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This textbook is dedicated to
The humane and compassionate treatment of animals

“For every difficult problem there is always a simple answer and most of them
are wrong.”

“When you can measure what you are speaking about and express it in numbers
you know something about it; but when you cannot measure it, when you cannot
express it in numbers your knowledge is of meagre and unsatisfactory kind; it may
be the beginning of knowledge but you have scarcely progressed in your thoughts
to the stage of science whatever the matter may be.”

Lord Kelvin
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Preface

This is the second edition of a textbook that was originally published in 1992 and is
intended for a university/college course in electromagnetic compatibility (EMC). It
has also proved to be very beneficial as a reference for industrial professionals
interested in EMC design. The prerequisites are the completion of the basic under-
graduate electrical engineering courses in electric circuit analysis, signals and
systems, electronics, and electromagnetic fields. The text builds on those basic
skills, principles, and concepts and applies them to the design of modern electronic
systems so that these systems will operate compatibly with other electronic systems
and also comply with various governmental regulations on radiated and conducted
electromagnetic emissions. In essence, EMC deals with interference and the
prevention of it through the design of electronic systems.

The subject of EMC is rapidly becoming as important a subdiscipline of electrical
engineering (EE) as other more traditional subjects such as electric circuit analysis
and electronics. One of the first such courses in EMC that was introduced into an
EE undergraduate curriculum was organized in the early 1980s at the University
of Kentucky by the author. It was taught as a senior technical elective and continues
to be taught as an elective course there and at the author’s present institution, Mercer
University. The subject is rapidly increasing in importance, due in part to the
increasing use and speeds of digital electronics in today’s modern world. It is
currently being offered in a large number of electrical engineering curricula in
schools in the United States and throughout the world. The number of schools offer-
ing an EMC course will no doubt continue to rapidly increase. The reasons for EMC
having grown in importance at such a rapid pace are due to (1) the increasing speeds
and use of digital electronics in today’s world and (2) the virtual worldwide impo-
sition of governmental limits on the radiated and conducted noise emissions of
digital electronic products. Prior to 1979, the United States did not restrict the elec-
tromagnetic noise emissions of digital electronic products that were to be sold within
its borders. Manufacturers of digital electronic devices voluntarily imposed their
own limits in order to produce quality products whose electromagnetic emissions

Xvii
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would not cause interference with other electronic devices. In addition, manufac-
turers tested their products to determine their susceptibility to electromagnetic emis-
sions from other sources so that the product would operate reliably in the intended
environment. In 1979 the U.S. Federal Communications Commission (FCC) pub-
lished a law that placed legal limits on the radiated emissions from and the con-
ducted emissions out the device power cord of all digital devices (devices that
use a clock of 9 kHz or greater and use “digital techniques™) to be sold in the
United States. This transformed what was a voluntary matter into a legal one.
This made it illegal to sell a digital device (no matter how innovative the device)
in the United States unless its noise emissions were below the limits set by the
FCC. Many countries throughout the world, and primarily those of Europe,
already had similar such laws in place. This caused a drastic change in how compa-
nies producing electronic products design those products. It no longer mattered that
the product had some new and revolutionary use or function; if it did not comply
with these legal limits, it could not be placed on the market!

Since the original publication of this text in 1992, several significant develop-
ments occurred that have dramatically increased the importance of EMC in not
only universities but also across the electronics industry. Countries in Europe
(which represents a major market for electronics produced in the USA) formed
the European Union and imposed even more stringent and pervasive EMC regu-
lations than were in place before the turn of the century. Processing speeds (clock
and data speeds) of digital products have increased at a dramatic rate. In the mid
1980s the clock speeds were on the order of tens of megahertz (MHz). Personal com-
puters are now available with clock frequencies over 3 GHz and that cost under $500
U.S. This has dramatically increased the difficulty of complying with the EMC gov-
ernmental regulations. The combination of lowered costs and higher speeds of
digital devices mean that effective EMC design practices are now much more criti-
cal in order to avoid unnecessary costs of EMC suppression measures that are added
to bring the products into compliance. Frequencies of use even in analog systems are
escalating well into the GHz range, and it is difficult to find a product (including
washing machines, automobiles, etc.) that doesn’t use digital electronics as a
primary factor in that product’s performance. These mandatory governmental
requirements to minimize a digital product’s electromagnetic noise emissions and
the rapidly decreasing costs and product development schedules of those products
mean that all EEs must now be trained in proper EMC design techniques. Electrical
engineers that have not been trained in EMC design will be severely handicapped
when they enter the workplace.

This second edition has been substantially rewritten and revised to reflect the
developments in the field of EMC. Chapters have been repositioned and their
content revised. Chapter 1, Introduction to Electromagnetic Compatibility (EMC),
has remained essentially the same as in the first edition. An important discussion
of the concept of an electromagnetic wave has been added to that chapter.
Chapter 2, EMC Requirements for Electronic Systems, although retaining its pre-
vious place in the outline, has been substantially revised to reflect the rather substan-
tial revisions of the governmental regulatory requirements that have occurred in the
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United States and throughout the world. Chapter 3, Signal Spectra—the Relation-
ship between the Time Domain and the Frequency Domain, was moved from its pre-
vious place as Chapter 7 in the first edition to its present place as Chapter 3. This was
done because the author feels that this topic is one of the—if not the—most im-
portant topic in EMC, and this repositioning is intended to get the reader to begin
thinking in terms of signal spectra early on. Use of SPICE (simulation program
with integrated circuit emphasis) [PSPICE (personal computer SPICE)] in comput-
ing signal spectra has now been included in that chapter. Chapter 4, Transmission
Lines and Signal Integrity, has been significantly revised. A significant revision of
this chapter is the inclusion of the topic of signal integrity. Some 10 years ago
when this text was originally published, clock and data speeds were in the low
MHz range and hence land lengths on printed circuit boards (PCBs) were inconse-
quential; their electromagnetic effects could generally be ignored. The propagation
delays through the gates were on the order of tens of nanoseconds and dominated the
delay caused by the signal lands. Now, virtually all lands on PCBs must be treated as
transmission lines, or else the product will not function properly. This is a result of
the length of the PCB traces becoming significant portions of a wavelength because
of the dramatic increase in the spectral content of the digital signals. Matching of
these transmission lines is now not an option. Again, use of SPICE (PSPICE) in
the analysis of these interconnect leads has been given greater emphasis in this
chapter. Chapter 5, Nonideal Behavior of Components, has been moved earlier
from its place as Chapter 6 in the previous edition and is retained as a part of the
early discussion of important concepts. It has been revised but contains substantially
the same content and topic areas.

Chapter 6, Conducted Emissions and Susceptibility, is essentially the same as
Chapter 7 of the first edition. In this second edition it appears before the topic of
radiated emissions to reflect the author’s feeling of its proper sequence. Chapter 7,
Antennas, is essentially the same as Chapter 5 in the first edition. Chapter 8§,
Radiated Emissions and Susceptibility, is essentially the same as Chapter 8 of the
first edition but has been revised. Chapter 9, Crosstalk, has been substantially
revised from its version as Chapter 10 of the first edition. The mathematics has
been considerably simplified. There are three significant revisions in this chapter.
First, the simple inductive—capacitive coupling model for weakly coupled, electri-
cally short lines has been moved earlier in the chapter, and its derivation now is
argued on somewhat intuitive grounds to simplify the discussion. Second, the com-
putation of the per-unit-length parameters is shown using static numerical methods
(method of moments) in a simple fashion in order to familiarize the reader with the
modern numerical methods that are growing in use and importance. FORTRAN pro-
grams are described here and in Appendix C that compute these parameters very
accurately for ribbon cables, PCB land structures, coupled microstrip lines, and
coupled striplines. These FORTRAN codes are contained in a CD that is supplied
with this textbook. Third, a FORTRAN program that prepares an exact SPICE
(PSPICE) subcircuit model for a coupled transmission line is described, and its
use is illustrated throughout the chapter. It is also supplied on that CD. The import-
ance of this is that the reader can now easily investigate crosstalk on complicated
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(but realistic) transmission lines on PCBs that have realistic loads such as capacitors,
inductors, transistors, and logic gates, which complicate a hand analysis. This also
introduces the reader to the modern use of computer-aided design (CAD) simulation
methods that are increasing in importance and popularity. Chapter 10, Shielding, is
essentially the same as Chapter 11 of the first edition. Chapter 12 on electrostatic
discharge in the first edition has been eliminated as a separate chapter in the
second edition, but its content has been incorporated into the final chapter,
Chapter 11, System Design for EMC (which was the previous Chapter 13 of the
first edition).

The text of that chapter has been virtually rewritten in both content and organi-
zation from its earlier version. It is now organized into five major topic areas:
Section 11.1, Changing the Way We Think about Electrical Phenomena; Section
11.2, What Do We Mean by the Term “Ground”?; Section 11.3, Printed Circuit
Board (PCB) Design; Section 11.4, System Configuration and Design; and
Section 11.5, Diagnostic Tools. This was done to cause the reader to focus on the
important aspects of EMC design without getting lost in detail. Section 11.5, Diag-
nostic Tools, is new to the text and reflects the author’s view that it is virtually
impossible to design a digital device to pass the regulatory requirements on the
first testing. It is crucially important in this age of low product cost and reduced
development schedules to be able to determine the exact cause of the noncompliance
and to determine how to bring the product into compliance with minimum added
cost and minimum impact on the development schedule. The important concept
of Dominant Effect is critical to the rapid diagnosis of EMC problems and the
demystifying of EMC and is discussed here.

Several appendixes are new to this second edition. Appendix A, The Phasor
Solution Method, is a brief review of the important phasor solution of differential
equations and electric circuits: their sinusoidal, steady-state solution. This skill is
the most important and fundamental skill of an electrical engineer. It permeates all
electrical engineering areas, such as circuit analysis, signal analysis, system analysis,
electronic circuit analysis, and electromagnetics. Unless the reader has this important
skill mastered, very little can be gained or understood from this textbook or any other
electrical engineering textbook. Hence this appendix serves as a brief review of this
crucial skill. Appendix B, The Electromagnetic Field Equations and Waves, is a brief
but sufficient review of the important electromagnetic principles and laws. It was
placed in an appendix rather than in the body of the text, as in the first edition, in
order to avoid breaks in the flow of the material. Appendix C, Computer Codes
for Calculating the Per-Unit-Length Parameters and Crosstalk of Multiconductor
Transmission Lines, describes the FORTRAN programs that can be used to model
and predict crosstalk of complex (but representative) transmission lines. These are
also placed on the CD that is supplied with this textbook. Appendix D, A SPICE
(PSPICE) Tutorial, is a brief but sufficient tutorial on the use of the PSPICE
program to model and simulate electric circuits.

This edition of the textbook has emphasized a dramatic increase in the use of
PSPICE to simulate virtually all areas of EMC analysis. Again, this is in line with
the current emphasis on and use of modern CAD tools in EMC. Another significant
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innovation in this text is the use of worked-out Example Problems and Review Exer-
cises. Detailed worked-out examples are strategically placed after discussion of
major concepts to show the reader how to work important EMC problems. These
are clearly delineated from the text to enable the reader to focus on these
problem-solving skills. In addition, a large number of Review Exercises are included
after discussion of each important topic. The exercises are in the form of a simple
question, and the answer is given. Hence the reader can quickly check his/her
comprehension of the topic immediately after its discussion. Most of the End-of-
Chapter Problems are new and the answers are given at the end of the problem in
brackets [ ], as was the custom in the first edition.

The Author would like to thank Cadence Design Systems, Inc. for allowing John
Wiley Interscience to distribute OrCAD and MicroSim software with this book.
OrCAD PSPICE version 10 and MicroSim PSPICE version 8 are included in the
CD supplied with this textbook. The reader can therefore immediately install the
programs on his/her personal computer and begin to perform the simulations in
this book.

Many of the author’s colleagues in the EMC industry have had considerable
influence on his way of thinking about EMC and have contributed significantly to
the author’s ability to produce this text. Of primary mention are the insights
gained from and numerous discussions with Mr. Henry Ott, which have significantly
impacted the author’s EMC perspective. The author highly recommends Mr. Ott’s
Website, http: //www.hottconsultants.com. It contains links to the latest revisions
of the regulations. But more importantly it contains numerous highly detailed and
informative tutorial articles and other references on EMC. The author also owes a
significant debt of gratitude for this association with and insights gained from
working with colleagues in the EMC group at IBM Information Products Division
in Lexington, Kentucky (now Lexmark International) during a sabbatical leave in
1984 and consulting there for some 10 years thereafter. Working with those indivi-
duals on significant EMC problems was the primary reason why this text was
originally published. Primary among those individuals are Mr. Donald R. Bush,
Dr. Keith B. Hardin, and Mr. Stephen G. Parker. The late Mr. Donald R. Bush
was also a personal friend of the author and had a profound influence on the
author, both personally and professionally, for over 30 years. The author would
also like to acknowledge and thank Mr. John Fessler of Lexmark International for
his discussions on the latest governmental regualtions.

CLAYTON R. PAUL

Macon, Georgia, January 2005






CHAPTER ONE
I

Introduction to Electromagnetic
Compatibility (EMC)

Since the early days of radio and telegraph communications, it has been known that a
spark gap generates electromagnetic waves rich in spectral content (frequency com-
ponents) and that these waves can cause interference or noise in various electronic
and electrical devices such as radio receivers and telephone communications.
Numerous other sources of electromagnetic emissions such as lightning, relays,
dc electric motors, and fluorescent lights also generate electromagnetic waves that
are rich in spectral content and can cause interference in those devices. There are
also sources of electromagnetic emissions that contain only a narrow band of fre-
quencies. High-voltage power transmission lines generate electromagnetic emis-
sions at the power frequency [60 Hz; 50 Hz in Europe]. Radio transmitters
transmit desired emissions by encoding information (voice, music, etc.) on a
carrier frequency. Radio receivers intercept these electromagnetic waves, amplify
them, and extract the information that is encoded in the wave. Radar transmitters
also transmit pulses of a single-frequency carrier. As this carrier frequency is
pulsed on and off, these pulses radiate outward from the antenna, strike a target,
and return to the radar antenna. The total transit time of the wave is directly
related to the distance of the target from the radar antenna. The spectral content
of this radar pulse is distributed over a larger band of frequencies around the
carrier than are radio transmissions. Another important and increasingly significant
source of electromagnetic emissions is associated with digital computers in particu-
lar and digital electronic devices in general. These digital devices utilize pulses to
signify a binary number, 0 (off) or 1 (on). Numbers and other symbols are rep-
resented as sequences of these binary digits. The transition time of the pulse from
off to on and vice versa is perhaps the most important factor in determining the spec-
tral content of the pulse. Fast (short) transition times generate a wider range of
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2 INTRODUCTION TO ELECTROMAGNETIC COMPATIBILITY (EMC)

frequencies than do slower (longer) transition times. The spectral content of digital
devices generally occupies a wide range of frequencies and can also cause interfer-
ence in electrical and electronic devices.

This text is concerned with the ability of these types of electromagnetic emissions
to cause interference in electrical and electronic devices. The reader has no doubt
experienced noise produced in an AM radio by nearby lightning discharges. The
lightning discharge is rich in frequency components, some of which pass through
the input filter of the radio, causing noise to be superimposed on the desired
signal. Also, even though a radio may not be tuned to a particular transmitter fre-
quency, the transmission may be received, causing the reception of an unintended
signal. These are examples of interference produced in intentional receivers. Of
equal importance is the interference produced in umintentional receivers. For
example, a strong transmission from an FM radio station or TV station may be
picked up by a digital computer, causing the computer to interpret it as data or a
control signal resulting in incorrect function of the computer. Conversely, a
digital computer may create emissions that couple into a TV, causing interference.

This text is also concerned with the design of electronic systems such that interfer-
ence from or to that system will be minimized. The emphasis will be on digital elec-
tronic systems. An electronic system that is able to function compatibly with other
electronic systems and not produce or be susceptible to interference is said to be elec-
tromagnetically compatible with its environment. The objective of this text is to learn
how to design electronic systems for electromagnetic compatibility (EMC). A system
is electromagnetically compatible with its environment if it satisfies three criteria:

1. It does not cause interference with other systems.
2. It is not susceptible to emissions from other systems.
3. It does not cause interference with itself.

Designing for EMC is not only important for the desired functional performance;
the device must also meet legal requirements in virtually all countries of the world
before it can be sold. Designing an electronic product to perform a new and exciting
function is a waste of effort if it cannot be placed on the market!

EMC design techniques and methodology have become as integral a part of
design as, for example, digital design. Consequently the material in this text has
become a fundamental part of an electrical engineer’s background. This will no
doubt increase in importance as the trend toward increased clock speeds and data
rates of digital systems continues.

This text is intended for a university course in electromagnetic compatibility in
an undergraduate /graduate curriculum in electrical engineering. There are text-
books available that concern EMC, but these are designed primarily for the indus-
trial professional. Consequently, we will draw on a number of sources for
reference material. These will be given at the end of each chapter and their reference
will be denoted in the text by brackets (e.g., [xx]). Numerous trade journals, EMC
conference proceedings, and the Institute of Electrical and Electronics Engineers
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(IEEE) Transactions on Electromagnetic Compatibility contain useful tutorial
articles on various aspects of EMC that we will discuss, and these will similarly
be referenced where appropriate. The most important aspect in successfully
dealing with EMC design is to have a sound understanding of the basic principles
of electrical engineering (circuit analysis, electronics, signals, electromagnetics,
linear system theory, digital system design, etc.). We will therefore review these
basics so that the fundamentals will be understood and can be used effectively
and correctly by the reader in solving the EMC problem. A representative set of
such basic texts is [1-3]. A representative but not exhaustive list of texts that
cover the general aspects of EMC is represented by [4—13]. The text by Ott [4]
will form our primary EMC text reference. Other texts and journal articles that
cover aspects of EMC will be referenced in the appropriate chapters. Textbooks
on the design of high-speed digital systems are represented by [14—16]. For a dis-
cussion of the evolution of this EMC course, see [17,18].

1.1 ASPECTS OF EMC

As illustrated above, EMC is concerned with the generation, transmission, and
reception of electromagnetic energy. These three aspects of the EMC problem
form the basic framework of any EMC design. This is illustrated in Fig. 1.1. A
source (also referred to as an emitter) produces the emission, and a transfer or coup-
ling path transfers the emission energy to a receptor (receiver), where it is pro-
cessed, resulting in either desired or undesired behavior. Interference occurs if the
received energy causes the receptor to behave in an undesired manner. Transfer
of electromagnetic energy occurs frequently via unintended coupling modes.
However, the unintentional transfer of energy causes interference only if the
received energy is of sufficient magnitude and/or spectral content at the receptor
input to cause the receptor to behave in an undesired fashion. Unintentional trans-
mission or reception of electromagnetic energy is not necessarily detrimental; unde-
sired behavior of the receptor constitutes interference. So the processing of the
received energy by the receptor is an important part of the question of whether inter-
ference will occur. Quite often it is difficult to determine, a priori, whether a signal
that is incident on a receptor will cause interference in that receptor. For example,
clutter on a radar scope may cause a novice radar operator to incorrectly interpret
the desired data, whereas the clutter may not create problems for an operator who
has considerable experience. In one case we have interference and in the other we

Transfer
S
ogrce - (coupling) - Receptor
(emitter) path (receiver)

FIGURE 1.1 The basic decomposition of the EMC coupling problem.
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do not, although one could argue that the receptor is the radar operator and not the
radar receiver. This points out that it is often difficult to uniquely identify the three
aspects of the problem shown in Fig. 1.1!

It is also important to understand that a source or receptor may be classified as
intended or unintended. In fact, a source or receptor may behave in both modes.
Whether the source or the receptor is intended or unintended depends on the coup-
ling path as well as the type of source or receptor. As an example, an AM radio
station transmitter whose transmission is picked up by a radio receiver that is
tuned to that carrier frequency constitutes an intended emitter. On the other hand,
if the same AM radio transmission is processed by another radio receiver that is
not tuned to the carrier frequency of the transmitter, then the emission is unintended.
(Actually the emission is still intended but the coupling path is not.) There are some
emitters whose emissions can serve no useful purpose. An example is the (nonvisi-
ble) electromagnetic emission from a fluorescent light.

This suggests that there are three ways to prevent interference:

1. Suppress the emission at its source.
2. Make the coupling path as inefficient as possible.
3. Make the receptor less susceptible to the emission.

As we proceed through the examination of the EMC problem, these three alterna-
tives should be kept in mind. The “first line of defense” is to suppress the emission
as much as possible at the source. For example, we will find that fast (short) rise/
falltimes of digital pulses are the primary contributors to the high-frequency spectral
content of these signals. In general, the higher the frequency of the signal to be
passed through the coupling path, the more efficient the coupling path. So we
should slow (increase) the rise/falltimes of digital signals as much as possible.
However, the rise/falltimes of digital signals can be increased only to a point at
which the digital circuitry malfunctions. This is not sufficient reason to use digital
signals having 100 ps rise/falltimes when the system will properly function with
1 ns rise/falltimes. Remember that reducing the high-frequency spectral content
of an emission tends to inherently reduce the efficiency of the coupling path and
hence reduces the signal level at the receptor. There are “brute force” methods of
reducing the efficiency of the coupling path that we will discuss. For example,
placing the receptor in a metal enclosure (a shield) will serve to reduce the efficiency
of the coupling path. But shielded enclosures are more expensive than reducing the
rise /falltime of the emitter, and, more often than not, their actual performance in an
installation is far less than ideal. Reducing the susceptibility of the receptor is quite
often difficult to implement and still preserve the desired function of the product. An
example of implementing reduced susceptibility of a receptor to noise would be the
use of error-correcting codes in a digital receptor. Although undesired electromag-
netic energy is incident on the receptor, the error-correcting codes may allow the
receptor to function properly in the presence of a potentially troublesome signal.
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If the reader will think in terms of reducing the coupling by working from left to
right in Fig. 1.1, success will usually be easier to achieve and with less additional
cost to the system design. Minimizing the cost added to a system to make it electro-
magnetically compatible will continue to be an important consideration in EMC
design. One can put all electronic products in metallic enclosures and power them
with internal batteries, but the product appearance, utility, and cost would be unac-
ceptable to the customer.

We may further break the transfer of electromagnetic energy (with regard to the
prevention of interference) into four subgroups: radiated emissions, radiated sus-
ceptibility, conducted emissions, and conducted susceptibility, as illustrated in
Fig. 1.2. A typical electronic system usually consists of one or more subsystems
that communicate with each other via cables (bundles of wires). A means for
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FIGURE 1.2 The four basic EMC subproblems: (a) radiated emissions; (b) radiated
susceptibility; (c) conducted emissions; (d) conducted susceptibility.
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providing power to these subsystems is usually the commercial ac (alternating-
current) power system of the installation site. A power supply in a particular elec-
tronic system converts this ac 120 V, 60 Hz voltage (240 V, 50 Hz in Europe) to
the various dc (direct-current) voltage levels required to power the internal elec-
tronic components of the system. For example, 5V dc is required to power the
digital logic, +12V, and —12 V dc voltages are required to power analog elec-
tronics. Other dc voltages are required to power devices such as motors. Sometimes
the 60 Hz (50 Hz) ac power is required to power other components such as small
cooling fans. The 60 Hz, 120 V ac system power is obtained from the commercial
power net via a line cord. Other cables are required to interconnect subsystems so
that functional signals can be passed between them. All of these cables have the
potential for emitting and/or picking up electromagnetic energy, and are usually
quite efficient in doing so. Generally speaking, the longer the cable, the more effi-
cient it is in emitting or picking up electromagnetic energy. Interference signals
can also be passed directly between the subsystems via direct conduction on these
cables. If the subsystems are enclosed in metallic enclosures, currents may be
induced on these enclosures by internal signals or external signals. These induced
currents can then radiate to the external environment or to the interior of the enclo-
sure. It is becoming more common, particularly in low-cost systems, to use nonme-
tallic enclosures, usually plastic. The electronic circuits contained in these
nonmetallic enclosures are, for the most part, completely exposed to electromag-
netic emissions, and as such can directly radiate or be susceptible to these emissions.
The four aspects of the EMC problem, radiated emissions, radiated susceptibility,
conducted emissions, and conducted susceptibility, illustrated in Fig. 1.2, reflect
these considerations.

Electromagnetic emissions can occur from the ac power cord, a metallic enclo-
sure containing a subsystem, a cable connecting subsystems or from an electronic
component within a nonmetallic enclosure as Fig. 1.2a illustrates. It is important
to point out that “currents radiate.” This is the essential way in which radiated emis-
sions (intentional or unintentional) are produced. A time-varying current is, in effect,
accelerated charge. Hence the fundamental process that produces radiated emissions
is the acceleration of charge. Throughout the text we will be trying to replace certain
misconceptions that prevent an understanding of the problem. An example is the
notion that the ac power cord carries only 60-Hz signals. Although the primary
intent of this cable is to transfer 60 Hz commercial power to the system, it is import-
ant to realize that other much higher-frequency signals may and usually do exist on
the ac power cord! These are coupled to the ac power cord from the internal subsys-
tems via a number of coupling paths that we will discuss. Once these high-frequency
currents appear on this long (1 m or more) cable, they will radiate quite efficiently.
Also, this long cable may function as an efficient “antenna” and pick up radiated
emissions from other nearby electronic systems as shown in Fig. 1.2b. Once these
external signals are induced on this cable as well as any cables connecting the sub-
systems, they may be transferred to the internal components of the subsystems,
where they may cause interference in those circuits. To summarize, undesired
signals may be radiated or picked up by the ac power cord, interconnection
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cables, metallic cabinets, or internal circuitry of the subsystems, even though these
structures or wires are not intended to carry the signals.

Emissions of and susceptibility to electromagnetic energy occur not only by elec-
tromagnetic waves propagating through air but also by direct conduction on metallic
conductors as illustrated in Figs. 1.2¢,d. Usually this coupling path is inherently
more efficient than the air coupling path. Electronic system designers realize this,
and intentionally place barriers, such as filters, in this path to block the undesired
transmission of this energy. It is particularly important to realize that the interfer-
ence problem often extends beyond the boundaries shown in Fig. 1.2. For
example, currents conducted out the ac power cord are placed on the power distri-
bution net of the installation. This power distribution net is an extensive array of
wires that are directly connected and as such may radiate these signals quite effi-
ciently. In this case, a conducted emission produces a radiated emission. Conse-
quently, restrictions on the emissions conducted out the product’s ac power cord
are intended to reduce the radiated emissions from this power distribution system.

Our primary concern will be the design of electronic systems so that they will
comply with the legal requirements imposed by governmental agencies. However,
there are also a number of other important EMC concerns that we will discuss.
Some of these are depicted in Fig. 1.3. Figure 1.3a illustrates an increasingly
common susceptibility problem for today’s small-scale integrated circuits, electro-
static discharge (ESD). Walking across a nylon carpet with rubber-soled shoes can
cause a buildup of static charge on the body. If an electronic device such as a
keyboard is touched, this static charge may be transferred to the device, and an
arc is created between the finger tips and the device. The direct transfer of charge
can cause permanent destruction of electronic components such as integrated
circuit chips. The arc also bathes the device in an electromagnetic wave that is
picked up by the internal circuitry. This can result in system malfunction. ESD is
a very pervasive problem today.

After the first nuclear detonation in the mid-1940s, it was discovered that the
semiconductor devices (a new type of amplifying element) in the electronic
systems that were used to monitor the effects of the blast were destroyed. This
was not due to the direct physical effects of the blast but was caused by an
intense electromagnetic wave created by the charge separation and movement
within the detonation as illustrated in Fig. 1.3b. Consequently, there is significant
interest within the military communities in regard to “hardening” communication
and data processing facilities against the effect of this electromagnetic pulse
(EMP). The concern is not with the physical effects of the blast but with the inability
to direct retaliatory action if the communication and data processing facilities are
rendered nonfunctional by the EMP. This represents a radiated susceptibility
problem. We will find that the same principles used to reduce the effect of radiated
emissions from neighboring electronic systems also apply to this problem, but with
larger numbers.

Lightning occurs frequently and direct strikes illustrated in Fig. 1.3c are
obviously important. However, the indirect effects on electronic systems can be
equally devastating. The “lightning channel” carries upward of 50,000 A of
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FIGURE 1.3 Other aspects of EMC: (a) electrostatic discharge (ESD); (b) electromagnetic
pulse (EMP); (c) lightning; (d) TEMPEST (secure communication and data processing).

current. The electromagnetic fields from this intense current can couple to elec-
tronic systems either by direct radiation or by coupling to the commercial power
system and subsequently being conducted into the device via the ac power cord.
Consequently, it is important to design and test the product for its immunity to
transient voltages on the ac power cord. Most manufacturers inject “surges”



1.1 ASPECTS OF EMC 9

onto the ac power cord and design their products to withstand these and other
undesired transient voltages.

It has also become of interest to prevent the interception of electromagnetic
emissions by unauthorized persons. It is possible, for example, to determine
what is being typed on an electronic typewriter by monitoring its electromagnetic
emissions as illustrated in Fig. 1.3d. There are also other instances of direct inter-
ception of radiated emissions from which the content of the communications or
data can be determined. Obviously, it is imperative for the military to contain
this problem, which it refers to as TEMPEST. The commercial community is
also interested in this problem from the standpoint of preserving trade secrets,
the knowledge of which could affect the competitiveness of the company in the
marketplace.

There are several other related problems that fit within the purview of the EMC
discipline. However, it is important to realize that these can be viewed in terms of
the four basic subproblems of radiated emissions, radiated susceptibility, conducted
emissions, and conducted susceptibility shown in Fig. 1.2. Only the context of the
problem changes.

The primary vehicle used to understand the effects of interference is a mathemat-
ical model. A mathematical model quantifies our understanding of the phenomenon
and also may bring out important properties that are not so readily apparent. An
additional, important advantage of a mathematical model is its ability to aid in
the design process. The criterion that determines whether the model adequately rep-
resents the phenomenon is whether it can be used to predict experimentally observed
results. If the predictions of the model do not correlate with experimentally observed
behavior of the phenomenon, it is useless. However, our ability to solve the
equations resulting from the model and extract insight from them quite often dictates
the approximations used to construct the model. For example, we often model non-
linear phenomena with linear, approximate models.

Calculations will be performed quite frequently, and correct unit conversion is
essential. Although the trend in the international scientific community is toward
the metric or SI system of units, there is still the need to use other systems. One
must be able to convert a unit in one system to the equivalent in another system,
as in an equation where certain constants are given in another unit system. A
simple and flawless method is to multiply by unit ratios between the two systems
and cancel the unit names to insure that the quantity should be multiplied rather
than divided and vice versa. For example, the units of distance in the English
system (used extensively in the USA) are inches, feet, miles, yards, etc. Some repre-
sentative conversions are 1 inch = 2.54 cm, 1 mil = 0.001 inch, 1 foot = 12 inches,
1 m = 100 cm, 1 mile = 5280 feet, 1 yard = 3 feet, etc. For example, suppose we
wish to convert a distance of 5 miles to kilometers. We would multiply by unity
ratios as follows:

5280feet 12inches 2.54cm 1m 1km
X X X X
1 mile 1 foot 1inch 100cm 1000 m

5 miles x = 8.047 km
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Cancellation of the unit names in this conversion avoids the improper multiplication
(division) of a unit ratio when division (multiplication) should be used. The inability
to properly convert units is a leading reason for numerical errors.

Review Exercise 1.1 Convert the following dimensions to those indicated:
(a) 10 ft to meters, (b) 50 cm to inches, (¢) 30 km to miles.

Answers: (a) 3.048 m (meters), (b) 19.685 in. (inches), (c) 18.64 mi (miles).

It is important to “sanity-check” any calculations done with a calculator. For
example, 10 cm is approximately 4 in. (3.94 in.).

1.2 HISTORY OF EMC

It may be said that interference and its correction arose with the first spark-gap
experiment of Marconi in the late 1800s. In 1901 he provided the first transatlantic
transmission using an array of copper wires. The only receptors of significance at
that time were radio receivers. These were few and widely separated, so that the cor-
rection of an interference problem was relatively simple. However, technical papers
on radio interference began to appear in various technical journals around 1920. The
radio receivers and antennas were rather crude and were prone to interference either
from external sources or from within as with self-induced oscillations. Improve-
ments in design technology cured many of these problems. Radio interference
from electrical apparatus such as electric motors, electric railroads, and electric
signs soon began to appear as a major problem around 1930.

During World War II, the use of electronic devices, primarily radios, navigation
devices, and radar, accelerated. Instances of interference between radios and naviga-
tional devices on aircraft began to increase. These were usually easily corrected by
reassignment of transmitting frequencies in an uncrowded spectrum or physically
moving cables away from noise emission sources to prevent the cables from
picking up those emissions. Because the density of the electronics (primarily
vacuum tube electronics) was considerably less than it is today, these interference
remedies could be easily implemented on a case-by-case basis in order to correct
any electromagnetic interference (EMI) problem. However, the most significant
increases in the interference problem occurred with the inventions of high-density
electronic components such as the bipolar transistor in the 1950s, the integrated
circuit (IC) in the 1960s, and the microprocessor chip in the 1970s. The frequency
spectrum also became more crowded with the increased demand for voice and
data transmission. This required considerable planning with regard to spectrum
utilization and continues today.

Perhaps the primary event that brought the present emphasis on EMC to the fore-
front was the introduction of digital signal processing and computation. In the early
1960s digital computers used vacuum tubes as switching elements. These were
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rather slow (by today’s standards) and required large power consumption and con-
siderable “real estate.” In the 1970s the integrated circuit allowed the construction of
computers that consumed far less power and required much less physical space.
Toward the end of the 1970s the trend toward replacing analog signal processing
with digital signal processing began to accelerate. Almost all electronic functions
were being implemented digitally because of the increased switching speed and min-
iaturization of the ICs. The implementation of various tasks ranging from compu-
tation to word processing to digital control became widespread, and continues
today. This meant that the density of noise sources rich in spectral content (switch-
ing waveforms) was becoming quite large. Consequently, the occurrence of EMI
problems began to rise.

Because of the increasing occurrence of digital system interference with wire and
radio communication, the Federal Communications Commission (FCC) in the
United States published a regulation in 1979 that required the electromagnetic emis-
sions of all “digital devices” to be below certain limits. The intent of this rule was to
try to limit the “electromagnetic pollution” of the environment in order to prevent, or
at least reduce, the number of instances of EMI. Because no “digital device” could
be sold in the United States unless its electromagnetic emissions met these limits
imposed by the FCC, the subject of EMC generated intense interest among the man-
ufacturers of commercial electronics ranging from digital computers to electronic
typewriters.

This is not intended to imply that the United States was at the forefront of “clean-
ing up the electromagnetic environment” in mandating limits on electromagnetic
emissions. Countries in Europe imposed similar requirements on digital devices
well before the FCC issued its rule. In 1933 a meeting of the International Electro-
technical Commission (IEC) in Paris recommended the formation of the Inter-
national Special Committee on Radio Interference (CISPR) to deal with the
emerging problem of EMI. The committee produced a document detailing measure-
ment equipment for determining potential EMI emissions. The CISPR reconvened
after World War II in London in 1946. Subsequent meetings yielded various tech-
nical publications, which dealt with measurement techniques as well as rec-
ommended emission limits. Some European countries adopted versions of
CISPR’s recommended limits. The FCC rule was the first regulation for digital
systems in the United States, and the limits follow the CISPR recommendations
with variations peculiar to the U.S. environment. Most manufacturers of electronic
products within the United States already had internal limits and standards imposed
on their products in order to prevent “field problems” associated with EMIL.
However, the FCC rule made what had been voluntary a matter of legal compliance.

The military community in the United States also imposed limits on the electro-
magnetic emissions of electronic systems to prevent EMI through MIL-STD-461
prior to the FCC issuing its rule. These had been in effect from the early 1960s
and were imposed to insure “mission success.” All electronic and electrical equip-
ment ranging from hand drills to sophisticated computers were required to meet
the emission limits of these standards. Another aspect of the military’s regulations
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is the imposition of a susceptibility requirement. Interfering signals are purposely
injected into the equipment, which must then operate properly in the presence of
these signals. Even though an electronic product complies with the emission require-
ments, it could cause interference with or be susceptible to the emissions of another
electronic device in close proximity. The emission requirements simply attempt to
limit electromagnetic pollution. Susceptibility requirements go one step further in
attempting to insure electromagnetically compatible operation of all equipment.

These regulations have made EMC a critical aspect in the marketability of an elec-
tronic product. If the product does not comply with these regulations for a particular
country, it cannot be sold in that country. The fact that the product performs some
very desirable task and customers are willing to purchase it is unimportant if it
does not comply with the regulatory requirements. Throughout this text the reader
should keep in mind that the evolution of technology has caused the subject of
EMC design to be as critical a part of electronic design as any of the traditional
aspects.

1.3 EXAMPLES

There are numerous examples of EMI, ranging from the commonplace to the cata-
strophic. In this section we will mention a few of these.

Probably one of the more common examples is the occurrence of “lines” across
the face of a television screen when a blender, vacuum cleaner, or other household
device containing a universal motor is turned on. This problem results from the
arcing at the brushes of the universal motor. As the commutator makes and
breaks contact through the brushes, the current in the motor windings (an induc-
tance) is being interrupted, causing a large voltage (L di/dr) across the contacts.
This voltage is similar to the Marconi spark-gap generator and is rich in spectral
content. The problem is caused by the radiation of this signal to the TV antenna
caused by the passage of this noise signal out through the ac power cord of the
device. This places the interference signal on the common power net of the house-
hold. As mentioned earlier, this common power distribution system is a large array
of wires. Once the signal is present on this efficient “antenna,” it radiates to the TV
antenna, creating the interference.

A manufacturer of office equipment placed its first prototype of a new copying
machine in its headquarters. An executive noticed that when someone made a
copy, the hall clocks would sometimes reset or do strange things. The problem
turned out to be due to the silicon-controlled rectifiers (SCRs) in the power con-
ditioning circuitry of the copier. These devices turn on and off to “chop” the ac
current to create a regulated dc current. These signals are also rich in spectral
content because of the abrupt change in current, and were coupled out through
the copier’s ac power cord onto the common ac power net in the building. Clocks
in hallways are often set and synchronized by use of a modulated signal imposed
on the 60 Hz ac power signal. The “glitch” caused by the firing of the SCRs in
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the copier coupled into the clocks via the common ac power net and caused them to
interpret it as a signal to reset.

A new version of an automobile had a microprocessor-controlled emission and
fuel monitoring system installed. A dealer received a complaint that when the cus-
tomer drove down a certain street in the town, the car would stall. Measurement of
the ambient fields on the street revealed the presence of an illegal FM radio trans-
mitter. The signals from that transmitter coupled onto the wires leading to the pro-
cessor and caused it to shut down.

Certain trailer trucks had electronic breaking systems installed. Keying a citizens
band (CB) transmitter in a passing automobile would sometimes cause the brakes on
the truck to “lock up.” The problem turned out to be the coupling of the CB signal
into the electronic circuitry of the braking system. Shielding the circuitry cured the
problem.

A large computer system was installed in an office complex near a commercial
airport. At random times the system would lose or store incorrect data. The
problem turned out to be synchronized with the sweep of the airport surveillance
radar as it illuminated the office complex. Extensive shielding of the computer
room prevented any further interference.

In 1982 the United Kingdom lost a destroyer, the HMS Sheffield, to an Exocet
missile during an engagement with Argentinian forces in the battle of the Falkland
Islands. The destroyer’s radio system for communicating with the United Kingdom
would not operate properly while the ship’s antimissile detection system was being
operated due to interference between the two systems. To temporarily prevent inter-
ference during a period of communication with the United Kingdom, the antimissile
system was turned off. Unfortunately, this coincided with the enemy launch of the
Exocet missile.

The U.S. Army purchased an attack helicopter designated as the UH-60 Black
Hawk. On Sunday, November 8, 1988, various news agencies reported that the heli-
copter was susceptible to electromagnetic emissions. Evidence was revealed that
indicated most of the crashes of the Black Hawk since 1982, which killed 22 service-
people, were caused by flying too close to radar transmitters, radio transmitters, and
possibly even a CB transmitter. The susceptibility of the helicopter’s electronically
controlled flight control system to these electromagnetic emissions was thought to
have caused these crashes.

On July 29, 1967, the U.S. aircraft carrier Forrestal was deployed off the coast of
North Vietnam. The carrier deck contained numerous attack aircraft that were fueled
and loaded with 1000-pound (Ib) bombs, as well as air-to-air and air-to-ground mis-
siles. One of the aircraft missiles was inadvertently deployed, striking another air-
craft and causing an explosion of its fuel tanks and the subsequent death of 134
servicepeople. The problem was thought to be caused by the generation of radio-
frequency (RF) voltages across the contacts of a shielded connector by the ship’s
high-power search radar.

These are a few of the many instances of EMI in our dense electronic world. The
life-threatening results clearly demand remedies. The occurrences that merely result
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in annoyance or loss of data in a computer are not as dramatic, but still create con-
siderable disruption and also require resolution. We will discuss design principles
that solve many of these problems.

1.4 ELECTRICAL DIMENSIONS AND WAVES

Perhaps the most important concept that the reader should grasp in order to be effec-
tive in EMC is that of the electrical dimensions of an electric circuit or electromag-
netic radiating structure (intentional or unintentional). Physical dimensions of a
radiating structure such as an antenna are not important, per se, in determining
the ability of that structure to radiate electromagnetic energy. Electrical dimensions
of the structure in wavelengths are more significant in determining this. Electrical
dimensions are measured in wavelengths. A wavelength represents the distance
that a single-frequency, sinusoidal electromagnetic wave must travel in order to
change phase by 360°. Strictly speaking, this applies to one type of wave: the
uniform plane wave. However, other types of waves have similar characteristics,
and so this concept has broad application. Appendix B contains a thorough but
brief discussion of electromagnetic laws and principles as well as the uniform
plane wave and wavelength. All electrical engineering undergraduate curricula
require at least one semester of electromagnetic field theory that the material in
Appendix B represents. The reader is strongly advised to review this important
material in Appendix B or consult [1,2].

Although Maxwell’s equations govern all electrical phenomena, they are quite
complicated, mathematically. Hence we use, where possible, simpler approxi-
mations to them such as lumped-circuit models and Kirchhoff’s laws. The important
question here is when we can use the simpler lumped-circuit models and Kirchhoff’s
laws instead of Maxwell’s equations when analyzing a problem. The essence of the
answer is when the largest dimension of the circuit is electrically small, for example,
much smaller than a wavelength at the excitation frequency of the circuit sources.
Typically we might use the criterion that a circuit is electrically small when the
largest dimension is smaller than one-tenth of a wavelength.

This notion of electrical dimensions and lumped-circuit models has other signifi-
cant aspects that we must discuss. Electromagnetic phenomena are truly a distributed-
parameter process in that the properties of the structure such as capacitance and
inductance are, in reality, distributed throughout space rather than being lumped at dis-
crete points. When we construct lumped-parameter electric circuit models, we are
ignoring the distributed nature of the electromagnetic fields. For example, consider
a lumped-circuit element such as a resistor and its associated connection leads as
shown in Fig. 1.4. When using lumped-circuit models, we are in effect saying
that the connection leads of the elements are of no consequence and their effects
may be ignored. When is this valid? In Fig. 1.4 we have shown the element
current (assumed cosinusoidal) that enters the left connection lead and exits the
right connection lead as a function of time #. This current is actually a wave prop-
agating with velocity v. If the medium surrounding the connection leads (wires) is
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FIGURE 1.4 Illustration of the effect of element interconnection leads.

air, the velocity of propagation is the speed of light or v = 2.99792458 x 10 m/s
or approximately v = 3 x 10% m/s. Because of this propagation there is a finite
time delay

Tp = s (1.1)

&
v
required for the current wave to transit element and the connection leads and % is
the total length of the element and its connection leads. For example, the time
delay for a wave propagating in free space (approximately air) over a distance
1 m is approximately 3 ns or about 1 ns per foot. This time delay of propagation
is becoming more critical in today’s digital electronic circuits because of the
ever-increasing speeds (and consequently the higher frequency content) of those
digital signals. For example, in the mid-1980s or so the clock speeds of digital
devices were on the order of 10 MHz. These digital signals had rise/falltimes in
transitioning from a 1 to a 0 and vice versa on the order of 20 ns. Today the
clock speeds of personal computers are on the order of 3 GHz and the transition
times are on the order of 100-500 ps. The velocity of propagation along a
printed circuit board (PCB) land that interconnects the components is reduced
from that of free space by the presence of the board material that is glass epoxy
(FR-4) and is on the order of 1.8 x 108 m/s. Hence the delay in transiting a 6-
in. land on that PCB is on the order of 850 ps. Today this propagation delay can
be on the order of the rise/falltimes of the digital signal and can cause timing pro-
blems in the digital logic. In the mid-1980s it was insignificant, and the delay in
transiting the digital gates was the only significant delay problem. Today the inter-
connect connections are drastically impacting signal integrity, which we will
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discuss in Chapter 4. We can look forward to this delay caused by interconnections
to become even more critical to the performance of the digital device as clock and
data speeds continue to increase seemingly without bound.

Suppose that the current and the associated wave are sinusoidal. Appendix B
shows that a sinusoidal propagating wave can be written as a function of time ¢
and position z as (where we have arbitrarily chosen a cosine form)

i(z,t) = I cos(wt — B2) (1.2)

where B is the phase constant in radians per meter (rad/m) and w = 27f, where [ is
the cyclic frequency in Hz. This is shown in Fig. 1.5 as a function of distance z for
fixed times ¢. As the wave propagates from one end of the connection lead, through
the element, and exists the other end of the other connection lead it suffers a phase
shift, which is given in (1.2) by

¢ = B¥ radians (1.3)

and % is the total length of the connection leads. The phase shift is alternatively
related to wavelength, which is denoted by A and is the distance that the wave
must travel to change phase by 21 radians, which is equivalent to 360°. Hence
the wavelength and the phase constant are related by

BA =2m radians (1.4)

Therefore (1.2) can be written alternatively as
. z
iz, 1) = Icos(wt - 27TX> (1.5)

Because distance z appears in this current expression as a ratio with wavelength A,
it becomes clear that physical distance z is not the important parameter; electrical
distance in wavelengths z/A is the critical parameter.

The wavelength of the wave is the distance between successive corresponding
points such as the crest of the wave as shown in Fig. 1.5a. This is similar to observing
waves in the ocean. Movement of the wave is ascertained by observing the move-
ment of the crest of the wave as shown in Fig. 1.5b. The water particles actually
exhibit and up—down motion, but the wave appears to move along the ocean
surface. In order to track the movement of the wave, we observe the movement
of a common point on the wave. For the sinusoidal wave in (1.2), this means that
we track points where the argument of the cosine remains constant:

wt — Bz = constant (1.6)

It is also clear that the wave in (1.2) is traveling in the +z direction since as time ¢
increases, distance z must also increase to keep the argument of the cosine constant
in order to track the movement of a point on the waveform. Differentiating (1.6)
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FIGURE 1.5 Wave propagation: (a) wave propagation in space and wavelength; (b) wave
propagation as time progresses.
gives the velocity of the wave movement as

dz
vV=—
dt

w

B
=Af m/s

Hence the wavelength can be written as

(1.7)

A =z m (1.8)
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Table 1.1 gives the wavelengths of sinusoidal waves propagating in free space for
various frequencies of that wave. Substituting (1.7) into (1.2) yields

i(z,t) = Icos (w(t — iz))
(1.9)
= Icos(w(t — %))

This result illustrates that the phase shift of a wave is equivalent to time delay, which
is given by z/v seconds.

From (1.3) and (1.4) as the current propagates along the connection leads a dis-
tance of one wavelength, ¥ = A, it suffers a phase shift of ¢ = BA = 27 radians or
360°. In other words, if the total length of the connection leads is one wavelength,
the current entering the connection leads and the current exiting those leads are in
phase but have changed phase 360° in the process of transiting the element. On
the other hand, if the total length of the connection leads is one-half wavelength
(& = A/2), then the current suffers a phase shift of 180° so that the current entering
the connection leads and the current exiting those leads are completely out of phase.
If the length of the connection leads is 1]_oth of a wavelength the current suffers a
phase shift of 36°. Over a distance of %th of a wavelength it suffers a phase shift
of 18°, and over a distance of ﬁth of a wavelength it suffers a phase shift of
3.6°. If the effects of the connection leads are to be unimportant as is assumed by
the lumped-circuit model, then the total length of the connection leads must be
such that this phase shift is negligible. There is no fixed criterion for this but we
will asume that the phase shift is negligible if the lengths are smaller than, say,
%th of a wavelength at the excitation frequency of the source. For some situations
the phase shift must be smaller than this to be negligible. Physical dimensions are
not as important as electrical dimensions in determining the behavior of an electric

circuit or device. Electrical dimensions are the physical dimensions in wavelengths.

TABLE 1.1  Frequencies of Sinusoidal Waves and Their
Corresponding Wavelengths in Free Space (Air)

Frequency (f) Wavelength (A)
60 Hz 3107 miles (5000 km)
3 kHz 100 km
30 kHz 10 km
300 kHz 1 km
3 MHz 100 m
30 MHz 10 m
300 MHz 1m
3 GHz 10 cm
30 GHz 1 cm

300 GHz 1 mm
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A physical dimension that is smaller than lioth of a wavelength is said to be electri-
cally small in that the phase shift as a wave propagates across that dimension may be
ignored. These concepts give rise to the rule of thumb that lumped-circuit models of
circuits are an adequate representation of the physical circuit so long as the largest
electrical dimension of the physical circuit is less than, say, %th of a wavelength.
Table 1.2 gives the frequencies and corresponding wavelengths for various
applications.
Broadly speaking, the velocity of propagation of a wave in a nonconductive
medium other than free space is determined by the permittivity € and permeability
w of the medium. For free space these are denoted as €y and w, and are given by

€ x 107 F/m (approximate)

~ 36w
o =47 x 107" H/m (exact)

TABLE 1.2 Frequencies and Corresponding Wavelengths of Electronic Systems

Frequency Band” Wavelength Uses

EHF (30-300 GHz) 1 cm—1 mm Radar, remote sensing, radio
astronomy

SHF (3-30 GHz) 10cm-1cm Radar, satellite communication,

remote sensing, microwave
electronic circuits, aircraft
navigation, digital systems

UHF (300-3000 MHz) 1m-10cm Radar, TV, microwave ovens, air
navigation, cell phones, military air
traffic control communication and
navigation, digital systems

VHF (30-300 MHz) 10m—-1 m TV, FM broadcasting, police radio,
mobile radio, commercial air traffic
control (ATC) communication and
navigation, digital systems

HF (3-30 MHz) 100 m—10 m Shortwave radio (ham), citizens band

MF (300-3000 kHz) 1 km—-100 m AM broadcasting, maritime radio,
ADF direction finding

LF (30-300 kHz) 10 km—-1 km Loran long-range navigation, ADF
radio beacons, weather
broadcasting

VLF (3-30 kHz) 100 km-10 km Long-range navigation, sonar

ULF (300-3 kHz) 1 Mm-100 km Telephone audio range

SLF (30-300 Hz) 6214 mi—621 mi Communication with submarines,
commercial power (60 Hz)

ELF (3-30 Hz) 62,137 mi—6214 mi Detection of buried metal objects

“E = extra, S = super, U = ultra, V = very, H = high, M = medium, L = low, F = frequency.
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The units of € are farads per meter or a capacitance per distance. The units of w are
henrys per meter or an inductance per distance. We will see these combinations of
units several times in later portions of this text and in a different context. The velo-
city of propagation in free space (air) is given in terms of these as

1
V€l (1.10)

=3 x 108 m/s (approximate)

Vg =

Other media through which the wave may propagate are characterized in terms of
their permittivity and permeability relative to that of free space, €, and p,, so that
€=¢€¢ and w = w.u,. For example, Teflon has €. = 2.1 and u, = 1.0. Note
that the permeability w is the same as in free space. This is an important property
of nonferrous or nonmagnetic materials. On the other hand, the permeability of
sheet steel (a ferrous or magnetic material) is 2000 times that of free space,
w, = 2000, whereas it has a relative permittivity of €, = 1.0. For nonconductive
media, other than free space, the velocity of wave propagation is

(1.11)
Vo

/€L,

For example, a wave propagating in Teflon (e, = 2.1, u, = 1) has a velocity of
propagation of

vo
3 x 108m/s

T V2ixl

=207,019,667.8 m/s

=0.690

V=

Dielectric materials (u, = 1) have relative permittivities (€,) typically between 2
and 12, so that velocities of propagation range from 0.70v to 0.29v( in dielectrics.
Table 1.3 gives €, for various dielectric materials. Table 1.4 gives the relative per-
meability and relative conductivity (relative to Copper) for various metals.

It is very important for the reader to be able to correctly calculate the electrical
dimensions of a structure at a particular frequency. The key to doing this is to realize
that a dimension of one meter in free space (air) is one wavelength at a frequency of
300 MHz. Wavelengths in free space can be easily calculated at another frequency
by appropriately scaling the dimension, remembering that one wavelength at
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TABLE 1.3 Relative Permittivities of Various Dielectrics

Material €
Air 1.0005
Styrofoam 1.03
Polyethylene foam 1.6
Cellular polyethylene 1.8
Teflon 2.1
Polyethylene 2.3
Polystyrene 2.5
Nylon 3.5
Silicon rubber 3.1
Polyvinyl chloride (PVC) 35
Epoxy resin 3.6
Quartz (fused) 3.8
Epoxy glass (printed circuit substrate) 4.7
Bakelite 4.9
Glass (pyrex) 5.0
Mylar 4.0
Porcelain 6.0
Neoprene 6.7
Polyurethane 7.0
Silicon 12.0

TABLE 1.4 Relative Permeabilities and Conductivities
(Relative to Copper) of Various Metals

Conductor o, M,

Silver 1.05 1
Copper-annealed 1.00 1
Gold 0.70 1
Aluminum 0.61 1
Brass 0.26 1
Nickel 0.20 600
Bronze 0.18 1
Tin 0.15 1
Steel (SAE 1045) 0.10 1000
Lead 0.08 1
Monel 0.04 1
Stainless Steel (430) 0.02 500
Zinc 0.32 1
Iron 0.17 1000
Beryllium 0.10 1
Mumetal (at 1 kHz) 0.03 30,000

Permalloy (at 1 kHz) 0.03 80,000
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300 MHz is 1 m. To do this, it is important to realize that as frequency increases, a
wavelength decreases and vice versa. For example, a wavelength at 50 MHz is
I m x 300 MHz/50 MHz = 6 m. A wavelength at 2 GHz (1 GHz = 1000 MHz)
in air is 300/2000 = 0.15 m = 15 cm. Table 1.1 gives some representative values.

The electrical dimensions of a circuit or other electromagnetic structure need to
be calculated to determine whether it is electrically small (¥ < % A). If it is electri-
cally small, we can apply simpler concepts and calculations than would be necessary
if it were electrically large (¥ > % A). For example, Kirchhoff’s voltage and current
laws along with the lumped-circuit modeling of elements are applicable only if the
largest dimension of the circuit is electrically small! If the circuit is electrically
large, we have no other recourse but to use Maxwell’s equations (or some appropri-
ate simplification of them) in order to describe the problem. Clearly, then, it is
important to determine the electrical dimensions of a circuit. One can determine
this by first calculating the wavelength at the highest frequency of interest and
then computing k in relation to ¥ = kA by writing

k== (1.12)

For example, a circuit or radiating structure whose maximum dimension is 3.6 m
and is operated at a frequency of 86 MHz is 3.6/3.49 = 1.03 wavelengths
because a wavelength in free space at 86 MHz is 300/86 = 3.49 m. If this structure
were immersed in a polyvinyl chloride (PVC) dielectric (e, = 3.5, u, = 1), its
maximum dimension of 3.6 m would be 1.93 wavelengths since the wavelength
of 86 MHz in PVC is

A v
S
__ Vo _ Ao
Ve &R,
3.49
=———=1865m
V35 x%x1

Review Exercise 1.2 Determine the wavelength at the following frequencies in
metric and in English units: (a) 600 MHz in epoxy glass, (b) 3 GHz in air,
(c) 5 MHz in polyvinyl chloride.

Answers: (a) 23.1 cm, 9.08 in., (b) 10 cm, 3.94 in., (c) 32.07 m, 105.22 ft.
Review Exercise 1.3 Determine the following physical dimensions in wave-
lengths: (a) 250 MHz, 5 cm in air, (b) a one mile length of 60 Hz power transmission

line in air, (c) 10 MHz, 20 feet in PVC.

Answers: (a) 0.042 A, (b) 3.22 x 107* A, (c) 0.38 A.
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1.5 DECIBELS AND COMMON EMC UNITS

The primary quantities of interest in EMC problems are conducted emissions
[voltage in volts (V), and current in amperes (A)] and radiated emissions [electric
field in volts per meter (V/m) and magnetic field in amperes per meter (A/m)].
Associated with these primary quantities are the quantities of power in watts (W)
or power density in watts per square meter (W/m?). The numerical range of these
quantities can be quite large. For example, electric fields can have values ranging
from 1 wV/m to 200 V/m. This represents a dynamic range of over eight orders of
magnitude (10%). Because these wide ranges in units are common in the EMC com-
munity, EMC units are expressed in decibels (dB). Decibels have the property of
compressing data, e.g., a range of voltages of 10® is 160 dB. There are also other
reasons for expressing these quantities in dB, as we will see. In order to be effective
in EMC, we must be able to express and manipulate units that are expressed in dB. It
is also important to conceptualize the values of various EMC units when they are
expressed in dB. This is somewhat similar to the conversion from the English
system of units (inches, feet, gallons, etc.) to the metric system of units (meters,
centimeters, liters, etc.). Those accustomed to the English system have a feel for
the length of, for example, 100 yards (the length of a football field in the USA)
but may have difficulty visualizing a length of 100 m, although both dimensions
are approximately the same. In order to be effective in EMC, it is imperitive to be
able to convert, understand, and use units expressed in dB. This section is devoted
to that objective.

The decibel was originally developed in the telephone industry to describe the
effect of noise in telephone circuits [4]. The ear tends to hear logarithmically so
describing the effect of noise in dB is natural. To begin the discussion, consider
the amplifier circuit shown in Fig. 1.6. A source consisting of an open-circuit
voltage Vg and source resistance Ry delivers a signal to an amplifier whose load is
represented by R;. The input resistance to the amplifier is denoted by R;, and the

Amplifier | Ry Vout

FIGURE 1.6 An illustration of the definition and use of the decibel (dB).
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power delivered to the amplifier is
Uin
Pin =R (1.13)
where the input voltage is expressed as RMS (root-mean-squared) and differs from
the peak value of the sinusoidal voltage, Upcak, bY UrRMS = Upeak/ V2 [3].

There are two common ways of expressing values of voltages and currents: peak
and RMS [3]. If we write the equation of a sinusoidal voltage as V sin(wt) the maxi-
mum or peak value of the wave form is V. If this voltage is applied across a resistor R
the average power delivered to the resistor is [3] P,y = (%)(%2) watts. On the other
hand it is common in industry to express sinusoidal voltages and currents as RMS
where Vgms = V/+/2 and V is the peak value of the waveform. In this case the
average power delivered to a resistor is P,y = VZys/R watts and no % factor is
required. This is the only consequence of expressing sinusoidal voltages and
currents in peak or RMS. For example, household voltages in the U.S. are 120
volts (RMS) which is 170 volts (peak). Test and measurement equipment are
almost universally calibrated in RMS and not peak.

The power delivered to the load is

2

Pou = URL? (1.14)
The power gain of the amplifier is
Power gain = P‘?m
) ﬁR_ (1.15)
B v Re

The power gain expressed in decibels is defined as

PDI.]
Power gaingz = 101log, (P—‘> (1.16)

mn

where log, is the logarithm to the base 10.
The related quantities of interest are the voltage gain and current gain of the
amplifier. These are defined by

Voltage gain = Dout 1.17)

in

Current gain = lo—m (1.18)

lin
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In dB these are defined as

Voltage gaing = 20 loglo(vom> (1.19)
Vin

Current gaingg = 20 loglo(ﬂ) (1.20)
lin

Note that power gain in dB is defined as 101og,, of the ratio of the two quantities,
whereas voltage gain and current gain in dB are defined as 201og,, of the ratio of the
two quantities! Although this could be taken as simply definition, there is a rationale
for it. To see this, observe that if the input resistance to the amplifier equals the load
resistance, R; = R;,, then (1.15) becomes

2
Power gain = (%m) (1.21)

Vin/ R, =Ry

In dB the power gain becomes, for R;, = Ry,

in

Power gaingz = 201log;, (%m) (1.22)
Ry =Ri,

from which we obtain the defining relation for expressing the voltage gain in dB as
in (1.19). In summary, the ratio of two quantities in dB is given by

P

dB = 1010g10<P2> (power) (1.23)
1

dB = 201log,, <Z2) (voltage) (1.24)
1

dB = 20 1og10<’,2> (current) (1.25)
13

Review Exercise 1.4 Determine the ratio of (a) two powers Py = I mW and
P, =20W, (b) two voltages v; = 10 mV and v, = 20wV, and (c) two currents
iy =2 mA and i, = 0.5 A in dB.

Answers: 43 dB, —54 dB, 48 dB.

Note that decibels are the ratio of two quantities. Absolute power, voltage,
or current levels are expressed in dB by giving their value above or referenced
to some base quantity. For example, voltages are commonly expressed relative
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to 1wV as dBpV:

volts

dBpV = 20 logm(W) (1.26)
L

For example, a voltage of 1 V is 120dBuV since

v

2°‘°g10(m

) = 201log,, 10°

= 120dBpV

This is commonly stated as “1 V is 120 dB above a microvolt.” As another example,
1 mV is 60 dBpV. Similarly, 350 mV is

350 x 1073V
201 10(7106\7

) = 201og;, (350 x 10°)

=110.88dBnV
Conversely, 0.1 wV is —20dBpV, or, 0.1 wV is 20 dB below a microvolt.

Some other standard units are dBmV (dB above a millivolt), dBA (dB above a
microamp) and dBmA (dB above a milliamp), where

|
dBmV = 20 1og,0<1V° t\i) (1.27)
m
dBRA = 20 lg(%) (1.28)
W
dBmA = 20 1og10(ari‘if:s) (1.29)

Powers are also expressed relative to a microwatt, dBuwW, and dB above a milliwatt,
dBmW, or more commonly dBm as

tt;
dBuW = lOlogm(M) (1.30)
m

dBm = dBmW (1.31)
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Note that the pattern for the names follow that for voltage and current except that the
very common dB above a milliwatt is usually denoted as dBm. Some examples are

15mV = 15,000 pV
= 83.52dBpV
= 23.52dBmV

630mA = 630,000 LA
= 115.99dBpA
= 55.99 dBmA

250 mW = 250,000 pW
= 53.98 dBuW
= 23.98dBm

Note the use of the designation dBm in the last example to designate dBmW.

Review Exercise 1.5 Determine the following quantities in the indicated units:
20mV (dBpV), 50 wV (dBmV), 100 mA (dBpA), 30 W (dBW), 300 W (dBm).

Answers: 86dBuV, —26dBmV, 100dBpA, 14.77 dBW, —5.23 dBm.

Radiated electromagnetic fields are given in terms of electric field intensity in
units of volts per meter (V/m) or in terms of magnetic field intensity in units of
amperes per meter (A/m). The common EMC units reference these to 1 pV/m,
1mV/m, 1 pA/m, or ImA/m as dBpV/m, dBmV/m, dBpA/m, or dBmA/m,
respectively. For example, one of the legal limits on radiated electric field is
100 wV/m. This translates to 40dBuwV/m. So these units translate in the same
fashion as voltage and current:

\

dBwV/m = 20 loglo(ﬁ> (1.32)
A

dBpA/m = 20 1oglo(ﬁ> (1.33)

It is also important to be able to convert a unit given in dB to its absolute value.
To do this we use the definition of the logarithm of a number to the base m:

log, A =n (1.34)
This denotes the power to which the base m must be raised to give A:

m' = A (1.35)
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Therefore we may convert a number given in dB to its absolute value by performing
the operation given in (1.35). For example, 108 dBV is

14
108 dBuV = 20 logm(m)

Thus the absolute value of V in this expression is

V= 10108dBp.V/20 x 1076

=0.2512V
The common conversions are
Volts = 109B+Y/20 5 1076 (1.36)
Volts = 109BmV/20 » 1073 (1.37)
Watts = 1098#W/10 5 1076 (1.38)
Watts = 109Bm/10 5 1073 (1.39)

The steps are

1. Divide the quantity by 20 (voltage or current) or 10 (power).
2. Raise 10 to that power.
3. Multiply the result by 1076 for dBiwV and dBuW or 1073 for dBmV and dBm.

The same rules hold for electric and magnetic field quantities in dBpV/m,
dBmV/m, dBpA/m, or dBmA/m, where they are treated like voltage and
current, i.e., use 20log;,. For example, the electric field intensity of 44 dBV/m
translates to

10@4BRY/M/20 5 1076 = 0.00015849 V/m
= 158.49 pV/m

Similarly, 56 dBm translates to

10704Bm/10 5 1073 = 398.107 W
= 398,107.17 mW

Review Exercise 1.6 Determine the absolute values of the following quantities:
60dBwV/m, 120dBpwV/m, 30 dBmV, 66 dBm.

Answers: 1 mV/m, 1 V/m, 31.6 mV, 3981 W.

Referring to the EMC units in dB rather than in absolute quantity has the property
of condensing larger numbers into smaller ones. Additional advantages have to do
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with the properties of the logarithm, so we should review those properties. The
primary properties are

log,, (A x B) = log,, A +log,, B (1.40)
log,, A* = klog,, A (1.41)

A
log,, <§) =log, A —log,, B (1.42)

Note that
log,, (A + B) # log,, A +log,, B

These very important properties make the manipulation of EMC units simpler if they
are expressed in dB. For example, consider converting a voltage to dBuV:

volts

2010g10<m> = 201og,, (volts) — 201log,, 107°

= 201log,, (volts) + 120

We could convert the voltage to dBV (dB relative to 1 V) by taking 20log, of the
voltage and then adding 120 to arrive at dBV.

These properties can also be used to obtain reasonably accurate estimates of a
quantity in dB without the use of a calculator. In order to show this, let us consider
the conversion of some common numbers to dB as given in Table 1.5.

Converting 10 raised to an integer power (positive or negative) is quite easy. Of
the numbers 1 through 9 the two most useful are 2 and 3. Note that a ratio of two
voltages whose ratio is 2 is approximately 6 dB, whereas this same ratio of two
powers is approximately 3 dB. Similarly, ratios of 3 are approximately 10 dB for
voltages or currents and 5 dB for power. These can be used to estimate quantities
in dB by writing the number as the product of power of 10 and the numbers
2 and 3. For example

25 >~ 24
=3 x2x2x2

Therefore

20log,n25 = 20log;,24
=20log;; 3 x2x2x2)
= 20log;y3 + 20log;y2 + 20log;y2 + 20log,2
~10+6+6+6
= 28dB (27.9588)
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TABLE 1.5 Conversion to Decibels

Ratio VorIin dB P in dB
106 120 60
10° 100 50
10* 80 40
10° 60 30
10? 40 20
10 20 10
9 19.08 9.54
8 18.06 9.03
7 16.9 8.45
6 15.56 7.78
5 13.98 6.99
4 12.04 6.02
3 9.54 4.77
2 6.02 3.01
1 0 0
107! -20 —10
1072 —40 —-20
1073 —-60 -30

The exact value is given in parentheses. Some other examples are

201log;, 360 =20log;; 3 x 2 x 3 x 2 x 10)
=10+6+4+104+6+20
=52dB (51.126)
10log,y 145 = 10log,y 1 — 101og,, 180
=0-10log;y(2 x 3 x 3 x 10)
=-3-5-5-10
= —23dB (—22.55)

With these observations, the reader should be able to estimate a number in dB and
convert a number expressed in dB to its absolute value. For example, an electric field
intensity of 86dBuV/m is 86 =20+20+420+20+6. Thus 86dBuV/m
represents (approximately) 10 x 10 x 10 x 10 x 2 =2 x 10* = 20,000 wV/m or
20 mV/m or 0.02 V/m. The exact value is 19,952.62 wV/m.

Review Exercise 1.7 Convert the following voltages to dBuV without a calculator
and give the exact result: (a) 120mV, (b) 0.04 uV, (c) 48 V.

Answers: (a) 102dB pV (101.58dBpV), (b) —28dBuV(—27.96dBpV), (c)
154 dBp.V (153.63 dBuV).
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The ability of the dB (and the logarithm) to compress large numbers into smaller
ones means that we can make some relatively crude approximations and still arrive
at a reasonable estimate of the number in dB. Another example of the utility of
expressing EMC units in dB is given in Fig. 1.7. The power gain of the amplifier
is the ratio of the output and input power

Py
Gain = Pmt (1.43)
Thus the output power, given the input power, is
Poy = Gain x Pj, (1.44)
Taking 10logo of both sides of (1.44) and using (1.40) gives
Pou a = Gaingg + Pin ap (1.45)

The reference quantity for Py, and Pj, used to convert them to dB can be any
convenient base such as 1 mW. So (1.45) can be written in a number of ways as

Poutdem = Gaingg + Pipgm (1.46a)
PoutdBpw = Gaingg + Pipappw (1.46b)

Note that Gain in dB is the same in both cases. It is the ratio of two powers and
as long as the two powers are expressed in the same units (dBuW, dBm, etc.),
gain is unchanged. This makes the computation of powers in a system simple,
since outputs of signal sources are usually rated in terms of powers (more about
this later) and are typically given in dBm. For the example given in Fig. 1.7,
PoutaBm = 60dB + —30dBm. Also, Poycappw = 60dB + 0dBuW = 60dBuW. So
the products of transfer functions become sums when the transfer functions are
expressed in dB. The same holds true when R;, = R, in Fig. 1.6 and the transfer
function is a ratio of two voltages or two currents, or a ratio of a voltage and
a current. Because of the way we defined the dB (10 log for power and 20 log
for voltage and current), output and input quantities are similarly related with

Amplifier
Py =1uw Pout
——— Gain = 60dB ——————

Loss = —60dB

FIGURE 1.7 An illustration of the use of the decibel in computing amplifier performance.
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the same Gain in dB that was used for power in (1.45) and (1.46) (assuming
Rin = RL):

VoutdBpv = Gaingg + vindpy (1.47a)
VoutdBmv = Gaingg + UindBmy (1.47b)
loutaBpa = Gaingg + findBpa (1.47¢)
loutdBma = Gaingg + iindBma (1.47d)

1.5.1 Power Loss in Cables

Computing the power loss in long connection cables is another example that illus-
trates the utility of expressing quantities in dB. To begin that discussion, we need
to briefly review the topic of transmission lines. (This topic will be covered in
more detail in Chapter 4.) Consider the transmission line of length ¥ shown in
Fig. 1.8. The line is usually characterized in terms of its characteristic impedance
Zc and velocity of propagation of waves on the line v. Although we may be inter-
ested in the behavior of the line when arbitrary time-domain pulses are applied to
it, we are usually concerned with its sinusoidal steady-state behavior, i.e., for
single frequency, sinusoidal excitation after all transients have died out. The
equations for the phasor voltage and current on the line at position z for sinusoidal
steady-state excitation are [1-3].

V()= Ve @e Pt 4 Ve elft (1.482)

. as ‘ V- )

I(z) = > P 5 e elPr (1.48b)
C C

For sinusoidal steady-state excitation of systems, the reader should review the
phasor solution method discussed in Appendix A.

The quantities V(z) and ] (z) are the phasor line voltage and current, respectively,
and are functions of position z on the line. The quantities V" and V™ are undeter-
mined constants that will be determined by the source and load that are attached
to the line. We will denote all complex-valued quantities such as phasor voltages

lrII'I '!] l!Icrut
O - -
1 ¥ }
Vin ) Viz) Vour 2,
- Zc,u _ i
Cr
| i -
z=0 Fm z

FIGURE 1.8 The basic transmission-line problem with symbols defined.
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and currents with a caret (7). Each complex quantity will have a magnitude and a

phase angle, e.g., V= V /6y, 1= 1/6; and 7= Z /7. The quantity « is the attenu-

ation constant caused by losses in the line (in the line conductors and in the sur-

rounding medium). If the line is lossless, « = 0. The quantity 3 is the phase

constant and gives the phase shift incurred in the wave as it moves down the line.

The units of B are radians/m; whereas the units of « are Np/m (nepers per meter).
The expressions in (1.48) can be written as

V(2) = V(@) + Vi(2) (1.49a)
. 1% v
i) = 1@ _Ve@ (1.49b)
Zc Zc
where
V@)= V' e e Pt (1.50a)
V@) =V el (1.50b)

The quantities Vf(z) and f/b(z) are referred to as the forward- and backward-
traveling waves, respectively. This is because the phasor forms in (1.48) converted
to the time domain become [1-3]

vz 1) = Re[V()e!™]
=V e @ cos (ot — Bz+ 07+ V™ e® cos (wt +Bz+07) (1.51a)

i(z, 1) = Re[l(2)e’™] (1.51b)

+

=— e % cos(wt — Bz+ 6" — 0z.)
Zc

v
——e* cos(wt+ Bz+ 0 — 6z.)
Zc

where ¢ is the time variable and the complex quantities are written as V=
Vt/g", V =V~/6 and Zc = Zc/;,.. The symbol Ze[ | denotes the real part
of the enclosed complex quantity. This indicates that the voltage and current on
the line are traveling waves. The forward-traveling waves contain
cos (wt — Bz + 0). As t increases, we must increase z in order to track the movement
of a point on the waveform, i.e., to keep the argument of cos(wt — 3z + 6) constant.
Therefore this wave is moving in the positive z direction, a forward-traveling wave.
Similarly, the term containing cos(wt + Bz 4+ 6) represents a backward-traveling
wave, since, as t increases, z must decrease in order to track a point on the waveform.
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It is common to define the voltage reflection coefficient f‘(z) as the ratio of the
backward- and forward-traveling phasor voltages as [1,2]

. 1%
o= 2@ (1.52)
Vi(2)
v,
=— 62(14 eﬂﬁz
|4
The reflection coefficient at the load is [1,2]
. 7, -7
I, =2%- ¢ (1.53)

B ZL + Zc
If ZL = ZC, the line is said to be matched and the reflection coefficient at the load

is zero, I'y = 0. The reflection coefficient at any point on the line can be related
to the load reflection coefficient as [1,2]

[(2) = TG 6D (1.54)

The general phasor expressions in (1.48) can be written in terms of the reflection
coefficient as [1,2]

Vo = Ve=e®1+70] = o [1+1e)] (1.55a)
i) = ZC e oI [1 - f‘(z)] - ‘A/é(;) [1 _ f(z)] (1.55b)

The input impedance at any point on the line can be obtained as the ratio of (1.55a)
and (1.55b) as

Zin(2) = % (1.56)
_ ZC 1 + I:(Z)
1-T(z)

It is important to realize that if the line is matched, i.e., 7, = Zc, the reflection
coefficient at the load and anywhere on the line is zero and there are no
backward-traveling waves on the line. Therefore the phasor expressions for a
matched line simplify to

V() = Ve e = V(o) (1.57a)

A vt , v,
i) = ¥V gmace e _ U@
Zc Zc

Zr = Z¢) (1.57b)
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Thus the input impedance to a matched line at any point on the line is

5 V(z) 5 5
Zin(z) = = Z; =7, 1.58
() i (ZL=Zc) (1.58)
=Zc

The average power delivered to the right at any position z on the line is given
by [1,2]

Pu(2) = L Re[V(2)I*(2)] (1.59)

where the asterisk (*) denotes the complex conjugate of the quantity. (The factor of %
is required in average power calculations when the voltage and current are given in
peak values as is assumed here [3]. If the voltage and current are given in RMS, then
the % is not present in average power expressions [3].) This leads to the concept and
characterization of power loss in cables that are used to interconnect measurement
equipment. Typical interconnection cables are of the coaxial type, consisting of a
cylindrical shield with an inner wire located on its interior axis. The waves travel
in the space interior to the overall shield and that space is usually filled with a dielec-
tric characterized by €, and u, = 1 such as RG58U, whose interior is filled with
Teflon (e, = 2.1). The voltage and current waves travel within this with a velocity
of

Vo

=

V=

(1.60)

Cable manufacturers usually specify the coaxial cable by giving (1) the magnitude
of the characteristic impedance Z¢, assuming small losses (Z¢ = 50 () for RG58U),
(2) the velocity of propagation as a percentage of free-space velocity (v = 0.69v for
RG58U), and (3) the loss per 100 feet at a selected set of frequencies. It is this latter
parameter, loss, that we need to understand.

Loss occurs in a transmission line via loss in the conductors as well as in the sur-
rounding dielectric [1,2]. In the normal frequency range of use the primary loss
mechanism is due to the loss in the conductors. The resistance of the conductors
increases at a rate proportional to /f due to the skin effect [1,2]. Nevertheless,
the cable loss must be specified at each frequency of interest. Normally the cable
manufacturers specify this at a few selected frequencies. For example, the loss of
RG38U coaxial cable is specified at 100 MHz as 4.5 dB/100 ft. Specification of
the loss assumes that the cable is matched, 2L = 2C! In this case only forward-
traveling waves exist on the line and are given by (1.57). For example, consider the
expression for power given in (1.59). If the cable is matched, the reflection
coefficient is zero [I'(z) = 0], and the average power delivered to the right at any
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point on the line is obtained by substituting (1.57) into (1.59) [1,2]:
1 v+ A oA
Py(z) = 3 Z—e*M cos 6y, (Zr=Zc=12Zc/ 0z) (1.61)
C

The input power to the cable is

1 V+2
PaV (Z == 0) = 5 TCCOS OZL. (162)
and the power delivered to the load is
1 V+2
Py(z=9) = = ——e 27 cos by, (1.63)
2 Z¢

The power loss in the cable is defined by
Power Loss = P,y(z =0) — Pyy(z = %) (in W) (1.64)

Rather than stating this loss as in (1.64), cable manufacturers specify loss as the ratio
of the input and output powers:

PaV(Z = 0)
Powerloss = m (1.65)
Pin
"~ Pou
— eZaft’

as substitution of (1.62) and (1.63) will show. Cable manufacturers give the loss in
dB/length. By this they mean

Cable lossgg = 10log,, e**7 (1.66)
=20aZlogye
= 8.6860.%

where % is chosen to be some length, e.g., 100 ft. This is obtained by measuring the

power delivered to that length of cable and the output power for a matched load so

that for those quantities expressed in dB we have, by converting (1.65) to dB
Cable 1oss g = Pindsx — PoutdBx (1.67)

where dBx denotes the power referenced to some level. Typically, dBm is used.
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Given the manufacturer’s specification of the cable loss, we can obtain the attenu-
ation constant at that frequency from (1.66) as

__ powerlossindB /length
8.686.¥

(1.68)

where % in (1.68) is the length used to specify the loss by the manufacturer.
For example, RG58U coaxial cable is specified as having 4.5 dB/100 ft loss at
100 MHz. So the attenuation constant at 100 MHz is

4.5
8.686 x 100

=5.18 x 107 Np/ft

o =

It is very important to realize that the specification of cable loss as defined above
assumes that the cable is matched, ZL = ZC If the cable is not matched, the speci-
fication has nothing to do with the cable loss! For most cables, the loss is small and
hence the characteristic impedance is a real (not complex) number having (approxi-
mately) zero phase angle, i.e., ZC = ZC{ 0,. = &°. Hence, in order to match the line,
a matched load can only be a pure resistor.

1.5.2 Signal Source Specification

Signal sources (pulse and sinusoidal) can be characterized in terms of a Thevenin
equivalent as shown in Fig. 1.9. The quantity V¢ is the open-circuit voltage and
Rs is the source resistance. Virtually all signal sources today have Rs = 50 ()
Also, the vast majority of instruments used to measure signals have an input resist-
ance of 508 and can be characterized as shown in Fig. 1.10, where
Cin = 0 and Ry, = 50 (. There are exceptions to this latter statement, notably volt-
meters and some oscilloscopes. However, it can be said that if the input resistance is
not designed to be 50 (), it will be designed to be very large, and its input circuitry
can generally be represented as a capacitance in parallel with a large resistance. It is

= = 7 TR, T T 71
| AV —
| |
| Vo I
| |
I | o
| Sonslsce

FIGURE 1.9 Specification of a signal source as a Thevenin equivalent circuit.
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Tl

Signal measurer

L 2 ]

FIGURE 1.10 An equivalent circuit for the input to a signal measurer.

very easy to determine the input representation of a particular signal measurer since
the manufacturer will clearly state these parameters near the input connector or in a
menu. For example, typical spectrum analyzers used to display the frequency spec-
trum of a signal have Ci, = 0 and R;, =50 (). The high-impedance plug-in for an
oscilloscope typically has Ci, = 47 pF and R;, = 1 M(). However, there are also
other plug-ins available that have Cj, = 0 and R;, =50().

With these concepts in mind, let us examine the connection of a signal source to a
signal measurer with a length of coaxial cable as shown in Fig. 1.11. Suppose the
signal measurer has an input impedance that is 50} (purely resistive) and the
coaxial connection cable also has a characteristic resistance of Z¢ = 50 Q) (approxi-
mately real because of small losses of the cable). Because the load on this cable
equals Zc, the cable is matched and the input impedance, at any frequency and
for any length of the cable, is Zin = 50Q = Zc. This shows why signal measurers
typically have input resistance of 50 () and coaxial cables have Zc =50Q. Any
other choice of characteristic impedance other than 50 ) would be suitable, but
50 () has become the industry standard. If the terminal resistance of the cable,
which is the input resistance to the signal measurer, had not equaled Zc of the
cable, the input impedance to the cable as seen by the signal source would not
be 50 () for all frequencies and all lengths & of the cable but would vary with
frequency and cable length. Consequently, it would be very difficult to determine

A
N
Y

Signal Zp=50Q Signal
source measurer

50Q I—P 50 Q

50 Q 50 Q

FIGURE 1.11 Use of coaxial cables with matched loads to connect a signal source to a
signal measurer.
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the impedance presented to the source, and furthermore this impedance would vary
with frequency and line length so that the source output would vary. (Although the
open-circuit voltage of the source in Fig. 1.9 may be stable, the output voltage will
depend on the source resistance Rg and the load resistance placed across its term-
inals). It is frequently important to be able to perform swept-frequency measure-
ments in which the frequency of the source is swept over a band. If we could not
rely on the output being constant with frequency, this swept measurement would
be useless since we would not know the output at a particular frequency! This illus-
trates why modern EMC test equipment have input and source impedances of pure
50 0 and are connected by 50-{) coaxial cables!

Another important outcome of this practicality is that it is a simple matter to
compute the output of the source and the signal level delivered to the signal mea-
surer. The output of a signal source is usually displayed on a meter of that instrument
in terms of output power to a matched load in dBm. For example, consider Fig. 1.12,
where a signal source is terminated in a load R;, either directly as the input to a
device or via the input to a connection cable. If R; = Rj, then the output voltage
at the terminals of the source Vyy is simply one-half of Vyc:

Ry

Vour = =———
out Rs—"—RL

Voc  R.=Rs (1.69)

_1
=5Voc

Outputs of signal sources typically assume Rg = Ry = 50 () and are given in terms
of the power delivered to the R, = 50 () load in dBm:

Poy = Yo (1.70)
Ry = 500

Note the absence of the factor of % in this power expression. This is because the
voltage is assumed to be given in its RMS value, Voy peak = V2Vou rms [3]. This

voo ()

NN
s ]
E
g<

Signal source

[
[
|
I
I
I
I
—

FIGURE 1.12 Calculation of a signal source output for a mismatched load.
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is a typical assumption throughout industry; voltages and currents of test and
measurement equipment are specified in their RMS value and no factor of % is
then required in power expressions. The output power into an assumed 50-2 load
is given via a meter reading in dBm as

POU
Poyagm = 10 IOgIO (1 m\th) (1.71)

For example, if the output voltage across a 50() load is Vo, = 120V =
41.6dB .V, the power delivered to this 50 () load is

(120 x 1076 V)? . 1000 mW
500 W

= 288 x 107" mW
= —65.4dBm

Pou =

Similarly, suppose that the meter reading gives the output power (into an assumed
50-Q load) of —37 dBm. This can be converted to give Vg, (in RMS) by the
following:

—37dBm = 2 x 10~*mW
=2x1077W

Thus

2x 1077W =V2,/50
giving Vo = 3.159 mV(RMS) = 70dBu.V.

It is very important to realize that if the load attached to the source is not 502,
then the meter reading does not give the output power across this load. We can,
however, determine the actual output voltage from the meter reading, but this
requires some calculation. For example, suppose that a (50-()) source is set to put
out —26 dBm, but is connected across a 150-€) load. The simplest way to determine
the actual output voltage is to (1) determine the V¢ of the source and then (2)
compute V. First determine Vo assuming a load of 50 ) (which is what the
meter reading is calibrated to assume). The output of —26 dBm into a 50-(2 load
gives a power in that load of 0.002512mW or 2.512 x 107 W. The voltage (in
RMS) across a 50 () load that would dissipate this power is

Vourt = V 50 X Poww (Rp = SOQ)
=11.2 mV
— 80.99 dBpV
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So the open-circuit voltage (since all this assumes Ry = Ry) is

Voc =2 X Vouw, =500)
=22.4mV
— 87dBpV

Now the actual output voltage can be computed from Fig. 1.12 using Rg = 50 () and
Ry = 150 Q using voltage division as

150
Vo = —2 % 22.4mV
=594 150 L o™

=16.8mV
= 84.5dBpV

This could be directly obtained in dB. The open-circuit voltage can be immediately
obtained as twice the output voltage when the load is 50 ():

Vocasuv = 6dB + Vouduvlr,=50 0
= 6dB + 80.99dBuV
— 87dBpV

Therefore the output voltage is

150
50 + 150
—2.5 dB
=—2.5dB + 87dBuV
= 84.5dBpV

Vout aBpv = 20 10g10< ) +Vocauv

Review Exercise 1.8 A 50-() signal generator is attached to a signal measurer
whose input impedance is 25 (). The dial on the signal generator indicates that it
is putting out a level of —20 dBm. Determine the voltage at the input to the signal
measurer in dBuV.

Answer: 83.5dBpV.

Most signal measurers such as spectrum analyzers also have their responses
specified assuming a 50 () input impedance to the instrument. For example, a
level of —25 dBm means that —25 dBm or 0.003162 mW of power is dissipated
in the 50 () input resistance of the instrument. The voltage (in RMS) across the
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input terminals can then be computed from the basic power relations above as

Vin = /50 x 0.003162 mW
= 12.574mV
= 82dBuV

End-of-chapter Problem 1.8 shows that we can convert power in dBm to a voltage
(in RMS) in dBWV assuming the impedance that it is across is 50 {2 by

dBuV (RMS) = 107 + dBm (1.72)

Hence —25dBm is 107 — 25 = 82dBpV

For example, a typical calibration signal supplied with a spectrum analyzer is
—30dBm. The level in dBV can be immediately calculated using (1.72) as
107 — 30 = 77dBpV.

Finally, we can now use these principles to compute the signal measured by the
signal measurer of Fig. 1.11 given the cable loss (at the appropriate frequency)
and the output reading of the meter on the signal source. Throughout this we
assume a 50-() source, cable, and signal measurer. If this is not the case, none of
the following makes sense, and, furthermore, the actual level measured by the
signal measurer would be extremely difficult to determine if at all (without some
other measurements being made). Assume that the signal source meter shows
the source is putting out a 100-MHz signal with a level of —30 dBm. Suppose the
cable (RG58U) is 150 ft in length. The cable loss at 100 MHz is 4.5 dB/100 ft.
The received power is computed from

P, of cable

Prec = X
¢ Py, tocable

Psource (1.73)

Taking 10 log,, of both sides of this expression gives

Prec dBm = cable gaindB + Psource dBm (1 74)

4.5dB
=~ Toor X 150 ft + (—30 dBm)

= —36.75dBm
This converts to a power of 0.2113 wW or a (RMS) voltage across the 50-() load of

Viee = v/ Prec X 50
=3.25mV
— 70.24dBpV
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But this could have been obtained more directly without converting to absolute
power by using (1.72):

Vrec,dBp.V =107 + Prec, dBm
=107 — 36.75
—70.25dBpV

Because of the definition of dB as 10log,, for power ratios and 20log,, for
voltage and current ratios, we can also use the cable loss (a ratio of powers) in dB
to convert voltages. However, because this definition for voltages or currents
implicitly assumed that R, = Ry in Fig. 1.6, its use in converting voltages requires
a matched load as in Fig. 1.11. For example, the output power of the source in the
previous problem of —30 dBm translates to a voltage across its output terminals
of 7.07 mV or 77dBpV. Since the cable is matched, the voltage across the input
terminals of the signal measurer can also be computed as

ViecaBpv = cable gaingg + Viource dBpv (1.75)
For this problem we compute

4.5dB
VrechpLV = —W x 150ft 4+ 77dBpV
— —6.75dB + 77 dBpV

=70.25dBpV
as we computed using power.

Review Exercise 1.9 A 50-() source is attached to a 50-() signal measurer with
300 ft of RG58U cable. The source is tuned to a frequency of 100 MHz, and the
dial indicates an output of —15 dBm. Determine the voltage at the input to the
signal measurer in dBpV.

Answer: 78.5 dBuV.

PROBLEMS

Section 1.1 Aspects of EMC
1.1.1 Reduce each of the following signal transmission situations to a source,
coupling path(s), and receptor:
1. AM radio transmission to the human ear.
2. TV transmission to the human eye.
3. Radar target identification.
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e

7.
8.
9.

Transfer of 60 Hz power to an air conditioner.
Transfer of digital computer data to a printer.

Unintended interference between a radar transmitter and a digital
computer.

Interference between an automobile ignition system and the car radio.
Interference in a radio due to lightning.
Several other interference situations of your choosing.

1.1.2  Scan the topic index of the following publications to get an appreciation for
the various topics of EMC:

1.
2.

IEEE Transactions on Electromagnetic Compatibility.

Proceedings of the IEEE International Symposia on Electromagnetic
Compatibility.

. Various trade magazines such as RF Design, EMC Technology, ITEM,

Compliance Engineering, EMC Test and Design, and Conformity.

1.1.3 Convert the following dimensions to those indicated:

Nk » =

30 miles to km [48.28 km]

1 ft to mils [12,000 mils]

100 yds (length of a US football field) to meters [91.44 m]

1 mm to mils [39.37 mils]

1 um (micrometer) to mils [0.03937 mils]

880 yd (race distance) to m [804.67 m]

35,786 km (height of a satellite in geostationary orbit) in miles [22,236
mi].

238,857 mi (the distance from the earth to the moon) to km
[384,403 km].

Section 1.4 Electrical Dimensions and Waves

1.4.1 Determine the wavelength at the following frequencies in metric and English
units:

wokwn =

850 MHz, free space [35.3 cm, 13.9 in.]

430 MHz, Teflon [48.1 cm, 18.95 in.]

250 kHz, air [1200 m, 3937 ft]

20 kHz (RS-232 data transmission), air [15,000 m, 9.32 mi]

450 kHz—-1.5MHz AM radio transmission, air [667 m—200 m,
2187 ft—656 ft]

108 MHz FM transmission, air [2.78 m, 9.11 ft]



1.4.2

1.4.3

1.4.4

1.4.5
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7. 1 GHz computer clock fundamental frequency, glass epoxy (e, = 4.7)
[13.84 cm, 5.45 inches]

8. 15 GHz microwave signal, air [2 cm, 0.787 inches]
Determine the following physical dimensions in wavelengths:

120 MHz, 18 cm, air [0.072 A]

100 MHz, 6 ft, air [0.61 A]

500 MHz, 10 in., glass epoxy (e, = 4.7) [0.918A]

A 6-ft printer cable at 80 MHz in air [0.491]

The 3 m measurement distance of the FCC regulations at the lower
frequency (30 MHz) and upper frequency (1 GHz) of the limit in air
[0.3A,10A]

6. A 10 mi length of 60-Hz power transmission line in air [3.22 x 1073 A]

7. An automobile (12 ft) at the lower frequency of the AM band (450 kHz)
[5.5 x 1073 A]

Nk R

Determine the wavelength at the following frequencies in metric and in
English units:

LORAN C long-range navigation 90 Hz [3333.3 km, 2071.2 mi]
Submarine communication 1 kHz [300 km, 186.41 mi]

Automatic direction finder in aircraft 350 kHz [857.14 m, 0.533 mi]
AM radio transmission 1.2 MHz [250 m, 820.2 ft]

Amateur radio 35 MHz [8.57 m, 28.12 ft]

FM radio transmission 88 MHz [3.41 m, 11.18 ft]

Instrument landing system 335 MHz [89.55 cm, 2.94 ft]

Satellite 6 GHz [5 cm, 1.97 in.]

Remote sensing 45 GHz [6.67 mm, 262.5 mils]

Rl A o e

Determine the following physical dimensions in wavelengths, that is, their
electrical dimension:

1. A 50 mi length of a 60-Hz power transmission line [é Al

2. A 500-ft AM broadcast antenna broadcasting at 500 kHz [0.254 A]
3. A 4.5-ft FM broadcast antenna broadcasting at 110 MHz [0.5 A]

4. A 2-in. land on a printed circuit board (assume a velocity of propagation
of 1.5 x 103m/s) at 2 GHz [0.677 A]

A sinusoidal current wave is described below. Determine the velocity of
propagation and the wavelength. If the wave travels a distance d determine
the time delay and phase shift.

1. i(t,2) =1y cosQmx 10°t —2.2 x 10727), d = 3km [v = 2.856 x 108 m/s,
A=285.6m,Tp =10.5ps, p =3781.5°]
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2. i(t,2) = Iy cos (6 x 10°t — 75.47), d = 4in. [v = 2.5 x 10%m/s,
A =83.3mm, Tp = 0.41 ns, ¢ = 438.9°]

3. i(t,7) = Iy cos (307 x 107t — 3.157), d = 20ft. [v =2.99 x 103 m/s,
A=1.995m, Tp = 20.4ns, ¢ = 1100.2°]

4. i(t,z) = Iy cos (67 x 10t — 0.126 x 10737), d = 50mi[v = 1.5 x 108
m/s, A =50 km, Tp = 0.54 ms, ¢ = 580.9°]

Section 1.5 Decibels and Common EMC Units
1.5.1 Determine the following voltages in dBnV and dBm:

23 mV [87.2dBuV, —19.8 dBm]
670 LV [56.5 dBpV, —50.5 dBm]
3.2V [130dBpV, 23.1 dBm]

0.1 WV [—20dBpV, —127 dBm]
1 mV [60dBpV, —47 dBm]

300 mV [110dBpV, 2.55 dBm]
21 mV [86.4dBuV, —20.6 dBm]
30 V [149.5dBuV, 42.5 dBm]

48 mV [93.6dBV, —13.36 dBm]
0.3 V [109.5dBpV, 2.55 dBm]

. 0.5V [—6.02dBuV, —113 dBm]
12. 200 mV [106 dBpV, —0.97 dBm]

WX N s Wb =

—_—
)

1.5.2 Convert the following quantities to V:

. —26dBpV [0.05 wV]
—35dBm [4 mV]
—16 dBm [35 mV]

. 36dBpV [63.1 WV]
—28 dBm V [39.8 wV]
6. 20 dBm [2.24 V]

R

1.5.3 Determine a simple expression to convert (RMS) voltage in dBuV to dBm
[dBuV = 107 + dBm]

1.5.4 Determine the following electric field intensity levels in dBu.V/m:
1. 100 wV/m [40 dBwV/m]
2. 1 mV/m [60dBwV/m]
3. 200 V/m [166 dBpV/m]
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Estimate the following ratios of currents or voltages in dB. Give exact
values.

1. 200 [46.02, 46]

2. 640 [56.12, 56.1]

3. 32 x 1073 [—29.9, —30]

4. 5.7 x 1076 [—104.88, —104]

1.5.1 Power Loss in Cables

A 50Q) source is connected to a 50-{) receiver using 30 ft of RG58U
coaxial cable. If the source output is 100 MHz and —30 dBm, determine
the voltage at the receiver in mV and dBpV. [6.05mV, 75.6 dBpV]

A 50 Q) receiver is attached to an antenna via 200 m of RG58U coaxial
cable. The receiver indicates a level of —20dBm at 200 MHz. Determine
the voltage at the base of the antenna in dBpV and in V if the cable loss
at 200 MHz is 8 dB/100 ft. [139.49 dBV, 9.43V]

1.5.2 Signal Source Specification

A 50-0) source is tuned to 100 MHz and attached to a 50-() spectrum