 

Figure 9-17 Differential I/O Line with Common-Mode Filter 

9.6 Summary 

Filter design for EMC applications does not usually need to include 
the complexity of traditional filter design. Using simple current node 
analysis, the filter components can be easily selected for the case 
desired. The impedance of the shunt components should be much 
lower than the impedance of the external 1/0 cable's antenna radiation 
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impedance. Series elements should have much higher impedance than 
the external I/O cable's antenna radiation impedance. 

Parasitic inductance greatly limits the minimum impedance of a 
shunt capacitor. The parasitic capacitance of inductors/ferrite is less 
important. The effect of the parasitic components should be included 
in the filter design for a realistic evaluation of the frequency range 
where the filter will be effective. 

• ,..------------.., .------, : 
Combination Isolation 
Transformer & Common
Mode Filter 

• • • • • • • • · 

• • • • • • • 

External Cable 

: Enclosure Shield 

Ferrite Bead =/ • • • 
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PC Board Area with No 
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• 

Figure 9-18 Example of I/O Cable with Differential and Single
Ended Signals 
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Chapter 10 

U sing Signal Integrity Tools for EMC 
Analysis 

10.1 Introduction 

Most high-speed printed circuit (PC) boards undergo some degree of 
signal integrity analysis by engineers using one or more commercial 
software tools. Engineers analyze the trace layout on the board to 
ensure the voltage waveform at the receiver meets the required 
specification for proper operation. Termination resistor values are 
changed, or even more extreme changes are made, so that the proper 
voltage waveform arrives at the receiver. Once the voltage 
waveform is acceptable, the analysis is complete. This can result in 
a wide range of termination resistor values being used on designs. 
The value of the termination resistor is not always optimized; as long 
as it works, it's acceptable. The value of the termination resistor can 
have an enormous effect on the intentional current on the trace, 
however. 

From an EMC emissions point of view, the voltage waveform is 
not a concern, but the current waveform is very important. 
"Voltage" does not radiate directly, but "current" does! It is 
therefore useful to analyze the currents on a trace as well as the 
voltage waveforms. Unfortunately, only a few commercial software 
tools allow this analysis of the intentional currents. The value in 
performing a little extra analysis far outweighs the time and cost. In 
fact, some of the commercial tools which can provide current 
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analysis are less expensive than those that do not include this 
analysis. 

This chapter will give a few examples of using a commercial 
signal integrity tool to find the intentional currents on traces, and 
more importantly, to find the frequency spectrum of those currents. 
Changing the termination resistor value or making other termination 
changes can have a significant effect on the high-frequency harmonic 
content of the intentional currents. Often, the higher harmonics are 
not required to create an acceptable voltage waveform, and will only 
cause emissions problems through some other means (as described in 
Chapters 6 and 7). The bottom line is that if the current is never 
created, it cannot become a common-mode current that will cause 
emissions problems somehow, somewhere in the system. 

10.2 Intentional Current Spectrum 

The primary cause of EMI emissions is the so-called "common
mode" currents. Basically, common-mode currents are currents that 
exist at locations where they were never intended. The common
mode current can couple onto a nearby I/O cable or other conductor 
leaving the shielded enclosure, and then cause emissions. 

Common-mode currents can be caused by a number of different 
sub-optimal design practices, as discussed in detail in previous 
chapters. The intent of the traces on a PC board is for all the return 
current to flow directly beneath the trace in the reference plane 
(usually the power plane or the ground plane). As discussed in 
Chapter 6 and Chapter 7, not all the return current can flow directly 
under the signal trace,. The return currents will spread out over the 
entire plane, trying to reduce the inductance in the return path to the 
lowest possible level. While most of the return current is under the 
trace, not all of it is contained there, resulting in currents located in 
places where they were never intended to be. 

Often, the board layout design is not optimal for high-speed 
signals. For example, if a high-speed clock trace is routed over a 
split in the reference plane (as when the power plane is split to allow 
more than one DC supply voltage), the return currents must find 
some other path to return to the source. Even if a capacitor is placed 
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across the split near the crossing, the added inductance of the 
capacitor, the necessary vias, pads, etc., will ensure that the high
frequency components of the return current will not be close to the 
signal trace. 

Another common problem occurs when a high-frequency signal 
trace is routed through a via and changes reference planes. The 
return current must cross from one plane to the other (possibly 
through a decoupling capacitor, with its vias, extra inductance, etc.), 
and often flows in an unpredictable path in order to return to the 
source. 

While the causes of common-mode currents are many, diverse, 
and often hard to predict, it is true that ALL common-mode currents 
originate from an intentional current. That is, somewhere on the PC 
board, an intentional signal created the common-mode current 
unintentionally. It is therefore worthwhile to make sure the 
intentional signals are controlled so that only the required harmonics 
exist and to eliminate the unnecessary harmonics. It is more costly 
to add filtering to an I/O port to stop a high-frequency harmonic 
from exiting the shielded enclosure when the original signal source 
did not even need that harmonic for functionality. 

A personal computer PC board was chosen to illustrate this 
concept. A clock net that runs at 133 MHz was selected for analysis. 
The appropriate driver and receiver IBIS models were used to 
characterize the driver and receiver. A source series resistor 
termination scheme was used. The 'default' termination resistor 
value on this net was 22 ohms. 

The voltage waveform at the receiver (for 5 volt logic) was 
analyzed for termination resistor values from 10 ohms to 39 ohms 
(typical range). Figure 10-1 shows the effect of changing the 
termination resistor's value on the voltage waveform. While some 
amount of pulse amplitude reduction and rise time lengthening 
occurred as the resistor value was increased, signal integrity 
requirements would often consider any of the waveforms shown as 
sufficient to insure proper operation of the system. 

Since this analysis was aimed at reducing possible emissions, the 
current on the trace at the receiver was also analyzed. Figure 10-2 
shows the current waveforms for different termination resistor 
values. It is immediately obvious that the Ion resistor allows much 
more current to flow than the other values. 
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Voltage Waveforms at Receiver Pins 
with Different Values of Termination Resistance 
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Figure 10-1 Voltage Waveform for Various Termination 
Resistor Values 
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Further analysis shows that the values of 22 and 25 n also have extra 
'features' that are not present for larger resistor values. 

While this voltage and current waveform analysis is useful, it 
does not really address the amount of reduction of high-frequency 
harmonics (the most common cause of emissions problems). Fourier 
transforms of the time domain waveforms were performed to obtain 
the frequency domain spectrum. These are shown in Figure 10-3 and 
Figure 10-4 for each of the different termination resistor values (for 
the frequency ranges of 100 - 1000 MHz and 1000 - 2000 MHz, 
respectively). The results show a large variation of current 
amplitude at each harmonic frequency. It can be seen by further 
analysis that for each harmonic frequency, the amplitude of the 
current goes down as the resistor value is changed from IOn to 30 
n, but further increase of the resistor value does not significantly 
lower the current amplitude at a given harmonic frequency. 
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Figure 10-5 shows the reduction in current amplitude (delta) for 
each harmonic frequency as the termination resistor value was 
varied. This figure also shows that the reduction in current 
amplitude is about the same for almost all harmonic frequencies, 
whether the termination resistor value is changed from 10 n to 39 n, 
or only from 10 n to 30 n. As can be seen in Figure 10-5, the 
amount of current reduction at some harmonic frequencies was as 
much as 45 dB! This is very significant, since few product designs 
fail EMI emissions standards by so great a margin. While a 
reduction in the harmonic current mayor may not result in a one-for
one reduction in radiated emissions (depending on the exact coupling 
mechanism between the current and the final radiation source), there 
is still likely to be a significant reduction in emissions. This results 
in the need for much less filtering, gasketing, etc., of the final 
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product. Engineers should learn to ask themselves, "Why fight an 
emission problem from a current that is not required in the first 
place?" 

Frequency Domain Reduction In Intentional Current Harmonic Amplitude 
with Various Termination Resistors 
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Figure 10-5 Reduction in Harmonic Amplitude of Current on 
Trace 

10.3 Trace Current for Decoupling Analysis 

When an ICI ASIC has a large number of output drivers, such as 
clock buffers, memory controllers, bus controllers, etc., the majority 
of current required to power the ICI ASIC is used to drive the 110 
pins. Therefore, the current on the 110 traces is important, and can 
be used to analyze the decoupling capacitor design. -

It was shown in [10.1] that the power pin current can be 
estimated by using the 110 current and the shoot-through current on 
clock buffers. A triangular pulse shape could be used for the power 
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pin current from the I/O drivers. While this assumed waveshape is 
sufficient for some devices, sometimes the current waveshape is not 
as simple as the triangular pulse shape. The example in Figure 10-2 
is evidence of this non-triangular waveshape. 

Using signal integrity tools to find the currents on the I/O traces 
gives a good first order estimate of the current pulse at the power pin 
as well. In the case of clock buffers where the I/O pulses are 
synchronous, the current pulses can be directly summed to find the 
total current required through the power pins. In the case of a 
memory/bus controller, all of the I/O drivers are seldom driven at the 
same time, so using an average number of drivers operating at the 
same time provides a better estimate. 

The type of termination technology used is also important. For 
example, typically SDRAM memory line uses a series source 
termination resistor only. The current from a typical SDRAM 
memory data line is shown in Figure 10-6. In contrast, a typical 
DDR RAM memory line uses a termination resistor connected to a 
voltage between the supply voltage and ground-reference. As shown 
in Figure 10-7, the current pulse shape driven from the DDR RAM 
I/O driver is quite different than that found for the SDRAM case. 
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Figure 10-7 DDR RAM Current Example 

Figures 10-8 and 10-9 show the frequency spectrum of the drive 
currents for SDRAM and DDRAM, respectively. Note that the 
harmonic amplitude is significantly different for the two types of 
memory, Simply looking at the voltage waveforms for the two types 
of memory would not have given any indication of the large 
differences in current harmonic spectrum. 

10.4 Differential Signals Analysis 

There are two types of differential signals that are important to EMC 
engineers: an internal high-speed line that is routed as a differential 
signal and a external 110 signal that is a differential signal. The 
EMC concerns are different, but can each be analyzed using 
commercial signal integrity tools. 
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Current From SDRAM Data Lines 
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J 0.4. J Internal Differential Signal Lines 

It is a common practice to use differential traces for high-speed 
signal applications on PC boards. These are not truly "differential", 
however, since they are closely coupled to the reference plane, and 
currents will flow in the reference plane. It is more accurate to 
consider these signals to be "complementary, single-ended" signals.' 
In Chapter 5, the need to keep single-ended signals from crossing 
splits in the reference plane, causing the return current to not be able 
to flow across the split, was discussed. It is often assumed that the 
currents in the reference plane from a differential signal pair will not 
be affected by the splits. If the length of the differential traces is 
identical there will be no common-mode currents on the traces. If 
the trace length is not identical (or the output drives are not properly 
balanced), then common-mode currents will exist on the traces. 
These common-mode currents must also return to their source, and 
they will use the reference plane. A split in the reference plane 
would not allow the return current for these signals to flow beneath 
the traces, and would cause the same problems as would a single
ended trace. 

Signal integrity tools can be used to analyze the effect of 
mismatched length differential traces. For this example, the IBIS 
models for differential driver and receiver were used. The nominal 
transmission line length was set to ten inches, and then the length of 
one transmission line in the pair was increased slightly. The 
difference in the currents at the receiver is the common-mode 
current. Figure 10-10 shows the harmonic frequency spectrum of the 
common-mode current as the differential trace mismatch is 
increased. The amount of common-mode current with no mismatch 
is also shown as a base line.2 

Figure 10-11 shows the increase on the common-mode current 
over the perfectly matched length case. Even for a minor mismatch 
of a few percent, some harmonics showed a significant increase in 
common-mode current. Since it is impractical to perfectly match the 
differential trace lengths on real world PC boards, and the driver is 
not likely to be perfectly matched as well, then differential traces 

, Possibly called pseudo-differential signals. 
2 In this example, the baseline is non-zero because the output drivers were 
not perfectly balanced in the IBIS model file. 
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should be treated like single-ended traces and not run over splits in 
reference planes. An important point of this discussion is that the 
use of a commercial signal integrity tool can easily help analyze the 
effects of the trace length mismatch and provide valuable 
information to the design engineer. 

Spectral Content of Common-Mode Current 
for Various Differential Trace Length Mismatch 
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Figure 10-10 Common-Mode Current From Differential Traces 

10.4.2 External I/O Differential Signal Lines 

Differential signaling is common for certain types of 110 data, such 
as Ethernet and USB data signals. Commercial signal integrity tools 
can be useful to help analyze these data lines. For external 110 
cables, the common-mode voltage between the cables and the 
enclosure chassis is a major concern for emissions control from the 
intentional signal. If the external cable provides the differential load 
to the traces, and the length of the traces is matched, then there will 
be no common-mode voltage between the cable and the chassis. As 
in the previous section, if the length of the traces' is not matched, 
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there will be a common-mode voltage on the cable as it exits the 
enclosure. 

To analyze this common-mode voltage as the mismatch in the 
length of the traces increases, a circuit as shown in Figure 10-12 can 
be created. The differential drivers are differentially loaded by the 
cable impedance. In this case, the differential load is split into two 
halves, and the center of the two differential loads is connected to the 
ground-reference through a 100 ohm resistor. This value is typically 
a reasonable estimate for the common-mode impedance of an 
external 110 cable. When the length of the differential traces is 
matched, the common-mode voltage across the 100 ohm resistor will 
be zero. As the length mismatch increases, the common-mode 
voltage will increase also. Figure 10-13 shows an example of the 
increase in the harmonic content of the common-mode voltage as the 
trace length mismatch is increased. 

50 

45 

, , , , 

Increase In Spectral Content of Common-Mode Current 
for Various Differential Trace Length Mismatch Lengths 

Compsred to Zero Mismatch 
"""'--T- -'~- '"T'"""·~1-- I I I -r- -~~-r-'.-- --r--r-r--,-
, , , , , , , , , , , I I I I I I I I I I I I 

___ . .L __ '_L . ..1._, _' __ .J _ _ '_'_...L.L.. ._'_' _.1....._1 _-L..._L-...l __ ..L_ , , , , , , , , , 
It 

, , , , , , , , , , , I I I I I I 1 I : ~: : 
+-~-- ---+--+--+-- -e-+---+-+--t-<-+---t-----t-

I I I I I. I I 
-+--+--+---+--- --+---I------f-, , , , , , , , , , , , , , 

5.0E.08 

It. , , , , , , , , , ,-,-,-, 

1.0E.09 1.5E.09 

Frequency (Hz) 

I I I I 
I I I I 

-'-'-'-1 
I I .. I 

• I I I 
~I I I , , .' 
, , 

2.0E.09 2.5E.09 

Figure 10-11 Increase in Common-Mode Current From 
Differential Traces as Trace Length Mismatch Increases 

3.0E+09 



184 I PCB Design For Real-World EMI Control 

100 ohms 

Figure 10-12 Equivalent Circuit for Common-mode Current 
from Differential Traces 
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10.5 Crosstalk Analysis 

Signal integrity tools are commonly used for crosstalk analysis. 
Normally this analysis is only used to determine if the level of 
crosstalk noise that occurs will interfere with proper data transfer. 
This analysis is most often done only between high-speed signal 
lines, within high-speed buses, etc. [10.2] Crosstalk between high
speed signal lines and JlO lines is seldom considered, unfortunately, 
yet this form of crosstalk concerns EMC engineers most. 

Signal integrity tools allow users to include filter components in 
their circuit models, so analysis of the high-speed signal trace to the 
JlO trace can be accomplished and the effects of filters included. In 
this manner, the level of common-mode voltage on the JlO connector 
can be determined for a number of different internal sources. 

10.6 Summary 

There are a number of useful analyses that can be accomplished by 
using commercial signal integrity tools for EMC emissions control. 
Most designs already undergo some degree of analysis using signal 
integrity tools, so it is straightforward to extend this analysis for 
certain EMC applications. 

The most important analysis that should be performed is to 
ensure that the frequency spectrum of the intentional current on a 
trace is as low as possible while still meeting the data transfer 
requirements. Voltage waveform analysis alone is not sufficient to 
determine the current waveform. Some commercial signal integrity 
tools allow analysis of the current. Investigating the behavior of this 
current allows the termination to be optimized to keep the high
frequency harmonics low, thus eliminating a possible problem at its 
source. 

Other standard signal integrity tool analyses can also be applied 
for EMC. Crosstalk analysis between high-speed traces and JlO 
traces, analysis of common-mode current from mismatched 
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differential traces, and analysis of common-mode voltage on 
differential 110 lines can all be easily performed. 
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Chapter 11 

Printed Circuit Board Layout 

11.1 Introduction 

The initial layout of a printed circuit (PC) board is an important part 
of the overall EMC strategy. While for some aspects of the design 
there is very little that can be negotiated, it is worth the time and 
effort to consider what can be done. 

Mechanical constraints may require certain connectors to be 
positioned along one side of the board. Processors with heatsinks 
may be required to be next to an air vent, placing the processor near 
the edge of the board. Electrical signal integrity constraints may 
require certain IC/ASICs to be close to one another. Cost constraints 
may require the PC board to only include two power/ground
reference planes. 

All systems have some constraints, but there is usually some 
amount of allowable variations, and unless EMC is considered, it is 
likely that a non-optimum decision will be made. Many of these 
issues are covered in various other chapters in this book. However, 
these issues are important enough to bring them all together in one 
chapter. 

11.2 PC Board Stack-up 

The stack up of the PC board is most often determined by the target 
cost of the board, the manufacturing technology, and the number of 
wiring channels required for functionality. As with most engineering 
designs, there are a number of conflicting requirements, and the final 
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design strategy is decided after considering a number of trade-offs. 
PC boards with anywhere from J layer for the simplest, lowest cost 
boards, to 30 or more layers for high-performance systems, can be 
used. 

11.2. J Many Layer Boards 

PC boards with many layers are most often used for high-speed, high 
performance systems. A number of layers are used as either DC 
power or ground-reference planes. The planes are most often solid 
planes with no splits, since there are usually enough different plane 
layers that there is no need to have different DC voltages on a single 
layer. Regardless of the schematic 'name' for a layer (e.g. 
"ground", +5 volts, VCC, digital power, etc), the plane will act as the 
return current path for the signals in the transmission lines directly 
adjacent to them. Creating a good low impedance return current path 
is the most important EMC task for these plane layers. 

Signal layers are interspersed between the solid plane layers. 
They can be either strip line, where the spacing between the signal 
layer and the two adjacent plane layers is equal, or they can be 
asymmetrical striplines where there are two signal lines sandwiched 
between adjacent plane layers. Figure 11-1 shows an example of the 
cross section for both cases. In most designs, a number of different 
combinations of these configurations are used. 

I j,. , 4H, 5¢4$E _ i t o 

' ( C , 

, , 
t - < ' ,. iE .e n Q J * ~ p ?': Ii T' 

Stripline Configuration Asymmetrical Stripline Configuration 

Figure 11-1 Symmetric and Asymmetric Stripline 
Configurations 
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One popular PC board stack-up for a 12 layer board is T-P-S-P
S-P-S-P-S-S-P-B, where "T" is the top layer, "P" is a plane layer, 
"S" is a signal layer, and "B" is the bottom layer. The top and 
bottom layers are used for component pads, and signals should not 
be run on them for any significant distance in order to reduce direct 
emissions from the traces. While this example is only one stack-up, 
the design considerations and thought processes can be extended to 
any other stack up configuration. 

The next consideration is to determine which, if any, plane layers 
will have to contain multiple power islands for different DC 
voltages. For this example, assume that layer #11 (from the top) will 
have mUltiple DC voltages. This means that designers must keep the 
high-speed signals away from layers #10 and the bottom as much as 
possible, since the return current cannot flow across the gap in the 
planes on layer #10 and stitching capacitors would be required. This 
leaves layers #3, #5, #7, and #9 as signal layers for high-speed 
signals. 

The next consideration is to plan the routing of the most critical 
signals. In most designs, the traces are laid out in one direction as 
much as possible to optimize the number of available wiring 
channels on the layer. Layers #3 and #7 might be assigned as "east
west" and layers #5 and #9 assigned as "north-south". Which layer a 
trace is routed on depends upon the direction it needs to travel to 
reach its destination. 

An important consideration is the changing of layers for a high
speed trace, and which different layers will be used for an individual 
trace. Again, the major consideration is to insure the return current 
can travel from one reference plane to the new reference plane where 
it is intended to flow. In fact, the best design will not require the 
return current to change reference planes, but to simply change from 
one side of the plane to the other side. For example, the following 
combinations of signal layers can be used together as signal layer 
pairs: #3 and #5, #5 and #7, and # 7 and #9. This allows both an 
east-west and a north-south routing in each combination. A 
combination like #3 and #9 should not be used because this would 
require the return current to flow from the plane on layer #4 to the 
plane on layer #8. While a decoupling capacitor could be placed 
near the via, the capacitor will not be effective at high frequencies 
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due to lead and via inductance. Such wiring, by forcing the need for 
a capacitor, also increases the part count and the cost of the product. 

Another important consideration is to assign the DC voltages for 
the plane layers. Let's suppose for this example that the processor is 
expected to have the most significant amount of noise on the 
power/ground-reference pins because of the high-speed nature of the 
internal processing. This means that it is very important for the 
decoupling capacitors assigned to the same DC voltage as the 
processor to be as effective as possible. As shown in the chapter on 
decoupling, the high-frequency performance of the on-board 
decoupling capacitors was severely limited by the inductance of the 
connecting vias, pads and connection traces. The best way to lower 
this inductance is to keep the connecting traces short and wide, as 
well as keeping the vias short and fat. If layer #2 is assigned as 
"ground" and Layer #4 is assigned as processor-power, then the via 
distance from the top where the processor and the decoupling 
capacitors are installed is as short as possible. The remaining part of 
the via that extends down to the bottom of the board does not include 
any significant currents, and is too short to be considered a 'stub' 
antenna. Figure 11-2 shows an illustration of this stack-up design, 
and it can be seen that placing a capacitor on the bottom of the board 
would have resulted in longer vias and thus greater inductance than 
placing the capacitors on the top layer. 

The next important consideration is which high-speed signal 
lines will be routed on layers #3 and #5. It is desirable to keep the 
signal traces that are driven from an active device with the same 
power as the reference plane together. That is, signals from the 
processor (for example, the memory bus and other high-speed buses) 
should be routed on layers #3 and #5 since they share the same 
power and the return currents can thus more easily return to their 
source. 

While this section has focused on only the most critical signals 
and IC (for this example), the above thought process should be 
continued for the remaining signals and ICs. The signals routed on 
layer #10 should only be low speed signals because of the split in the 
planes on layer # 11. 
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Figure 11-2 T-P-S-P-S-P-S-P-S-S-P-B Stack-up 

]],2.2 Six-Layer Boards 

A common special case is the six-layer board. Typically, this stack
up is selected for lower cost products and contains 4 signal layers 
and 2 plane layers. Figure 11-3 shows an illustration of this stack
up. There are typically two plane layers and four signal layers. 
Obviously this provides a lot less freedom than in the previous case, 
but designers can still make some selections that will help the EMC 
performance of the system. 

As in the previous case, an east-west and north-south routing is 
normally used. Again, it is desired to use routing layer pairs that do 
not require the return current to change planes. In this case, we'll 
select layers # 1 & #3 as a routing pair and layers #4 & #6 as the 
other routing pair. In this case, the top and bottom layers must be 
used for routing signals. For good EMC performance, it is more 
important to keep the return current on a single plane than to keep 
the signal buried between planes, therefore, layers #3 & #4 should 
never be used as a routing pair for high-speed signals. 

Layer #2 and layer #5 will be the power and ground-reference 
layers. It is very likely that there will be a number of different DC 
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power requirements, so the power plane is most likely to be split up 
into a number of power islands. If layer #2 is selected as the 
ground-reference layer, then designers must insure that all the high
speed signals are routed on layers #1 & #3 so that they do not cross 
splits in the reference plane. Naturally, if a particular signal's path 
does not take it across a split in the (power) reference plane, then 
routing these signals on layers #4 & #6 is acceptable. 

- - - - - - - - - - - - Top 
C:=================::::::J1 Layer #2 Plane 
- - - - - - - - - - - - Layer #3 Signal 
_ _ _ _ _ _ _ _ _ _ _ _ Layer #4 Signal 

C::::================:::::JI Layer #5 Plane 
- - - - - - - - - - - - Bottom 

Figure 11-3 T-P-S-S-P-B Stack-up 

11.2.3 Four-Layer Boards 

Four-layer boards are used for low cost systems whenever possible. 
Typically, there are only two signal layers and two plane layers. 
Figure 11-4 shows an illustration of this stack-up. 

Optimization of the number of routing channels is of critical 
importance, so the east-west, north-south routing strategy is used. 
This time, however, it is not possible to maintain the same reference 
plane for the return current. A decoupling capacitor must be placed 
close to the via to provide a return current path. The short trace 
connecting between the capacitor pad and the via should be 
maintained as short as possible and as wide as possible to keep the 
inductance/impedance to a minimum. 

The planes are normally assigned as ground-reference and 
power, with the power plane again being split into a number of 
different voltages. It is extremely important to maintain the traces 
over solid plane areas so that traces do not cross these splits when the 
power plane is used as the signal reference for a trace. If split 
crossing does occur, a stitching capacitor must be placed closely to 
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the point where the trace crosses the split to provide a path for the 
return current. Again, the short trace connecting between the 
capacitor pad and the via should be maintained as short as possible 
and as wide as possible to keep the inductance/impedance to a 
minimum. 

- - - - - - - - - - - - Top 
' ... -. . I Layer #2 Plane 

I:!:" ==Z::~ eo::;:-====, ':==:::::;::::z,1 :=.:::::':::::=' :::JI Layer #3 Plane 

- - - - - - - - - - - - Bottom 

Figure 11-4 T-P-P-B Stack-up 

11.2.4 One and Two-Layer Boards 

One and two-layer boards present a definite challenge for EMC 
design. While this stack-up is not recommended, it is often selected 
for considerations other than EMC. With this stack-up, there are 
normally no solid planes and all signals and all power and power 
return are routed as traces. The main concern in this design strategy 
is to keep the loop area for the signal current as small as possible and 
not allow large loop areas for current as illustrated in Figure 11-5. 

While the signal speeds on these boards are normally less than 
might be expected on the multilayer boards in previous sections, they 
can still cause EMC problems. A signal return trace should be 
routed along side the signal trace to minimize the loop area and 
therefore minimize the emissions (and susceptibility to external RF 
interference). Figure 11-6 shows an illustration of this design 
strategy. Keeping signal traces short will also minimize the loop 
area. 

Decoupling capacitors should be positioned as close to the ICs as 
possible and connected between the power and ground pins. 
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Figure 11-5 Example of Single Sided PCB Routing with Large 
Loop Area for Signal Current 

Small Loop Area 

Figure 11-6 Example of Single Sided PCB Routing with Small 
Loop Area for Signal Current 
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11.3 Component Placement 

As mentioned earlier, the location of many of the components is 
often decided by other factors. Whenever possible, there are a few 
considerations that can help the EMC performance of the system. 

An important rule is to keep high-speed devices together in one 
region of the board and to keep low speed devices together in 
another region, and to keep the high and low speed devices separated 
as much as possible. It is possibly even more important to consider 
where the signals from these devices will be routed on the board. 
For example, the 110 connectors are usually fixed along one side of 
the board. It is important to keep the 110 driver devices close to the 
110 connectors so that unwanted noise from high-speed devices 
cannot couple onto the 110 traces and be conducted out of the 
enclosure. If the 110 driver is placed far from the connector area, 
then the likelihood of this coupling is greatly increased. 

High-speed devices will usually drive high-frequency currents 
on the device pins. These currents create electric and magnetic fields 
which can couple directly onto 110 connector pins when the high
speed device and the 110 connector are placed close together. None 
of the filters on the board can stop signals coupled directly onto the 
110 connector pins because the coupling occurs past the filter 
location. 

There are a number of ways for undesired coupling to occur. It 
is not possible to consider every possible combination of devices 
traces, etc., here. A little design consideration can help reduce costs 
and problems, however, and should be encouraged for whatever the 
design. 

11.4 Isolation 

The previous section explained why hig~-speed circuits should be 
kept away from low speed and 110 circuits. Unfortunately, this is not 
always possible because of other design requirements. Some amount 
of additional isolation is needed even if the different circuits are 
fairly close together. 
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One of the greatest concerns is the spread of return current in the 
reference planes resulting from the routing of high-speed traces and 
placement of high-speed devices. This return current in the reference 
plane can be isolated from low speed circuit areas by using 
intentional splits in the reference plane. Naturally, this is not a 
desirable strategy if the reference plane is adjacent to a layer where 
intentional high-speed signals are routed which would then cross this 
split (as described in Chapters 5, 6, and 7). If there are no traces 
routed over the area where an isolation split would be used, this can 
be very effective at blocking unwanted noise from reaching low 
speed and 110 devices up to several hundred megahertz. 

One example of intentional split use is that which isolates the 
ground-reference plane in the 110 connector area from the digital 
ground-reference. This is explained in more detail in Section 7.4. 
This design strategy keeps the high-frequency noise caused by the 
high-speed digital circuits from spreading into the 110 area, but keep 
in mind that a low frequency return current path must be provided 
across the split in the reference plane for the intentional 110 currents. 

Isolation of particular devices is possible by creating a 'moat' in 
the power plane and the ground-reference planes around a particular 
device. Again, extreme care is needed so that high-speed signal 
traces are not routed across this moat and sufficient path for the DC 
power current must also be provided. The location of the splits 
creating this "moat" on the power and ground-reference planes must 
be identical in order to be effective and prevent accidental coupling 
between them. 

11.5 Summary 

The number of layers, number of solid planes, and configuration of 
the signal layers on a PC board stack up is most often decided 
without thought to EMC concerns. By judiciously selecting which 
layers to route which signals, the return currents can be allowed to 
remain near the appropriate signal traces and the EMC performance 
greatly improved over that created by random routing. This careful 
routing does not increase board cost, and while it may take a slightly 
longer time to route the board, this is more than offset by the 
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reduction in EMC problems. Consideration of the return current path 
is extremely important and is probably one of the most over-looked 
concepts in good EMC design. 



Chapter 12 

Shielding in Enclosures with Apertures 

12.1 Introduction 

The fast data and edge rates of modern high-speed digital electronics 
often necessitate the use of some type of shielding to comply with 
EMI regulatory or other design requirements. The specifics of the 
shielding for a particular type of product and the expectations for 
EMI reduction can vary widely. At one end of the spectrum might 
be the transmitter or receiver of a wireless communication link 
operating in the microwave region. In this case, the shielding 
enclosure will typically be a cast or machined conductive enclosure. 
The distinct pieces of the enclosure might be screwed together, with 
careful attention devoted to the seam geometry at the microwave 
design frequency in order to prevent leakage from the interior or 
interference from external sources. All penetrations of the shielding 
enclosure will be carefully designed. Signals into or out of the 
design will be on shielded cables, with connectors that have 3600 

connections, e.g., a coaxial connector. Any microwave signals will 
be on coaxial cables. An electronic design requiring this level of 
attention to the shielding enclosure will be one for which cost is not 
an issue, or the design cannot function without such intricate 
attention to every enclosure penetration. 

At the other end of the design spectrum are those products that 
are driven entirely by cost, and using any shielding enclosure, much 
less the expense associated with the enclosure described above, 
would be cost-prohibitive. In these cases, considerable effort is 
devoted to careful EMC design at the PCB level, and possibly only a 
few decibels of attenuation is provided by the shielding needed to 
meet EMI compliance and margin requirements. A sheet-metal plate 
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closely spaced to the component side of the PCB may provide a few 
decibels of attenuation to meet requirements, or a local shield over a 
specific component may help achieve compliance. A myriad of 
design possibilities lies between these two shielding extremes and 
might include plastic enclosures sprayed with a conductive paint, 
carbon-fiber-composite enclosure materials, shielded cables, and 
metal connector shells, among many other considerations. The 
design requirements will be driven predominantly by the EMI 
attenuation budgeted for the shielding enclosure and cost. 
Expectations for high-frequency shielding performance at megahertz 
and gigahertz frequencies range from 5-30 dB. 

A typical shielding enclosure for a high-speed digital product is 
illustrated in Figure 12-1. A cost-effective shielding enclosure 
constructed of sheet metal will often have numerous perforations and 
penetrations required for other design aspects that compromise the 
shielding effectiveness. The slots, seams, and apertures that result 
from construction of the shielding enclosure, plug-in modules, and 
airflow will be a dominant source of leakage. In addition, the cable 
penetrations and radiation from common-mode currents on the cable 
will also be a significant contributor to the overall emissions. 
Typical design guidelines based on "best practice" experience 
mandate slot lengths less than one-tenth of a wavelength at the 
highest frequency harmonic that is anticipated coming from the 
interior electronics, shielded cables, and/or filtering of unshielded 
cables. These design guidelines are inadequate for enclosures of 
leading-edge electronics. To minimize the electrical dimensions of 
perforations, screws, finger-stock, or conductive gaskets are often 
used to provide electrical continuity across a slot, seam, or joint in 
the metal enclosure. In practical applications, the limited 
effectiveness of these contacts then dictates the true shielding 
effectiveness of the enclosure. Similarly, the performance of 
shielded cables is to a large degree determined by the connector
enclosure interface. In particular, the cable shield must be connected 
to the metal connector shell, and this shell must in tum be connected 
to the conducting face of the shielding enclosure. The EMI 
performance of the shielded cable is typically dominated by this 
interface, and less often the cable shield braid density. 
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Shielded Enclosure 

Figure 12-1 A Typical Shielded Enclosure 

The ideal shielding enclosure would be a metal case, with a 
metal or sprayed conductor thickness that is several skin depths thick 
at the highest frequency at which attenuation is needed. With this 
perfect shielding enclosure, all parasitic currents, i.e., common-mode 
currents, which wind up on the enclosure walls are confined to the 
interior surface of the enclosure. There are no paths through gaps in 
the enclosure for conduction currents on the interior wall to gain 
access to the outer enclosure wall surface. Intended currents that 
enter or leave the enclosure do so on a shielded cable that has a 
perfect 3600 connection at the connector-enclosure interface, and the 
connection on the other end of the cable is similarly perfect. In this 
fashion, the parasitic common-mode currents that are inevitable in a 
real design are confined to the interior of the perfect shielding 
enclosure and do not lead to radiated EM!. The reality of practical, 
cost-effective shielding enclosures is quite different. The EMI 
performance of the shielding enclosure will be dictated by the 
perforations resulting from gaps, seams, and airflow, as well as the 
cable penetrations and the resulting common-mode currents on 
cables and the consequent EM!. In addition, the performance of 
gasketing materials, and the ability to establish metal-to-metal 
contacts between the gaskets and the shielding enclosure conducting 
walls will impact the EMI performance. The frequency dependence 
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of absorbing materials in wire-knit gaskets or absorbing materials 
used elsewhere in the design will also have an effect. Finally, the 
particular structures on the PCB in the enclosure interior that 
comprise the EMI coupling path and have the common-mode 
currents on them will impact the EMI performance of a specific 
shielding enclosure design. These aspects of practical shielding 
enclosure design are addressed in this chapter. 

12.2 Resonance Mode within Shielded Enclosures 

The radiated EMI resulting from an imperfect shielding enclosure 
design is caused either by radiation through an aperture or radiation 
due to common-mode currents on cables. A conduction current, i.e., 
current carried in the conductor by electrons, encountering a slot 
discontinuity on a conductor surface is illustrated in Figure 12-2. 
The two independent cases to be considered are for conduction 
currents that are perpendicular to the slot, denoted the TE (transverse 
electric) polarization, and for conduction currents that are parallel to 
the slot, denoted the TM (transverse magnetic) polarization. In the 
TE case, the conduction current flow encounters the slot 
perpendicular to the slot orientation. The conduction current must 
part and flow around the slot as depicted. Displacement current, i.e., 
current carried by a time-changing electric field, results across the 
slot. It is the displacement current, or the electric field perpendicular 
to the slot that leads to significant radiation when the dimensions of 
the slot or the aperture become appreciable relative to a wavelength. 
The radiated electric field has the same polarization as the electric 
field across the slot. In the TM case, the conduction current flows 
along the slot axis, and the resulting perturbation in the current path 
is small. Consequently, the radiation resulting from the TM case is 
several orders of magnitude less than that for the TE case and is not 
of concern. This was also the principle behind slotted waveguide or 
slotted coaxial cable line measurements for standing wave ratio prior 
to modem instruments. The slot in the waveguide was cut along the 
axis of the current flow, and so perturbed the conduction current, and 
hence, the fields that were being measured negligibly [12.1 J. 
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Slots 

1( 
Figure 12·2 Conduction Current Around Slots in Metal 

Shield 

A conducting enclosure supports resonant modes at which the 
electromagnetic fields can potentially become large. If these large 
fields excite a slot in the enclosure wall, appreciable EMI can result 
[12.2], [12.3], [12.4]. A resonant mode within an enclosure is 
analogous to the resonance frequency of an RLC circuit. For 
example, consider the parallel RLC circuit shown in Figure 12-3. 

At the parallel resonance frequency of the circuit, 
1 

(J) =--
o .JLC 

(12.1) 

the voltage at the circuit terminals that results from a sinusoidal 
current source applied at this frequency becomes very large as shown 
in Figure 12-4. In fact, the response is only limited by the loss in the 
circuit from the resistive element R. This is usually referred to as the 
"natural response" of the circuit [12.5]. Analogously, a conducting 
enclosure will have resonant frequencies at which the input 
impedance seen at the terminals of a source driving the enclosure 
will look like that of Figure 12.4. A source driven at a resonant 
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frequency will produce a large response, or electromagnetic fields, 
within the shielding enclosure that in tum can lead to EMI if this 
energy is coupled to the exterior through a perforation or onto a 
cable. 
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Figure 12-3 Parallel RLC Circuit Schematic 

c 

The modes for a conducting enclosure are a function of the 
enclosure geometry and internal medium. The electric and magnetic 
fields as a function of space and frequency, as well as the resonant 
frequencies, can be calculated analytically for special cases that have 
enclosure walls that conform to a rectangular, cylindrical, or 
spherical geometries (in addition to some other peculiar shapes for 
separable geometries) [12.6]. The simplest case to consider is that of 
a rectangular geometry. The modal electric and magnetic fields are 
calculated from the source-free Maxwell equations, and basically 
correspond to fitting integer numbers of half-wavelengths along each 
spatial dimension. The solutions to Maxwell's equations are waves, 
and in the case of a resonant enclosure, take the form of standing 
waves and are sine and cosine functions. A half-wavelength is one 
half of a period in space of a trigonometric function. This basic 
concept is illustrated simply in Figure 12-5 for the Ey component of 
the TEIOI and TElO2 modes within a rectangular shielding enclosure. 
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Figure 12·4 Parallel RLC Circuit Input Impedance for Q=50 
R=50 0, C=318 pF, L=O.32 nH 

Here the designation TE corresponds to the electric field being 
entirely transverse to the z-axis, and the subscripts (1,0,1) designate 
the number of half-wavelength sinusoidal variations there are in the 
fields along the (x, y, z) axes. The particular sinusoidal function, 
sine or cosine, is chosen so that the boundary conditions on the 
electric field are met. Referring to Figure 12-5, the boundary 
conditions dictate that the component of the electric field tangent to a 
conductor must go to zero on the surface of the conductor [12.7], 
thus Ey must be zero along the x=O,a, and z=O,d faces of the 
enclosure. In general, the spatial variation of the modal fields within 
the enclosure can get complicated, but with the above simple notion, 
the resonant frequencies ofthe modes are easily determined as [12.7] 
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(12.2) 

where: 
a, b, and c = length of the sides of the cavity, and 
m, n, and p = integer numbers (only one can be zero at a time), 

and are only a function of the geometry and medium filling the 
enclosure. 

~------------~~ x 
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Figure 12-5 Low Order TElOl and TE102 Modes Within a 
Rectangular Shielded Enclosure 
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A particular mode within an enclosure is excited by electric and 
magnetic sources that are located near the peaks of the mode, and 
will not be excited by a source placed near a null in the modal field. 
For example, an electric current source oriented along the y-axis, and 
placed at z=( 112)d will excite the TEIOI mode within the enclosure, 
but not the TEI02 mode. The TEIOI mode will be excited because the 
electric current source at z=( 112)d is at a maximum of the electric 
field for this mode, but the TEI02 will not be excited by this electric 
source, because the source is placed at a null of the electric field for 
this mode. Both electric and magnetic sources can excite modes 
within the cavity, however the electric sources excite the electric 
field and the magnetic sources excite the magnetic field. An electric 
source is simply an electric dipole, and a magnetic source is a current 
loop. To excite a particular mode, the electric sources are placed at 
or near a maximum of the electric field, and the magnetic sources are 
placed at or near a maximum in the magnetic field. In fact, 
rigorously, it is the inner product of the source (polarization and 
spatial function) with the modal fields that dictates how strongly, or 
if, a particular mode will be excited [12.6J. 

From a practical point of view, products are rarely empty 
rectangular cavities. A variety of metal boxes for power supplies, 
disk drives, and other subsystems are positioned around the interior 
of the enclosure. A number of PC boards are positioned in different 
orientations and wires and cables are used to interconnect the various 
boards and subsystems. The boundary condition whereby the 
tangential electric field must be equal to zero on perfect conductors 
described earlier must still be met, and this creates modes that are 
much more difficult to visualize. 

Consider the example of an enclosure with the dimensions such 
that the first resonant mode occurs at 400 MHz. As described 
earlier, the electric field mode that supports this resonant frequency 
will have zero electric field along the sides of the enclosure, and a 
maximum electric field in the center of the enclosure. Now a PC 
board is added in the center of the enclosure. The metal planes on 
the PC board will change the electric field boundary conditions, and 
a maximum electric field can no longer exist at the enclosure center 
because the enclosure size has effectively been changed. As other 
PC boards and subsystems are added, the frequencies where a 
resonant mode can be supported are reduced to very high frequencies 
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only. In fact, in a normal crowded enclosure, the resonant modes are 
not likely to be created except at frequencies where the wavelength is 
in the same range as the separation between subsystem components. 

12.3 Shielded Enclosures 

For most real world enclosures, the metal thickness is much greater 
than a skin depth and it is expected that no part of the field will travel 
through the metal shield. Instead, all leakage will be through 
apertures and holes in the enclosure. In [12.8] it is discussed how the 
metal of the shield includes reflection loss and absorption loss for 
different materials. If it is assumed that the metal is very conductive 
compared to the air and thick relative to the skin depth, then the 
effects of the metal shield can be ignored, and the focus placed on 
the openings and gaskets. 

12.3.1 Apertures and Openings 

As discussed earlier, when a tangential electric field approaches a 
metal conductor, the electric field amplitude must go to zero. This 
creates currents on the surface of the metal conductor. These 
currents attempt to flow on the enclosure wall surface. If any 
discontinuity or aperture in the enclosure wall is encountered, the 
currents must flow around the aperture, as shown previously in 
Figure 12-2. The need to flow around the aperture increases the path 
length for the current as also shown in Figure 12-2. The increased 
path length includes additional inductance and resistance, resulting in 
an effective voltage across the aperture. If the length of the aperture 
is less than one-half wavelength for the frequency of interest, the 
voltage will be at its maximum at the center of the aperture. This 
voltage is 'seen' on the outside of the aperture (from a source inside 
the enclosure), and in tum, creates currents on the outside of the 
enclosure. The external currents cause radiation, so some of the 
energy from the source inside the enclosure will be radiated 
externally. 



Shielding in Enclosures With Apertures / 209 

It is clear that when an electric field and the aperture are cross 
polarized (oriented in the opposite directions) the currents will have 
the greatest increase in path length, the additional path impedance 
will be the greatest, and the resulting external fields with be 
maximized. The longer the aperture, the greater the impedance of 
the current path, the higher the voltage across the aperture, and 
therefore the greater the external fields will be. Minimizing the 
length of the aperture is important to minimizing the amount of 
'leakage' through an aperture. 

When the direction of the current is the same as the long 
dimension of the aperture, the current's path is disturbed the least, 
and the resulting external electric field is minimized. Unfortunately, 
designers cannot predict or control the polarization of the initial 
electric field and the resulting current. For effective aperture design, 
it must be assumed that the current will be flowing in the least 
desirable direction and design the apertures for this worse-case 
condition. 

Using an array of small holes allows the current to flow in any 
direction with minimal increased path length, as illustrated in Figure 
12-6. The current path is disturbed only minimally. The width of 
the metal conductor between the hole is important. If too little metal 
is left between the holes, then the impedance of the current path is 
increased and the holes will not effectively shield against the fields. 
A rule-of-thumb for commercial EMC is to keep the width of metal 
no smaller than 25% of the diameter of the holes to maintain low 
impedance. Applications where additional shielding is required, 
such as military applications, will require the width of metal between 
the holes to be increased. 

The shape of the holes is sometimes considered important for the 
shielding performance of an array of holes. From the previous 
discussion, it was seen that the shape of the hole is not very 
important, except if the shape increases the current path length 
significantly. A round hole provides the least path length through an 
array with currents from any arbitrary direction. Square holes, 
diamond shaped holes, etc., result in slightly longer path lengths 
when the largest diagonal dimension is the same as the round hole 
diameter for some current directions, but this is not normally 
significant. 
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Figure 12-6 Conduction Current on Metal Shield Through an 
Array of Holes 

12.3.2 Gaskets 

There is a wide range of gaskets available to help fill in any gaps in 
the seams of metal covers and make the apparent aperture size 
smaller. It is important to remember that the goal is to provide a 
current path across the aperture. If the currents are able to flow 
across the aperture, there is no increase in the current path length due 
to the aperture and the resulting voltage across the aperture will be 
minimized. 

The conductivity of the gasket is not the only important 
parameter for the seam. The surface conductivity of the mating 
material is very important. Most enclosures are made from a base 
material, such as steel or aluminum, and a coating is put over the 
base material to help reduce corrosion. Most often this corrosion 
coating (e.g. chromate, irridite, etc.) is NOT conductive. Putting a 
highly conductive gasket over a non-conductive coating does not 
allow the current to flow across the aperture and defeats the purpose 
of the gasket. Figure 12-7 illustrates a metal material with a coating 
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and a gasket. When the gasket has roughness, it can cut through the 
non-conductive coating and make a low impedance contact to the 
base metal. For this reason, it is best to avoid low cost, smooth 
cloth-style gasket, since these are not rough enough to cut though 
any coating material, and mayor may not be effective, depending on 
the thickness of the corrosion protection coating. 

SURFACE 
COATINGS 

SURFACE 
COATINGS 

Figure 12·7 Gasket Between Two Metal Panels 

GASKET 

Gasket manufacturers will often provide a specification for 
shielding effectiveness of a particular gasket material. This 
specification is very misleading. Typically, the shielding 
effectiveness test is performed using two shielded rooms with a 
common wall between them. There is a large hole in the common 
wall. A transmit antenna is placed in one room, and a receive 
antenna is placed in the second room. A measurement is taken from 
transmit to receive antennas with the hole open. A gasket material is 
then placed around the hole and a metal plate covers the hole. The 
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test is repeated, and the difference between open and closed hole is 
reported as the shielding effectiveness. 

This test has a number of flaws, the most apparent of which was 
demonstrated where the test was repeated using rolled up newspapers 
as the only gasket. The shielding effectiveness result showed this 
newspaper gasket as providing 25-30 dB of shielding across a 
frequency range to I GHz! This either means that a lot of money can 
be saved on gasket material or that there must be something wrong 
with this test method. The test results are very dependant on the 
antennas' patterns, the radiation mode from the leaky gasket, the 
resonance effects in the shielded rooms, and many other factors. A 
much more appropriate test is to inject a current across a gasket seam 
and measure the voltage across the seam. This transfer impedance 
test is a good indication of the true performance of the gasket and 
how well the gasket is mated to the metal enclosure, including 
penetration of the corrosion protection coating. Figure 13-8 
illustrates the current through a gasket. If the gasket is not 
continuous across the seam, then smaller apertures will be created 
and the currents are constrained to flow through the gasket material, 
as shown in Figure 12-8. 

Figure 12-8 Current Constrained to Flow Through Gasket 
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12.4 Predicting the Shielding Effectiveness of Enclosures 
with Apertures 

Full wave modeling techniques can be used to accurately predict the 
shielding performance of an enclosure with a specified number of 
apertures of a certain size and at a given location. Included in this 
simulation would be the location of the source, the resonances of the 
enclosure and the effects of all other metals and dielectrics within the 
enclosure. This calculation would be accurate (as long as all the 
parameters were entered accurately), but it would be applicable to 
only that configuration. If the location of internal wires or 
subsystems were changed, the resonance frequencies would change. 
Thus the predicted shielding performance would change and the 
simulation would have to be repeated for each configuration. 

Often, for EMC applications, the exact resonant frequencies are 
not important. An overall estimate of the shielding performance is 
important and can be very useful in deciding the effects of aperture 
size. A technique for estimating the envelope (or worst case) 
shielding performance was developed in [12.2] that is not affected by 
the exact resonant frequencies of the enclosure. The electric field at 
three meters (using mks units) is estimated by 

IE 1= 4.0xlO-1l NV,I! /312 {Q 
far In(l + O.66a)r Rs V 

where: 
N = number of apertures 
Vs = the source voltage, 
L = the length of the aperture, 
f = the frequency, 
a = ratio of the slot length (I) to the slot width (w), 
r = distance between source and observation point, 
Rs = source impedance, and 
Q = quality factor of the enclosure. 

(12.3) 
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The location, polarization, and dimensions of the source are not 
specified in (12.3), since a worst-case envelope independent of these 
factors is desired. Hence, all of the available power from the source 
is used. At resonances, this is a reasonable worst-case 
approximation. The source is assumed to excite modes within the 
enclosure which will in tum excite leakage through the slots and 
apertures in the enclosure. Figure 12-9 shows an example of using 
(12.1) for an enclosure and the agreement with measurements. 
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Figure 12-9 Comparison ofE-field Worst-Case Estimate and 
Measured Example 

Equation (12.3) can also be given in terms of shielding 
effectiveness. Assuming a short linear dipole with current I as a 
noise source in the enclosure, (12.4) is derived using the radiated 
power from the short dipole as the available power. The resulting 
shielding effectiveness is then 

~ln(l 0.66.1) 

1.201012 Q 3 312 
NLf 

(12.4) SE 
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12.5 Shielding the PC Board Edge 

Previous chapters have discussed the noise between planes on a PC 
board. A number of decoupling capacitor noise reduction strategies 
were discussed, but at high frequencies it was very difficult to reduce 
the noise levels because of the natural inductance of the capacitors 
and the physical resonances on the board. From an EMI perspective, 
this noise can travel to the board edge and radiate out from the edge 
of the board, thus becoming a source for a nearby aperture. One way 
to reduce the emissions from the board edge is to use a "ground 
fence" of vias around the outside of the board. Figure 12-10 shows 
an example of this design layout strategy. An area of ground
reference conductor is routed around the outside of the board on the 
top and bottom layers. A number of vias are placed around the board 
edge connecting between the top and bottom layers, creating a partial 
shield along the PC board edge. 

• 
Circuit Area 

•• .. • 

Vias 

Figure 12-10 "Ground" Stitching Around PCB Edge 
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Figure 12-11 shows an example of the effectiveness of this 
strategy for different separations between the vias as a function of 
frequency. When the vias are placed very close together, this can be 
an effective design strategy. In the limit, the vias are replaced with 
solid metal plating around the edge. While solid plating is usually 
limited to high speed systems, the via fence is often used on lower 
performance systems. The via spacing is critical and is effective for 
close via pitch (separation) only. 
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Figure 12·11 Example of Reduction in E· Field from Board 
Edge for Different Via Spacing 

12.6 Cable Shields 

Another major leakage point in an otherwise effective enclosure is 
the shielded cables that are connected to the 110 area of the 
enclosure. Currents that are not effectively contained within the 
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cable and its connection points to the enclosure will cause external 
emissions. 

In the simplest case of a coax cable, the signal current travels 
down the center conductor, and returns on the inside of the cable 
shield. If the cable shield is mated to the enclosure with a 360 
degree connection, then all the return current stays inside the cable 
shield and the enclosure shield. No emissions will occur. If, 
however, the connection between the cable shield and the enclosure 
is not a perfect connection, then this impedance, coupled with the 
current through it, will cause a common-mode voltage to occur 
between the enclosure shield and the cable shield. This voltage 
between the cable shield and the enclosure will excite currents across 
the entire structure, and emissions will occur. 

A coax cable is a simple case. Most often, I/O cables are not 
simple coax cables. A number of wires are typically contained 
inside the cable shield. These wires may carry high speed signals, 
differential signals on twisted pairs, or other signals. Intentional or 
unintentional common mode currents on the internal wires will cause 
return curren~s to flow in the inside of the cable shield, and all the 
concerns described above are again important. In this case, there is 
a more complex connection between the cable shield and the 
enclosure chassis. There are a number of different wires involved, 
and sometimes a variety of different connector types may be used. 
The connection between the cable shield and the connector backshell 
and the connection between the connector backshell and the chassis 
are both critical to the shielding performance. Figure 12-12 
illustrates this multi-step connection between the cable shield and the 
chassis. If either connection point is not a good 360 degree low 
impedance connection, currents will travel through the impedance of 
the shield connection and cause a common mode voltage to exist 
across the poor connection, which in tum causes emissions. It is 
important to maintain a low impedance connection between each of 
the parts of the connector system to keep emissions low. 
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Shield Connection 
Points 

Internal Signal Wires 
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Connector Backshell 

Enclosure Chassis ~ 

Figure 12-12 Multi-Step Connection Between Cable Shield and 
Chassis 

12.7 Summary 

Understanding how enclosure resonances are related to the size of an 
enclosure and the position of the source is important. It is also 
important to understand that leakage from seams and other apertures 
is caused by the current in the metal shield and the added impedance 
associated with its disturbed path. Minimizing the current path will 
reduce the effects of the aperture leakage. 

Also discussed in this chapter was a technique to predict the 
leakage from enclosures with typical apertures. While full wave 
analysis of enclosures will be more exact, the effects of internal 
resonances are hard to predict since they change as internal wires, 
boards and other subsystem elements are moved, added, or removed 
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from the enclosure. A simple, worst-case emissions envelope is 
provided to help determine the over-all effects of the various 
apertures and openings. 

Finally, a brief discussion of cable shield termination to the 
enclosure chassis shows the need for attention to the cable-to
backshell connection as well as the backshell-to-chassis connection. 
Using pigtail wires to connect from the cable shield to the chassis or 
to the "ground" pin on a connector is a poor design choice, and does 
not maintain an effective shield over the entire system. 
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Chapter 13 

What To Do If a Product Fails in the 
EMCLab 

13.1 Introduction 

It is a fact of life that products will fail in the EMC test laboratory 
once in a while. Regardless of whether designers apply all the 
design strategies explained in this book or not, sometimes events 
occur that are outside our control. For example, a subsystem is 
purchased from a vendor and installed in our system. It works fine 
in other systems, but there is a problem when installed in our system. 
A shielded enclosure may not be quite as "tight" as planned, etc. 
The list of things that can go wrong is endless, and to be effective in 
the testing phase, laboratory engineers must quickly find the source 
of the problem and propose one or more solutions. 

This chapter is intended to describe some strategies useful in 
helping engineers find the cause of an emissions problem. It is 
impossible to describe a list of step-by-step tests that will always 
pinpoint the problem. Each problem is different and the approach 
must be tailored to the given circumstances. A beginning general 
test strategy is useful, though. 

The general test strategy requires the engineer to be a EMC 
detective. The first question should always be "Where does this 
signal come from?" The second question should be, "How does it 
get out of the shielded box?" Using these two questions as the 
foundation of your strategy can significantly reduce the amount of 
time required in the test laboratory. Randomly applying ferrite 
beads, copper tape, and filter capacitors, on the other hand, is an 
excellent way to MAXIMIZE your time in the test laboratory and 
increase cost unnecessarily. 
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13.2 Where Does the Signal Come From? 

Unfortunately, some experienced EMC test engineers tend to ignore 
this question when working on failing equipment. If you know 
where the signal is coming from, however, then you can better trace 
its coupling path to the outside of the enclosure and determine the 
best solution to the problem. 

One of the most likely sources is a clock or data signal. So, what 
are the clock frequencies and data rates (and their harmonics) in this 
system? Do any of these frequencies match the problem frequency? 
Remember, a 1 ()() Mb/s data rate has its fundamental frequency at 50 
MHz and possible harmonics every 50 MHz. 

Does the spectrum analyzer display give any other information? 
For example, a common EMC design practice used to lower clock 
emissions is to use the application of so-called spread spectrum clock 
signals. This practice causes the clock fundamental frequency and 
all harmonics to be frequency modulated (typically less than 1% 
modulation around the fundamental frequency). The resulting 
display on the spectrum analyzer screen shows a spectrum that has 
been apparently I lowered and "spread" out. Hence the name "spread 
spectrum". This type of simple frequency modulation has nothing to 
do with the more traditional spread spectrum communications 
techniques. 

If the spectrum analyzer display of the noise signal shows this 
spread out emission profile, then the source is most likely from a 
clock signal that has the spread spectrum option activated. Attention 
can be devoted to the associated signals and traces on the PC board 
and all the other signals ignored. The reverse is also true. That is, if 
the spectrum analyzer display shows a signal that is narrow (not 
spread out), then any spread spectrum clock can be ignored. 

I The so-called spread spectrum clock signals do not lower the true 
amplitude of the harmonics. The frequency of the harmonics are changing 
(through the frequency modulation of the fundamental) and the detector 
specified in the spectrum analyzer does not have a fast enough charge 
constant to indicate the true amplitude of the signal. 
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Another possible indication on the spectrum analyzer display 
might be neither the narrow single-frequency harmonic, nor the 
spread spectrum clock spread out display. Emissions from data 
signals are usually indicated by a somewhat random cluster of 
signals. Again, understanding the source of the emissions allows the 
engineer to ignore the obviously unrelated signals on the board. 

13.3 How Does the Signal Get Out of the Shielded 
Enclosure? 

Once some . idea of where the signal might be orIgmating is 
determined, one can start looking to see how this signal is getting out 
of the shielded enclosure. One of the first clues to look for is to see 
if the signal emission strength varies greatly if various cables are 
removed and/or moved. Most product shielded enclosures are 
physically small and not very efficient radiators by themselves. 
When all the various cables and wires are added to the product, then 
these cables and wires make the system electrically much larger and 
a much more effective radiator. 

There are really only three ways for signals to get out of the shielded 
enclosure. 

1. Leaks through slots, holes and apertures 
2. Conduction through the enclosure shield on cables and 

unshielded wires 
3. Leaks from imperfect mating of shielded cable shields to 

the enclosure 

If a signal exits the shielded enclosure from any of these three ways, 
moving the cables may change the emission amplitude, depending on 
how the system is constructed. 

13.3.1 Leaks through slots holes and apertures 

One common test is to use a magnetic near field probe and run it 
over the enclosure. While this sometimes helps pinpoint the opening 
that is causing the emission, it will more often indicate some location 
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other than the one truly causing the problem. In fact, this test will 
sometimes appear to indicate the solid metal comers or the center of 
the solid metal panels as the cause of the leak. This false indication 
is due to the way these near field probes work, that is, they measure 
the magnetic field due to a current on a surface. Once the signal has 
leaked out from the opening (wherever the opening is), if the 
structure is the correct size, a physical size-dependant resonance can 
be created, and the signal emission enhanced. This resonance will 
support an RF current on the structure where the peak of the current 
is controlled by the wavelength of the emission and will have little to 
do with the location of the actual leak. This behavior is similar to 
that of a non-center fed dipole antenna. When the frequency is at the 
half wavelength dipole resonance, the maximum current will be in 
the center of the antenna, regardless of the location at which the 
antenna is actually fed. 

A better test is to use a contact voltage probe. Figure 13-1 shows 
a simple example of this probe using a semi-rigid coax cable with the 
center conductor exposed and the outer conductor extended to the 
same point as the center conductor. This allows an easy 
measurement of the voltage (and electric field) across gaps in the 
shield. A simple version of this probe can easily be created using a 
standard coax cable quickly when needed. 

Figure 13-1 Example RF Contact Probe 

To use this probe, the spectrum analyzer is tuned to the 
frequency of interest, and the probe is physically positioned across 
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each slot and seam of the shielded enclosure. Using this probe, the 
slots and seams with the highest amount of signal leaking at the 
frequency of interest can be found very quickly, and temporary 
copper tape can be applied to determine if a significant reduction is 
achieved. If the signal cannot be found across any slots and seams, 
or if using copper tape does not reduce the emission significantly, 
then the signal is likely to be exiting the enclosure through one of the 
other means. 

If a slot or seam is found to have a high degree of leakage, then 
gasketing can be applied or the source of the emission can be filtered 
as appropriate. 

/3.3.2 Conducted through the shield on cables and wires 

Unintentional signals on unshielded cables are a common cause of 
emissions problems. Disconnecting cables and/or changing their 
positions can help determine which, if any, cables are responsible for 
the emission. As in the previous section, it must be kept in mind that 
detaching a cable might make a significant change in the emission 
level because the radiating antenna's effectiveness has changed, and 
not because the source of the emission has been removed! 

The simple voltage probe described in the previous section can 
be used to help isolate which connector is the source of the leakage. 
The cable can be removed, or the cable can remain in place and the 
insulation on the cable can be removed to expose the internal 
conductors. The probe is used to measure the noise voltage between 
the cable's conductors (or connector pins) and the chassis of the 
shielded enclosure. CAUTION: to avoid possible damage to the 
spectrum analyzer check that the intentional signal, or the intentional 
DC voltage, on the I/O conductor is not too high for the input to the 
spectrum analyzer. 

Depending on how the noise is getting onto the connector pins 
different results can be seen. Often, the signal is a common-mode 
signal, and all the pins will have the same level of noise signal 
energy. This is not always the case, however, and one (or more) 
conductors could have significantly more noise energy than others. 
Remember, the emissions are not reading the schematic drawings to 
see which pins are labeled "ground". Even "ground" pins can have 
noise energy, depending on how they are connected to the chassis 
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shield. The chassis shield is the ultimate ground-reference for 
common-mode signals on the external cables. The common-mode 
noise voltage between the I/O cables and the shielded enclosure 
chassis drive the cables against the shielded enclosure like two parts 
of an odd-shaped dipole antenna. 

Once the leaking pines) are identified, additional filters can be 
installed on those traces, or filters can be applied at the source of the 
emission, as appropriate. 

13.3.3. Leaks from impeifect mating of shielded cable shields to the 
enclosure 

While it is well known that the cable shield should be a complete 360 
degree shield, and that this shield must be connected to the enclosure 
chassis while maintaining the 360 degree shield coverage, this is 
seldom practiced except in military applications. Cable shields can 
be anything from a wrapped foil to a mesh braid, and combinations 
between them. The qua1ity of the connection from the cable shield to 
the chassis shield can vary greatly. In the simplest (lowest cost) 
connection strategy, a drain wire is placed in contact with the foil or 
braid shield, and then used to connect to the "ground" connector on 
the system enclosure. More robust solutions will use a metal 
connector back shell and crimp the cable shield to the connector back 
shell. The back shell is then mated to a shielded housing on the 
system enclosure. Regardless of which of the many design strategies 
is used, the connection between the cable shield and the system 
enclosure must have low impedance or emissions will occur. 

Figure 13-2 shows the currents in a typical cable shield 
attachment to the system enclosure. The currents can be from 
intentional signals or unintentional signals. Currents are conducted 
on the internal conductor(s). The return currents are intended to be 
only on the inside of the cable shield. If the return currents are 
constrained to the inside of the cable shield, then no leakage (from 
the cable) will occur and there will be no emissions problems. If the 
connection between the cable shield and the chassis of the enclosure 
does not have very low impedance, however, then a voltage will 
exist from the flow of this current through the impedance of the 
shield connection. 
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Figure 13-2 Currents on Shielded Cable 

The simple voltage probe described in previous sections can be 
used again to help determine which, if any, of the cable shield 
connections is the source of the leakage. The probe is used to 
measure the noise voltage between the cable shield and the enclosure 
chassis. Once the leaking cable shield connection is identified, the 
cable shield can be improved, or the signal can be filtered at its 
source, as appropriate. 

13.4 Coupling Mechanism 

This chapter has discussed the importance of understanding where 
the signal comes from and how it gets out of the shielded enclosure, 
but the coupling mechanism between the source and the ultimate 
leakage point has not been discussed yet. Often, once a product is 
failing in the EMC test laboratory, it is too late to do much about the 
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coupling mechanism, but in some circumstances, there are some 
things can be done to help solve the problem. 

13.4.1 Case 1 Clock signal leaking from seam 

Assume a clock signal source some place on the PC board and the 
leakage is from an enclosure seam. If the frequency of the emission 
is the 7th harmonic or higher of the intentional clock fundamental 
harmonic, then the best solution is usually to filter the intentional 
signal. If the fast rise time is truly required for system operation2, or 
if the frequency of the problem emission is low enough to be 
required (first few harmonics), then source filters are not appropriate. 

There are many ways for the clock signal to get to the leaking 
seam. It is most likely that the signal is being radiated inside the 
enclosure and then leaking from the opening. An internal cable or 
wire that passes near a seam could be contributing to the leakage. 
Sometimes moving internal cables will help reduce the emissions (if 
they are part of the problem). The clock signal could be coupling 
(through crosstalk) onto another signal conductor that goes into an 
internal cable and then radiates. Once the coupling mechanism is 
understood, it can be controlled. There are many different possible 
coupling paths, and it is not practical to describe them all here. 

13.4.2 Case 2 Clock signal leaking from an unshielded cable 

The same starting decisions about source filtering as described in the 
previous section apply again here. However, in this case, the clock 
signal is conducted out of the enclosure on an unshielded cable. The 
clock signal is an unintentional signal, since it was never intended to 
be on that cable. The energy could be coupled from the clock traces 
onto the 110 traces directly, or through secondary conductors. The 
energy could be radiated inside the enclosure (as described in the 

2 Often, the rise time of clock and data drivers is not required to be as fast as 
the IC can drive. However, designers will often use fast rise times as a 
default to make the signal timing analysis easier. This often adds 
significant cost to the EMC design solutions, since much higher frequencies 
than necessary must be controlled. As with all designs, a series of trade
offs must be made, and once the additional cost of the EMC solutions is 
understood, lower signal rise times are often acceptable. 
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previous section) and then coupled onto the JlO connector and/or 
traces. Also, as in the previous example, internal cables can act as 
paths to get the unintentional signal from its source to the JlO 
connector. 

13.5 Summary 

There are no step-by-step instructions to help find and overcome 
EMC problems in the laboratory. However, there is a general 
strategy to follow to help minimize the time spent solving these 
problems. Random application of copper tape, ferrite beads and 
filters is NOT the easiest nor is it the fastest way to find the solution. 

Understanding where the signal originates is important. Often, 
the signal can be controlled at its source, and then it does not matter 
where the signal leaks from the system enclosure, because source of 
the signal itself is gone. If the signal cannot be controlled at its 
source, then designers need to understand how it is leaking from the 
system enclosure. A simple voltage probe is the most effective 
analysis tool for this, since it eliminates the possible misdirection 
from near field probes. This contact voltage probe can be used to 
help identify leaking enclosure seams, unintentional signals on 
cables, and poor shielded cable connections. Finally, understanding 
the coupling mechanism between the source of the signal and the 
leakage point can help reduce the time to solve the problem. 



Appendix A 

Introduction to EMIIEMC Computational 
Modeling 

A.I Introduction 

The subject of EMI modeling is beginning to appear in the 
technical literature with increasing frequency. Most articles identify 
some new feature or special model that mayor may not apply to the 
general EMIlEMC engineer responsible for product development. 
Little information is available to the potential user of EMIlEMC 
modeling tools without requiring reading text books and technical 
papers containing lots of heavy mathematics and advanced 
electromagnetic theory. 

The current state of the art in EMIlEMC modeling, however, does 
not require an engineer to have advanced training in electromagnetics 
or numerical modeling techniques before accurate simulations can be 
performed and meaningful results obtained. Modeling of EMIlEMC 
problems can truly help the typical engineer but, like any tool, before 
modeling can be used effectively, the basics must be understood. 

This appendix will serve as a very brief introduction into 
EMIlEMC modeling techniques. Further introduction into this 
subject is available in the book "EMIlEMC Computational Modeling 
Handbook" [A. I]. This appendix will provide a brief introduction to 
the most popular techniques, and includes some discussion on basic 
computational modeling philosophy 
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A.2 Why is EMIIEMC Modeling Important? 

The main reason to use EMIIEMC modeling as one of the tools in the 
EMIIEMC engineer's tool box is to reduce the cost of the product. l 

Without modeling, engineers must rely on handbooks, equations, and 
graphs, all of which have limited applicability, as well as their own 
rules-of-thumb, developed through experience. These guidelines are 
usually based on assumptions that frequently do not exist in the 
problem at hand. Some guidelines are better, in that they attempt to 
correct for the inappropriate assumptions, but even these can have 
accuracy limitations in all but the most carefully controlled 
circumstances. Proper use of modeling tools allow engineers to use a 
full-wave electromagnetic solution, rather than one or more 
simplifications, to predict the effect in the specific product of 
concern. 

Given the limitations that these guidelines have in most real world 
problems, engineers are faced with either a conservative or a non
conservative design. The conservative design will insure that the 
product will meet the appropriate regulatory limits the first time. This 
can be assured only by over-design of the EMIlEMC features. This 
over-design will usually meet the appropriate limits, but extra cost is 
added to the product. The non-conservative design will take some 
reasonable chances to reduce the amount of EMIlEMC features 
required. Depending on the engineer's experience and training, the 
product mayor may not meet the regulatory limit. If the product 
doesn't meet the limit, a panic redesign is required, most often 
resulting in product ship delays and extra cost due to the band-aid 
nature of such "fixes". 

Another realistic benefit of the use of EMIlEMC modeling is 
credibility. Often the product design team consists of a number of 
different engineering disciplines: electrical, mechanical, thermal, and 
EMIlEMC. Computer Aided Design (CAD) simulation tools are 
commonly used in other engineering disciplines. These tools provide 
significant credibility to the engineer's claim for whatever design 
features they recommend to be included for a successful EMIlEMC 

I The cost of the product can be measured in both the development costs and the 
time-to-market costs. 
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design. These features, such as larger air vent openings, are often in 
direct conflict with the EMIlEMC engineer's design direction; 
however, since the EMIlEMC engineer has no simulation to rely on, 
their recommendations are often ignored. EMllEMC modeling tools 
can provide the design team with reliable numerical results, taking the 
guesswork out of the design, and providing the EMIlEMC engineer 
with the credibility to get their design recommendations seriously 
considered by the team. 

A.3 EMIlEMC Modeling: State of the Art 

Current EMIlEMC modeling tools cannot do everything. That is, 
they cannot take the complete mechanical and electrical CAD files, 
compute overnight, and provide the engineer with a green/red light 
for pass/fail for the regulatory standard desired. The EMIlEMC 
engineer is needed to reduce the overall product into a set of problems 
thilt can be realistically modeled. The engineer must decide where 
the risks are in the product design, and analyze those areas. 

This means that the EMIlEMC engineer must remain an integral 
part of the EMIlEMC design process. Modeling will not replace the 
EMIlEMC engineer. Modeling is only one of the tools that 
EMIlEMC engineers have at their disposal. The knowledge and 
experience that the EMIlEMC engineer uses during the design 
process is needed to determine which area of the design needs further 
analysis and modeling. 

Often, the problem to be analyzed will require a multi-stage 
model. The results of one model's simulation will provide the input 
to the next stage model. This allows the model to be optimized for 
each particular portion of the problem, and the results combined. 
Thus, much larger overall problems can be analyzed than by using a 
brute force approach, in which the entire problem is modeled at once. 
Again, the EMIlEMC engineer needs to understand the problem and 
the modeling techniques well enough to know where to break it into 
individual simulations. 



234 / PCB Design For Real-World EMI Control 

A.4 Tool Box Approach 

No single modeling technique will be the most efficient and accurate 
for every possible model needed. Unfortunately, many commercial 
packages specialize in only one technique, and try to force every 
problem into a particular solution technique. The EMIlEMC engineer 
has a wide variety of problems to solve, requiring an equally wide set 
of tools. The "right tool for the right job" approach applies to 
EMIlEMC engineering as much as it does to building a house or a 
radio. You would not use a putty knife to cut lumber, or a soldering 
iron to tighten screws, so why use an inappropriate modeling 
technique? 

A wide range of automated EMIlEMC tools are available to the 
engineer. Automated tools include design rule checkers that check 
Printed Circuit Board (PCB) layout against a set of pre-determined 
design rules; quasi-static simulators, which are useful for 
inductance/capacitance/resistance parameter extraction when the 
component is much smaller than a wavelength; quick calculators 
using closed-form equations calculated by computer for simple 
applications; full-wave numerical simulation techniques as described 
in this book; and expert-system tools, which provide design advice 
based on a predetermined set of conditions. It is clear that these 
different automated tools are applied to different EMIlEMC 
problems, and at different times in the design process. This book will 
focus on the full-wave numerical modeling and simulation 
techniques, and how to apply these techniques to real-world 
EMIlEMC problems. 

Different modeling techniques are suited to different problems. 
For example, the Method of Moments (MoM) technique is perfectly 
suited for a long wire simulation, since it only determines the currents 
on conductors, such as metal surfaces and wires, and it is independent 
of the volume of free space around the wires. However, the Finite 
Element Method (FEM) and the Finite-Difference Time-Domain 
(FDTD) method are not well suited to model long wire simulations, 
such as a computer with an external cable, since they require a 
volume of space to be modeled around the wire, and this volume must 
be large enough to have the computational domain boundary in the far 
field. Thus, using the FEM or the FDTD techniques for these 
applications results in a computationally inefficient model. On the 
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other hand, there are problems for which the MoM is not a suitable 
choice, therefore, a set of tools that contain different modeling 
techniques is a great asset to the EMIlEMC engineer. 

A.5 Brief Description of EMI Modeling Techniques 

There are a variety of electromagnetic modeling techniques. Which is 
the '''best'' technique is cause for a significant amount of debate, and 
often becomes a matter of which school the developer attended, and 
which technique his or her professor specialized in. Many of the 
techniques are specialized for certain configurations, and require 
cumbersome tailoring when used for each problem. Some techniques 
are not particularly generic, and require in-depth knowledge of 
electromagnetics and the modeling technique. Still others are useful 
only for far-field problems, such as determining a radar cross section 
of a piece of military equipment. None of these specialized far-field 
techniques will be discussed here, since they have little use for the 
typical EMIlEMC engineer's problems. 

Three techniques are typically used for EMIlEMC modeling 
problems: the FDTD technique, the MoM, and the FEM technique. 
Each technique will be briefly described here and then in greater 
detail in Chapters 3 through 5, so the EMIlEMC engineer can better 
understand how and when to use them. 

A.5.l Finite-Difference Time-Domain 

The FDTD technique is a volume-based solution to Maxwell's 
differential equations. Maxwell's equations are converted to central 
difference equations, and solved directly in the time domain. The 
entire volume of space surrounding the object to be modeled must be 
gridded, usually into square or rectangular grids. Each grid must have 
a size that is small compared to the shortest wavelength of interest, 
and have its location identified as metal, air, or whatever material 
desired. Figure A.I shows an example of such a grid for a 
two- dimensional case. Once the grid parameters are established, the 
electric and magnetic fields are determined throughout the grid at a 
particular time. Time is advanced one time step, and the fields are 
determined again. Thus, the electric and magnetic fields are 
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determined at each time step based on the previous values of the 
electric and magnetic fields . 

• • 

• 
- ... ~ E-Field 

• H-Field 

Figure A.1 Two-Dimensional FDTD Grid 

Once the fields have propagated throughout the meshed domain, the 
FDTD simulation is complete, and the broadband frequency response 
of the model is determined by performing a Fourier transform of the 
time-domain results at the specified monitor points. Since the FDTD 
method provides a time-domain solution, a wide band frequency
domain result is available from a single simulation. 

Since the FDTD technique is a volume-based solution/ the edges 
of the grid must be specially controlled to provide the proper radiation 
response. The edges are modeled with an Absorbing Boundary 
Condition (ABC). There are a number of different ABCs, mostly 
narned after their inventors. In nearly all cases, the ABC must be 
electrically remote from the source and all radiation sources of the 
model, so that the far-field assumption of the ABC holds true, and the 
ABC is reasonably accurate. Typically, a good ABC for the FDTD 
technique will provide an effective reflection of less than -60 dB. 

2 The entire volume ofthe computational domain must be gridded. 
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Naturally, since the size of the gridded computational area is 
determined from the size of the model itself, some effort is needed to 
keep the model small. The solution time increases as the size of the 
computational area (number of grid points) increases. The FDTD 
technique is well suited to models containing enclosed volumes with 
metal, dielectric, and air. The FDTD technique is not well suited to 
modeling wires or other long, thin structures, as the computational 
area overhead increases very rapidly with this type of structure. 

A.5.2 Method of Moments 

The MoM is a surface current technique.3 The structure to be 
modeled is converted into a series of metal plates and wires.4 Figure 
A.2 shows an example of a shielded box converted to a wire grid with 
a long attached wire. Once the structure is defined, the wires are 
broken into wire segments (short compared to a wavelength) and the 
plates are divided into patches (small compared to a wavelength). 
From this structure, a set of linear equations is created. The solution 
to this set of linear equations finds the RF currents on each wire 
segment and surface patch. Once the RF current is known for each 
segment and patch, the electric field at any point in space can be 
determined by solving for each segment/patch and performing the 
vector summation. 

When using the MoM, the currents on all conductors are 
determined, and the remaining space is assumed to be air. This 
facilitates the efficiency of the MoM in solving problems with long 
thin structures, such as external wires and cables. Since the MoM 
finds the currents on the conductors, it models metals and air very 
efficiently. However, dielectric and other materials are difficult to 
model using the MoM with standard computer codes. 

The MoM is a frequency-domain solution technique. Therefore, if 
the solution is needed at more than one frequency, the simulation 
must be run for each frequency. This is often required, since the 

3 Only the surface currents are determined, and the entire volume is not gridded. 
4 Often, a solid structure is converted into a wire frame model, eliminating the metal 
plates completely. 
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Figure A.2 MoM Wire Mesh Model of Shielded Enclosure with 
1 meter Long Cable Attached 

source signals within the typical computer have fast rise times, and 
therefore wide harmonic content. 

A.5.3 Finite Element Method 

The FEM is another volume-based solution technique. The solution 
space is split into small elements, usually triangular or tetrahedral 
shaped, referred to as the finite element mesh. The field in each 
element is approximated by low-order polynomials with unknown 
coefficients. These approximation functions are substituted into a 
variational expression derived from Maxwell's equations, and the 
resulting system of equations is solved to determine the coefficients. 
Once these coefficients are calculated, the fields are known 
approximately within each element. 

As in the above techniques, the smaller the elements, the more 
accurate the final solution. As the element size become small, the 
number of unknowns in the problem increase rapidly, thus increasing 
the solution time. 
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The FEM is a volume-based solution technique; therefore, it must 
have a boundary condition at the boundary of the computational 
space. Typically, the FEM boundaries must be electrically distant 
away from the structure being analyzed, and must be spherical or 
cylindrical in shape. This restriction results in a heavy overhead 
burden for FEM users, since the number of unknowns is increased 
dramatically in comparison to other computational techniques. 

A.6 Other Uses for Electromagnetics Modeling 

Although this book will focus mostly on EMIIEMC modeling, and 
converting those types of problems into realistic models, there are 
many other uses for modeling. Antenna design, radar cross section and 
microwave circuit analysis are only a few. These types of problems 
tend to have software focused especially on those problems; however, 
the techniques used for EMlIEMC modeling may be easily applied to 
these other specialized problems. In general, the most effective 
EMIIEMC modeling engineers will take an electromagnetic view of the 
overall problem, breaking it into source and receive for analysis. 

A.7 Summary 

EMlIEMC problems are here to stay, and becoming more complex as 
personal communication devices proliferate and computer speeds 
continue to rise. Every electronic product on the market today and 
planned for tomorrow requires EMllEMC considerations. Those 
engineers who insist on performing product design using previous 
methods only will quickly find themselves with design projects that 
are too expensive, either because of over-design or because of 
repeated design cycles before regulatory compliance is reached. 
Although not every design project, nor every EMIIEMC design 
feature must be modeled, modeling/simulation can be a very useful 
tool to engineers. Experience has shown that once the initial 
hesitation to use something new is overcome, engineers find ways to 
use the modeling tools that they had never previously imagined. 
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