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PREFACE

I first taught an EMC Course in 1989 at North Carolina State University. The
course text was Henry Ott’s, Noise Reduction Techniques in Electronic
Systems, 2" ed. At the time, I was an EMC engineer working for IBM. I had
met Mr. Ott and received a copy of his book when he visited IBM to teach an
EMC short course.

A few years later, I joined the faculty at the University of Missouri-Rolla
where I met Dr. Tom Van Doren. Dr. Van Doren had been teaching an EMC
course at the university called Grounding and Shielding since the mid-1980s.
In 1992, he graciously allowed me to take over as the course instructor. I
adopted Dr. Clayton Paul’s newly released book, Introduction to
Electromagnetic Compatibility, as the course text. Dr. Paul’s book was
structured like a university course text. It was mathematically rigorous and
stressed fundamental concepts. It was an excellent fit for the Grounding and
Shielding course, but it did not cover some of the topics that were an important
part of Dr. Van Doren’s course. I supplemented the material in the text with
“course notes” that I wrote myself and passed out to the students. Each year,
the course notes expanded. Eventually, the textbook became optional, and the
course was taught primarily from the course notes.

The volume and scope of the notes continued to grow as topics were added
and updated. Material was also deleted each year as it became outdated. I
continued to use and revise the course notes for my EMC classes after I moved
to Clemson University in 2006. And after retiring from Clemson, I started
distributing the notes to students attending my EMC short courses. Over the
years, the content was adapted to suit this new audience.

The course notes are intended to serve as a textbook for a university course
in electromagnetic compatibility. However, I hope that they will also be helpful
self-study guides for practicing engineers who have never had an opportunity
to take a university-level EMC course.

Updates and corrections will be posted on the LearnEMC.com website,
where solutions to the problems in this book will also be available.

I want to thank six people who reviewed an early draft of this book and
provided critical feedback that helped to make these notes more comprehensive
and valuable to a broader audience.

Dr. Thomas Van Doren Dr. Frank Leferink Mr. Ken Wyatt
Dr. Daryl Beetner Mr. Reto Keller Dr. Min Zhang

Each of these respected members of the EMC community made valuable
suggestions that helped to clarify and expand these notes.

Todd Hubing
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Using These Course Notes

Topics are organized in the order they would typically be taught in a university
EMC course. Later chapters build upon the content covered in the earlier
chapters. Generally, the content is formatted and presented as it would be in a
standard engineering textbook. However, the reader should be aware of the
following non-standard features.

1.

In Chapter 2, and whenever new fundamental quantities are introduced,
equations for determining these quantities are followed by the mks units

that these quantities would typically have (e.g., C =% farads ). While

these equations are valid for any consistent set of units, the course notes
provide the appropriate mks units to help students relate these quantities to
familiar circuit and field parameters.

Each chapter has one or more Quiz Questions outlined in a rectangular box.
These are relatively simple questions that are answered in the text shortly
after the question statement. The purpose is to illustrate fundamental
questions an EMC engineer might need to answer and encourage the reader
to think about them before an answer is provided.

Each chapter also has one or more Example problems. These examples
demonstrate how concepts and equations in the text are applied to the
solution of actual problems of interest.

Calculations in this book are generally rounded to an appropriate number
of significant figures. However, occasionally an extra significant figure is
included to remove any ambiguity as to how the calculation was
performed.

There are Suggested References at the end of each chapter, along with a
brief explanation of why they are suggested. These are general references
related to the content of the chapter. Specific references to sources of
equations or facts appear as footnotes at the bottom of the appropriate page.

Problems are provided at the end of each chapter that demonstrate practical
applications of the course material. As in most university engineering
courses, the real learning takes place when students are asked to apply the
course material to problems and situations that are a little different from
the problems solved for them in the classroom. Answers will be available
on the LearnEMC.com website; however, students are strongly encouraged
to try to solve each problem before looking up the answer.

Errors and corrections to the material in these course notes will be posted
on the LearnEMC.com website. If you find errors that are not reported on
the website, please let us know by emailing publications@learnemc.com.

XV



CHAPTER 1

INTRODUCTION TO
ELECTROMAGNETIC COMPATIBILITY

Electromagnetic compatibility (EMC) is broadly defined as the state that exists
when all electronic devices in a system function without error in their intended
electromagnetic environment. If a device generates electromagnetic fields or
currents that interfere with the operation of another device, there is an
electromagnetic compatibility issue. If an electronic product works great in the
laboratory, but fails at the customer location due to electrostatic discharge,
lightning, or other forms of electromagnetic interference (EMI), the product
has an electromagnetic compatibility problem.

Virtually all electronic products are subjected to EMC testing during
development and must meet certain EMC requirements before being marketed
or sold. The electromagnetic noise emanating from these products is carefully
measured and regulated. Many products are also subjected to strong external
fields or voltage transients to ensure they can operate normally in noisy
environments.

To a knowledgeable design engineer, meeting EMC requirements is no
different than meeting functional, thermal, or safety requirements. It’s simply
a matter of being aware of the requirements and the steps necessary to ensure
compliance. With a well-thought-out design, most products have no trouble
meeting their EMC requirements. However, while most product designers
understand the importance of addressing functional, thermal and safety
requirements early in the development cycle, it’s not uncommon for the first
attempts to address EMC issues to occur after a product fails its first
compliance test. At that point, design options tend to be limited. EMC “fixes”
can (and often do) delay development schedules and increase product cost.

Many companies, especially those with short product development cycles,
recognize the importance of addressing EMC early in the design process. They
rely on engineers who understand what it takes to design EMC-compliant
products. For these companies, EMC testing is a formality. Their products tend
to be more reliable and lower-cost than similar products that had to be “fixed”
after failing an EMC test.

As one might expect, engineers who understand electromagnetic
compatibility principles and can apply them to product design are in high
demand. They possess a skill set that includes a basic understanding of
electromagnetic field theory, as well as a familiarity with real-world circuits,
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components, and systems. They understand the importance of electrical ground
and recognize that ground and current return are different concepts. They know
that the physical layout of a system is important, and that circuit behavior is
often governed by component interactions that do not appear in circuit
schematics. Basically, the engineers who understand what it takes to design
EMC-compliant products understand the concepts described in these course
notes and have learned to apply them to real-world product designs.

1.1. Elements of an EMC Problem

There are three essential elements to an EMC problem, as illustrated in
Figure 1.1. There must be a source of electromagnetic energy, a receptor (or
victim) that cannot function properly due to interference from the source, and
a path that couples the interfering energy from the source to the receptor. Each
of these three elements must be present for the interference to occur.
Electromagnetic compatibility problems are generally solved by identifying at
least two of these elements and eliminating (or attenuating) one of them.

(Victim)

Lightning Cables Integrated Circuit

RF Transmitter Radiated Fields RF Receiver

High Speed Data Trace Common Return High Speed Data Trace
Electric Motor Power Lines Cell Phone

Arc Welder Parasitic Capacitance Electronic Controls
Video Display Parasitic Inductance Video Display

Figure 1.1. The three essential elements of an EMC problem.

For example, there have been several documented cases of EMI causing
nuclear power plants to go into an emergency shutdown.' In at least one case,
the noise was a spurious voltage spike in a ventilation flow sensor circuit. In
another case, it was a neutron flux sensor. The first element identified in both
cases was the victim circuit (a sensor). In both cases, the last leg of the coupling
path was conducted noise on the sensor cable.

The apparent source of the flow sensor malfunction was the keying of
wireless handsets operated by plant personnel. The source of the flux sensor
interference was noise generated by the actuation of relays in another circuit.
Since it’s only necessary to eliminate one of the three elements, it was possible
to solve the problem in both cases with noise suppression on the sensor cable.

! United States Nuclear Regulatory Commission public domain event reports
available on the U.S.NRC website at nrc.gov.
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Suggested References

1. IEEE Transactions on Electromagnetic Compatibility. IEEE, Piscataway,
New Jersey, USA. Peer-reviewed research results on a wide variety of
topics related to electromagnetic compatibility.

2. Electromagnetic Compatibility Magazine, IEEE, Piscataway, New Jersey,
USA. News, tutorials, and technical articles related to developments in
the field of electromagnetic compatibility.

3. Banana Skins, Nutwood UK Ltd. Descriptions of electromagnetic
interference events collected from anecdotes, reports, official documents
and news stories.

Problems

1. For each of the EMC problems below, identify the probable source,
coupling path and receptor.

a.) A computer display turns blue when a microwave oven is operating.
b.) Radio station presets are erased when the car is started.

c.) A cable modem stops working during a thunderstorm and won’t
power up anymore.

d.) WIFI connections are dropped whenever an electric blanket is set
on high.

e.) Your car signals that it has low tire pressure every time you drive
by the airport.

2. What are alternative names for conducted, inductive, and capacitive
coupling?

3. At a given frequency, we can convert an rms voltage to a peak voltage by
multiplying the rms value by V2. If the ms voltage is expressed in
dB(pV), how many dB must be added to get the peak voltage expressed in
dB(pV)?

4. Express 150 mV in dB(mV), dB(pV) and dBm (as displayed on a 50-Q
spectrum analyzer display.

5. The ratio, 50 Vs to 25 Vi, is a factor of 2 or 6 dB. What is the ratio of
50 Vpeak t0 25 Veak expressed in dB?

6. A 1-volt signal passes through an amplifier with 12 dB of gain, then
through an attenuator with 6 dB of loss. What is the amplitude of the signal
coming out of the attenuator?

7. A 1-volt signal passes through an amplifier with 50% gain. What is the
amplitude of the output? Repeat your calculation for amplifiers with gains
of 100%, 200% and 500%.

8. A measured field strength is 46 dB(pV/m), but the limit is 40 dB(pV/m).
By how much does the measured field strength exceed the limit?



CHAPTER 4

SIGNAL SPECTRA

Conducted and radiated emissions limits are specified as a function of
frequency. Many immunity tests are performed using swept-frequency sources.
Designing for electromagnetic compatibility requires a basic understanding of
how signals that are functions of time contain power at various frequencies.
It’s also important to understand how noise with a given frequency content will
impact a signal that is a function of time.

4.1. Time and Frequency Domains

Electrical signals have both time- and frequency-domain representations. In the
time domain, voltage or current is expressed as a function of time, as illustrated
in Figure 4.1. Most engineers are relatively comfortable with time-domain
representations of signals. Signals measured on an oscilloscope are displayed
in the time domain, and digital information is often conveyed by a voltage as a
function of time.

o
amplitude ’
(volts)

=

U — time —

Figure 4.1. Time-domain representation of an electrical signal.

Signals can also be represented by their magnitude and phase as functions of
frequency. Signals that repeat periodically in time every T seconds are
represented by a line spectrum, as illustrated in Figure 4.2. The line spectrum
has a DC component at 0 Hz, a fundamental component at 1/T, and harmonics
at n/T (where n is an integer). This representation is also called a power
spectrum because the sum of the powers in each harmonic equals the time-
average power in the time-domain signal.
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f

magnitude
(volts)

1 3 5 . — frequency -
T T T
phase
(radians)
. 1
' I I I I I — frequency -

Figure 4.2. Frequency-domain representation of a periodic signal.

Signals that are time-limited (i.e., are only non-zero for a finite time) are
represented by a continuous spectrum as illustrated in Figure 4.3. This
representation is also referred to as an energy spectrum because the integral of
the energy density in this waveform over frequency equals the total energy in
the time-domain signal.

f

magnitude
(volts-sec)

— frequency »

f

phase
(radians)

O A A
oooooUuoooQd

— frequency +»

Figure 4.3. Frequency-domain representation of a time-limited signal.



Signal Spectra 105

Frequency-domain representations are particularly useful for analyzing linear
systems. EMC and signal integrity engineers must be able to work with signals
represented in both the time and frequency domains. Signal sources and
interference are often defined in the time domain. However, system behavior
and signal transformations are more convenient and intuitive when working in
the frequency domain.

4.2. Linear Systems

Linear system theory plays a key role in the engineering analysis of electrical
and mechanical systems. Engineers model a wide variety of physical systems
as linear transformations, including circuit behavior, signal propagation,
coupling and radiation. Therefore, it is important to clarify exactly what we
mean by a linear system so that we recognize when and how to use the powerful
linear system analysis tools available to us.

Figure 4.4 illustrates a system with one input, x(t), and one output,
y(t)=H{x(t)}. If an input x;(t) produces an output y;(t), and an input Xo(t)
produces an output y»(t), then the system is linear if and only if,

ay, (t)+by,(t)=H{ax, (t)+bx,(t)} 4.1)

where a and b are constants. In other words, scaling the input by a constant will
produce an output scaled by the same constant, and combining (summing) two
inputs will produce an output that is the sum of the outputs produced by each
individual input.

y

LINEAR . V(=Hix(t
SYSTEM y(t)=H{x(t)}

X(t)

Figure 4.4. A linear system with input x(t) and output y(t).

Quiz Question

Which of the following equations describes the relationship between the
output y(t) and the input x(t) of a linear system?

a.) y=5x

b.) y(®)=0

c.) y=8x+3
d.)y=x

e.) y(t)=5t x(t)
f.) y=sin x

9) YO =5 [x(t)]




106 Electromagnetic Compatibility Course Notes

Of the choices presented in this question, only a, b and g are linear system
transformations. y(t)=0 is not a very interesting system, because its output is
always zero, but it is linear. Simple derivative and integral operators are linear
because they satisfy the conditions in Equation (4.1). The remaining choices
are not linear operations. Note that y=8x+3 is the equation of a straight line,
but it does not describe a linear system because it has a non-zero output when
there is no input.

At first, it may appear that very few real electrical or mechanical systems of
interest behave this way. However, many non-linear systems can be
approximated as linear over a limited subset of possible input values. Most
engineering analysis depends on modeling real devices and circuits as linear
systems.

4.3. Frequency-Domain Analysis of Linear Systems

Linear systems have the unique property that any sinusoidal input will produce
a sinusoidal output at exactly the same frequency. In other words, if the input
is of the form,

X(t):Ain Cos(w0t+¢in)’ (4.2)
then the output will have the form,
y(t)onut Cos(w0t+¢out)' (43)

In general, the magnitude and phase of the sinusoidal signal may change, but
the frequency must be constant. This provides us with a very powerful analysis
tool for analyzing linear systems. If we represent an input signal as the sum of
its components in the frequency domain, then we can express the output as a
simple scaling of the component magnitudes and shifting of the component
phases.

4.4. Phasor Notation

To facilitate the analysis of linear system responses to sinusoidal inputs, it is
convenient to represent signals in an abbreviated form known as phasor
notation. Consider an input of the form,

x(t)=A, cos(wt+¢,,), (4.9
This can be represented as,

x(t) =Re{Ae’ "]
(4.5)
= A-Re{e™e"}

where Re{.} indicates the real part of a complex quantity. Recognizing that

the frequency ® will be the same throughout the system, we don’t need to write
the term €' explicitly, as long as we remember that it’s there. The same applies
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to the Re{-} notation. This allows us to express a sinusoidal signal simply in
terms of its magnitude and phase as,

x=Ae” or AZ. (4.6)
The expression in (4.6) is the signal in (4.4) represented using phasor notation.

Note that we must know the frequency of a signal in order to convert from
phasor notation to the time-domain representation.

Quiz Question

Write the following signals using phasor notation:
a.) x(t) = 5 cos(wt) volts
b.) y(t)=5 sin(wt) amps
c.) z(t) = 5t sin(wt) volts

The first signal expressed in phasor notation is simply x = 5 volts. To obtain
the phasor notation for the second signal, we recognize that sin(wt) = cos(mt +
1/2), so y = e’™*amps. The third signal is not a sinusoid and therefore cannot
be expressed using phasor notation.

4.5. Fourier Series

Of course, many of the inputs to linear systems that we would like to analyze
are not sinusoidal. In this case, it is desirable to represent time-domain signal
waveforms as a sum of sinusoidal frequency components. In the frequency
domain, each component can be analyzed individually. The frequency-domain
system outputs can then be summed and converted back to the time domain.

A periodic signal can be represented as a sum of its frequency components
by calculating its Fourier series coefficients. A periodic signal with period T
can be written

NOED IR (4.7a)
where fo = 1/T and
1 pto+ .
c, =T : Tx(t)e 2t dt | (4.7b)

If x(t) is a real time-domain signal, the coefficients ¢, and c., are complex
conjugates (i.e., ¢, =c, ) and we can rewrite Eq. (4.7a) in the form,

x(t)=c, + Z(cnej”2“f°’ +cle It )
n=1

—c, + i(|cn| e e | e—(inznfor+¢n)) (4.8)

n=1

=c, + iZ|cn|cos(n21tf0t +0,).
n=1
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The Fourier series coefficients in this form consist of a DC component, ¢o, and
positive harmonic frequencies, n2nf, (n = 1,2,3, ...). This is the one-sided
Fourier series and the coefficients, 2|c |, represent the peak value of each

Cn

harmonic. Dividing the peak value by V2 yields the root-mean-square (rms)
value. Signal harmonics measured with a spectrum analyzer or EMI test
receiver are the rms values of the one-sided Fourier Series coefficients. In other
words, the amplitude of each measured harmonic is \/5 |cn|.

The frequency-domain representation of a periodic signal is a line spectrum.
It can only have non-zero values at DC, the fundamental frequency, and
harmonics of the fundamental. Because periodic signals have no beginning or
end, non-zero periodic signals have infinite energy but finite power. The total
power in the time-domain signal,

1 pootT 5
—L X () dt (4.9)

total —
T

is equal to the sum of the power in each frequency-domain component,

Rotal = Z

n=—oo

2

c

n

(4.10)

A few periodic signals and their frequency-domain representations are
illustrated in Figure 4.5.

x(t) =5sin(2nx8t)

5 magnitude X(f)=58(f-8) phase
(\ [\ {\ /\ {\ /\ [\ {\ /\ . 5 T[/2
—time —» 8 —frequency — 8 —frequency —
x(t)=5+5sin(2nx8t) . 58 58 ¢
10 magnitude X\f)=53(F) +53(f-8) phase
5 2
—time —» 8 —frequency — 8 —frequency —»
n+ 1) ( 3 ) of 5y
5 nT 1,(’” I)/ X(f)=2538(f)+3.188| f—— [+1.065| f—— |+0.643| f—— |
x(t) = 2 \ T) T) T
0 otherwise magnitude phase
5 w >
H H H H H H H H H ] o 1 . o
—time —+ 1z 2 4 s 172 3 T4 s
T T T T T T T 4 T
—frequency — —frequency —»

Figure 4.5. Periodic signals in the time and frequency domains.
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Example 4-1: Frequency-Domain Representation of a Pulse Train

Determine the frequency-domain representation for the pulse train shown in the
figure below.

LD

In the time domain, this signal is described by the following formula:
1V nT<t<nT+71
x(t) = {

) n==41,+2+3, ---.
0 otherwise

The coefficients of the Fourier series are then calculated using Eq. (4.7b) as,

— Lz —jn2mfy
c, —?.[O x(t) e ™M de
_ 1 (e —jn2mt/T
= [ () e de

_ éJ‘Te-erm/T dt
= 7

in(nmT
_AT sin (37 ) L)
T | (nnt ’
(""57)
Note that as T — 0, our time-domain signal looks like an impulse train, and the
T
amplitudes of all the harmonics approach the same value. As T — 5 the signal

becomes a square wave, and the magnitude of the harmonics becomes,

_afsn("%)

EINCA

In this case, the amplitude of the even harmonics is zero, and the odd harmonics
decrease linearly with frequency (n).

Note that if we wanted to determine the amplitude of the harmonics as measured
on a spectrum analyzer, we would calculate the rms amplitude of the one-sided
Fourier Series coefficients,

_aac|sin(™g)
| )

A
e_j(n%) _|]— n=z£1,£3,+5--

0 n=%2,+4,%6--

V2le

n=1,23,

n
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4.6. Fourier Transform

Transient signals (i.e., signals that start and end at specific times) can also be
represented in the frequency domain using the Fourier transform. The Fourier
transform representation of a transient signal, x(t), is given by,

X(f)=]"_x(t)e " d. (4.11)

The inverse Fourier transform can be used to convert the frequency-domain
representation of a signal back to the time domain,

x(t)=i [~ x(f)em=ar. (4.12)

Two transient time-domain signals and their Fourier transforms are illustrated
in Figure 4.6.

7. S x(f)|=A
x(t)=Ad(t,) X | ‘ »
A
to - time » —-frequency —»
()= [A O<t<t 5 ‘X(f)‘imsin(n/f)
1 0 otherwise nft

A

T - time » —frequency —»

Figure 4.6. Transient signals in the time and frequency domain.

Note that transient signals have zero average power (when averaged over all
time), but they have finite energy. The total energy in a transient time-domain
signal is given by,

E=[ x*(t)dt. (4.13)

—oo

This must equal the total energy in the frequency-domain representation of the
signal,

E:I:|X(f)|2 df . (4.14)

4.7. Trapezoidal Signal Waveforms

Let’s examine the frequency-domain representation of the periodic trapezoidal
waveform illustrated in Figure 4.7. Examining this waveform's behavior helps
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tl T T —time »
Figure 4.7. Trapezoidal waveform.

us gain insight into the relationship between time- and frequency-domain
representations in general. Also, the similarity between the trapezoidal
waveform and common digital signal waveforms will be useful when
investigating EMC or signal integrity issues in digital systems.

Using the one-sided Fourier series, Equations (4.7b) and (4.8), we can
represent this signal as the sum of its frequency components,

x(t)=¢, +i2|cn|cos(n2nfot+¢n) (4.15)

o 24T sin(nn%) sin(nn%j‘.
T ) ()

Equation (4.16) can be derived by noting that the trapezoidal waveform in
Figure 4.7 can be obtained by convolving the pulse train in Example 4-1 with
another pulse train whose pulses have a width, ¢, and an amplitude A/%;.
Convolution in the time domain is equivalent to multiplication in the frequency
domain, so we can multiply the frequency-domain representations of these
pulse trains to obtain Eq. (4.16).

Each term, 2|c,|, is the peak amplitude of the nth harmonic. If we assume that
sin (srnall nurnber)

where

(4.16)

t.<<T, we note that the third term is =1 for the lower

small number
harmonics. If T= % (i.e., a 50% duty cycle), then the numerator of the second

term is 1 for the harmonics (n=1,3,5...) and O for the even harmonics
(n=2,4,6...). The amplitude of the lower harmonics is then inversely
proportional to n (i.e., the amplitude of the lower harmonics decreases
proportionally to the frequency). At higher harmonics, the third term also
begins to decrease proportionally to frequency, so the overall amplitude of the
upper harmonics decreases on average at a rate proportional to the square of
the frequency.
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15t knee frequency = i
2At]_ 1

T
1/f
1

1T 2/T ... Log Frequency

ZOIOg(

Amplitude
in dB(*)
2nd knee frequency = —

Figure 4.8. Frequency-domain representation of a trapezoidal signal
T
(1:<A,tr <<T).
The frequency-domain representation of a trapezoidal pulse train

2 b
values of T (short duty cycles) reduce the amplitude of the harmonics below
the first knee frequency. These lower harmonics then have approximately the
same amplitude.

For most EMC calculations, we want to know the rms amplitude of the
harmonics, not the peak amplitude. This is easily found by dividing the
amplitude of each non-zero harmonic by the square root of 2. Also, the equation
for the envelope is generally more useful than Equation (4.16), because nulls
in the pattern can move around as the duty cycle changes. EMC modeling
generally requires knowing the maximum amplitude each harmonic can attain.
The equation for the envelope of the rms harmonic amplitudes is,

('c <T t < T) and its envelope are illustrated in Figure 4.8. Note that small

A when f < N
T T
_ N2A(f 1 1
Vinsomae () = T[?J i f <n_tr (4.17)
V24 LhiL when f > 1
© \f)\¢ef T,

T
This equation assumes that 0 <1< 5 (i.e., the duty cycle is 50% or less). For

duty cycles greater than 50%, we can redefine T as the off time rather than the
on time.

Equation (4.17) is easier to calculate than (4.16), but in many cases, we can
avoid using a calculator at all by noting that the amplitude of the fundamental
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Absolute potential, 29, 30, 34, 37, 252
Absolute capacitance, 29-33
Absorption loss, 281-284, 286, 289
Ampere’s law, 83
Amplifiers (high gain), 240, 297
Anodic index, 205
Antennas
biconical, 15, 100, 102
circuit board trace, 101
dipole, 90, 92-98, 102, 189, 268, 285
horn, 15, 100
log-periodic array, 100, 102
loop, 101, 267
microstrip patch, 100, 321
monopole, 15, 90, 94-95, 189, 298, 357
rod, 15
slot, 96-97, 267
unintentional, 87, 96, 99, 203, 288,
293, 297-299, 303-304, 307, 352,
356, 358-359, 369
Artificial Mains Network (AMN), 14
Average detector, 119-120
Balun, 191
Bandwidth
3-dB, 226, 240
resolution, 116, 118-119, 121, 295
Boost converter, 330-331, 340, 343
Bounce diagram, 135-137
Buck-boost converter, 336-337
Buck converter, 246-247, 326-331, 340,
342-344, 348-349
Bulk Current Injection (BCI), 18-19, 21,
309, 359-361
Capacitance
self, 31-35, 37-38, 70, 163, 173, 176,
184-185, 250-251, 253, 351, 354
mutual, 28-29, 30-38, 69, 71, 90, 102,
158, 161, 163, 167, 170, 173-174,
176-177, 185, 198, 237, 250
absolute, 29-33
Capacitive coupling, 3, 16, 20, 36, 65,
68-69, 78, 158, 330, 363
Capacitor
ceramic, 55-56, 230, 343, 357
decoupling, 57, 311-326, 357
electrolytic, 56
film, 56
polymer, 56
supercapacitor, 56-57
tantalum, 56
X and Y, 243

Characteristic impedance, 85, 129-135,
142, 144-148, 152-153, 163, 170, 182,
184-185, 188, 287, 366

Coaxial cable, 10, 26-29, 51, 60, 63, 124,
190, 196, 219, 275

Coefficient of induction, 34, 37

Coefficient of potential, 34

Common impedance coupling, 3, 65-70,
79, 102, 156-158, 160-162, 177,
207-212, 215-216, 306, 311, 331, 369

Common mode choke, 245-247, 250-253,
259, 307, 335, 356

Common mode current, 88-89, 180, 183,
187-190, 192-198, 241, 245, 250-253,
276, 297, 351, 354

Common mode propagation, 180-189, 193

Concentric cylinders, 28

Concentric spheres, 28-30

Conductance, 50-51, 64, 125-127, 152

Conducted coupling, 3, 65, 295, 302-303

Conducted emissions, 14, 118, 203,
241-247, 297, 309, 342-343, 347,
350-351, 354-355, 370

Controller Area Network (CAN), 191

Current-return, 2, 48, 59-61, 177, 190,
194, 199-200, 206-220

Crosstalk, 65-71, 77-78, 102, 155-177,
179, 182, 198, 208, 254, 305-306

Current Division Factor (CDF), 180-182

Cutoff frequency
filter, 222, 225, 238, 246, 249
waveguide, 271-272

Decibel notation, 9, 154

Differential mode current, 87-89, 102,
187-189, 241

Differential mode propagation, 182-187,
190, 198

Directional coupler, 166

Dissipation loss, 283, 289

Distributed parameters, 125

Drain wire, 289

DUT, 14, 345, 352

Effective aperture, 97

Electric-field coupling, 3, 28, 38, 54, 65,
68-71, 102, 125, 158, 160-169, 175,
262-263, 273-274, 302-303, 328,
330-331, 334, 336, 351, 353, 359, 364,
366

Electric flux, 28, 31-33, 36, 51, 251

Electrical balance, 179-182, 189-190,
192-197, 252, 355, 358, 369

373
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Electrical Fast Transient (EFT), 254, 361
Electrostatic discharge (ESD), 6, 18, 254,
259, 309-310, 342-343, 363-368,
370-371
Energy spectrum, 104
Envelope detector, 119
EMI test receiver, 14-15, 108, 120, 349
Equivalent Series Resistance (ESR), 54,
230, 232, 320, 357
Ethernet, 63, 342
EUT, 14-19, 21, 358-364, 366
Even mode, 187
Far end crosstalk, 157-175
Far field, 79, 81-83, 101, 285
Fast Fourier Transform (FFT), 116-118,
121
Faraday, Michael, 72
Faraday’s law, 72-74, 80, 264
FCC, 5, 7, 86, 118, 293
Ferrite Bead, 223, 232, 308
Ferrite Core, 57, 223, 232, 245, 251
Ferrite Material, 57, 251, 265
Filters
1st-order, 222, 233-234, 238, 258
2"d_order, 233, 258
3d_order, 235, 243-245
active, 240-241, 340
bandpass, 240-241
common-mode, 241, 250
high-pass, 238-240
low-pass, 221-223, 226, 229, 231-233,
239-240, 258
powerline, 347, 351
Flyback converter, 241-244, 326,
334-335, 337
Fourier series, 107-109, 111
Fourier transform, 110, 119
Galvanic corrosion, 205
Galvanic isolation, 326, 334
Gas Discharge Tube (GDT), 257, 259
Gauss’s law, 29-30
Generalized capacitance matrix, 34
Global decoupling, 313-316, 324
Ground
definition, 199
earth, 59, 199-200, 203, 220
ground structure, 202-204, 212-214
multi-point, 212-213
PCB EMC, 214-215, 217-218, 251,
276, 300-302, 342-343, 355, 360
safety, 200-201, 203, 219
single-point, 210-213
Ground Fault Circuit Interrupter (GFCI),
201
Ground loop, 211
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GTEM cell, 16
H-bridge converter, 332-333, 338-339
HDMI, 191
Hertz, Heinrich, 3
IEC, 13
Image (theory), 35, 86-87
Imbalance Factor (h), 180-182, 194-198
Inductance
branch, 38, 47-50
connection, 52, 64, 205, 214, 223,
226-230, 239, 258, 310, 312-320,
324-325-326, 357
external, 38, 41-43
effective, 45-46, 205, 229
internal, 41, 44
ground strap, 38, 48-50, 64
leakage, 245-246
loop, 38, 40, 48, 75
mutual, 38, 44-47, 63-64, 76-79, 102,
159, 161, 164, 170, 173, 176-177,
184-185, 198, 212, 226-228, 237,
322-323, 331
partial, 38, 46-48, 213
trace, 48, 228
wire, 48
Inductive coupling, 3, 64, 75-76, 78, 159,
362
Inductor, 14, 52-54, 57, 125, 144,
146-147, 231-236, 258, 294, 307,
327-329, 331, 336, 340
Input impedance, 46, 84, 90-94, 97, 143,
145-147, 153, 189, 258, 359, 366
Insertion gain, 225
Insertion loss, 221-238, 243, 246, 258,
309
Intrinsic impedance, 81, 86, 278, 281,
285-287
1/0 trace, 305, 353, 360
1S0O, 13
Kirchhoff’s Current Law (KCL), 130
Kirchhoff’s Voltage Law (KVL), 66,
72-73, 126, 130
Knee frequency, 112-113, 354, 356
Layer stack-up, 323
Lightning, 3, 17, 19, 254, 345, 362-363
Linear system, 105-107
LISN, 14, 17, 241-253, 309, 347-348,
351, 369
Local decoupling, 313-317, 322
Lumped element, 125, 139, 144, 153-154,
162, 169, 176, 318
LVDS, 191
Magnetic-field coupling, 3, 38, 65, 75-79,
102, 157, 159-161, 164-167, 169, 175,
185, 274, 302, 304, 308, 329-331, 333,
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335-337, 340, 355, 359, 364, 366

Magnetic flux, 38-41, 44, 46, 52-53, 64,
72-74, 75-77, 124-125, 204, 226,
228-229, 263-266, 289, 304, 318,
322, 330

Magnetic material, 264-265

Marconi, Guglielmo, 4

Maxwell’s equations, 72, 289

Metal enclosure, 86, 202, 216, 249-250,
267, 282, 288, 300, 309, 351-352, 357,
366

Metal Oxide Varistor (MOV), 255-256,
368

Mismatch decomposition, 282-284

Mismatch loss, 282-283

MOSFET, 215, 339

Near end crosstalk, 157-175, 177

Near-field, 16, 79, 81, 278, 285

Neutral, 199-200, 241, 243

0Odd mode, 187

Oscilloscope, 13, 103, 114, 117, 121, 134,
177, 220

Parasitic oscillation, 230

Peak detector, 119-120

Phasor notation, 106-107, 139

Pigtail connection, 269, 277

Power bus impedance, 311-313, 315,
318-320, 323

Power spectrum, 103

Propagation delay, 124, 139, 151-152,
168, 173, 325

Propagation mode, 179-183, 187-188,
192, 198, 272

Proximity effect, 26

Pseudo-differential, 185, 190-191, 193
198, 204, 356

Quasi-peak detector, 14-15, 118-121

Radiated coupling, 3, 65, 79, 203, 302

Radiated emissions, 12-13, 15, 87, 89, 93,
96-97, 99-100, 102-103, 188, 191-193,
195-196, 199, 202-203, 205, 209, 215,
217-218, 239, 261, 268, 273, 288,
292-293-295, 297-300, 303, 309, 326,
328, 332, 342-343, 352-353, 355-359,
371

Radiated immunity, 15-16, 97, 240, 260,
297, 309, 358-359, 371

Radiation efficiency, 91-92, 94

Radiation resistance, 90-93, 95, 98

Reflection coefficient, 97, 132-138, 142,
148-150, 153, 279

Transmission line, 16, 28, 41, 43, 63-64,
84-85, 89, 123-152, 162-163, 167, 169,
171-173, 176, 179, 181-184, 187-188,
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190, 192-195, 198, 241, 287
Plane wave, 82, 100, 277-278, 280-285,
287-289
Reflection loss, 281-283, 286, 289
Resistance, 18-19, 23-27, 50, 52-55,
57-58, 60-61, 63, 66-68, 71, 74-75, 78,
90-96, 98, 118, 123-125, 127, 130-134,
139, 141, 147-149, 152-153, 156-157,
160, 162, 171, 173, 177, 183, 186, 189,
198, 204-205, 207, 209-210, 215-216,
221, 224, 230, 232, 234-236, 246, 249,
252-253, 256, 264, 275, 276, 310, 320,
339, 348, 363-366, 369
Resistor, 52-55, 60, 65, 68, 73-75, 83-84,
91, 123, 125, 130-131, 147-148, 183,
222-223, 232, 256, 258, 307, 339, 367,
371
Resolution bandwidth, 116, 118-119, 121,
295
Resonance,
cable, 251-252, 356
cavity, 357
dipole, 95-96
filter, 223, 234, 237
parasitic, 317, 319, 357
power plane, 318, 321
self, 226, 238, 319
Return plane (RTN), 207, 216, 276, 314,
329-331, 333, 337
Radio Frequency Interference (RFI), 4-5,
7
Ribbon cable, 63-64, 67-68, 193-195, 198,
342
RLCG parameters, 169, 176, 184
S-parameters, 287
Schelkunoff, 277
Schelkunoff decomposition, 282-283, 289
Shielding
cables, 195, 268-269, 277
E-field, 261-236
H-field, 263-266
plane wave, 278-288
Shielding Effectiveness
apertures, 267, 270-273
enclosures, 203, 266, 287
plane wave, 277, 280-287, 289
Surface-Mount Technology (SMT),
53-54, 57-58, 291, 320-321, 325, 367
Spectrum analyzer, 12, 14-15, 20,
108-109, 114, 116-119, 121, 293
SPICE, 139, 169, 173, 258, 347-349, 362
Skin depth, 25-27, 41, 157, 162, 216,
279-282, 286
Snubber circuit, 338-340
Telegrapher equations, 126
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TEM cell, 16

TEM propagation, 179, 181, 188, 192-193

Thyristor, 255-256

Time Domain Reflectometer (TDR),
148-151

Transition time, 113, 115, 121, 150-151,
161, 173, 176-177, 222, 258, 295, 307,
325-326, 333, 349, 354, 356

Transfer impedance, 278, 317

Trapezoidal waveform, 110-114, 121, 160

Traveling wave, 127-129, 131, 134,
140-142, 144

TVS diodes, 255-256, 259

Twisted wire pair, 63, 152-153, 179, 185,
195-197, 204, 219, 302, 310, 351, 356

Universal Serial Bus (USB), 191

Voltage regulator (linear), 344

Weak-coupling assumption, 66-67, 69, 71,
77-78, 155-156, 158-159, 162, 170

Wide bandgap devices, 339
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