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I PREFACE TO THE FIFTH EDITION

The first edition of Grounding and Shielding was published in 1967. The fourth
edition was published in 1997. It is hard to imagine that another decade has
passed and that I would be writing on the same subject for a fifth time. This
fifth edition is a total rewrite because I wanted to present ideas in a different
order and also to present new insight that was gained through teaching semi-
nars and consulting. For example, I wanted to add material on printed circuit
board design, a subject that was only touched upon in the fourth edition.
I also left out material that was no longer relevant.

This book is intended for those interested in the real world of electronics.
The new engineer can easily read this material although he or she may not
recognize the importance of the approach or why some material is stressed.
Engineers and circuit designers in the analog, digital, or power world who
have seen a few problems will appreciate the need to understand interference
and all it represents. There is some mathematics involved but it is not neces-
sary that every equation be understood to get a great deal from the content
of the book.

I have spent a career in electronics that started with vacuum tubes. I
remember the first silicon diodes and the first transistors. I also remember
thinking that 10 MHz would be impossible using solid sate devices. So much
for impossibilities. Today, logic designers are considering clock speeds of
24 GHz. This time I believe it is possible.

In my early years I worked on handling low-level analog signals and I found
out the importance of my physics background. That is what led me to write
the first edition. Today, when I see the problems of digital design or facility
layout I realize again how important physics is in understanding all electrical
design. This is the reason I am writing a fifth edition. There are many new
problem areas that need to be discussed. The book starts out with some very
elementary physics. I hope the reader does not skip this material because it is
at the heart of what is to follow.

There are several ideas that I want to emphasize in this book. The first idea
is that a schematic or circuit diagram is only a rough plan or outline. It provides
a basis for circuit analysis but it cannot present any geometric information. For
example, component size and orientation are missing as are lead lengths and
lead dress. As circuits get more complex this geometry is critical. The second
idea I want to present is that all components are field operated. A capacitor
stores electric field energy and an inductor stores magnetic field energy. A

xi



Xii PREFACE TO THE FIFTH EDITION

transistor requires a field in the semiconductor material. A transformer works
by using both electric and magnetic fields. I want to show that the conductors
in our circuits are there to place these fields into the various components.
Third, I want to teach that a field in a component means the presence of field
energy. Moving this energy around is the purpose of the conductors we use in
our circuits. Trying to do this at a GHz is not simple. Understanding transmis-
sion lines is key to understanding how energy is moved in all circuits from dc
to 100 GHz. Fourth, I want to teach that good engineering is a compromise.
There are no perfect solutions. The issue is to solve the problem with avail-
able material in an economical manner. The problem is often that we expect
too much from circuit symbols. These symbols are really just a starting point
in design.

I want to thank the people that were helpful in making this book possible.
My wife Elizabeth is a writer in her own right and I have gained from her
many comments. I thank my editor George Telecki, who recognized the need
for this book and offered me encouragement at every step along the way. The
good words put in by Henry Ott and Rick Hartley gave important support. I
would like to thank Dan Beeker of Freescale for his help and assistance. He
recognizes the need for engineers to continue their education so that they can
best use what technology has to offer.

My hope is that this book will provide the reader with a useful viewpoint,
one that will solve problems. I hope that the approach taken in this book can
find its way into the educational system where I feel it is strongly needed. 1
further wish that readers who agree with me will work with academia to make
the needed changes.

My many thanks to all of you who have bought the early editions of this
book. I trust you can gain by reading this fifth edition.

Pacifica, CA RALPH MORRISON



I CHAPTER 1

Voltage and Capacitance

1.1. INTRODUCTION

How does a circuit work? One answer is to do a sinusoidal analysis using
Kirchhoff’s laws. Another answer is to write a set of logic statements. These
responses provide a small part of the answer. The full answer is buried in a
mountain of details. In this book we are going to look at some of this detail
but in a non-circuit way. We will take this new approach because circuit dia-
grams and circuit theory by their very nature must leave out a lot of pertinent
detail. This detail is important for performance at high frequencies or for
performance involving very small signals. It is also important when radiation,
interference, or susceptibility are involved. Wire size, connection sequences,
component orientation, and lead dress are often critical details. I like to call
these details “circuit geometry.” These details in geometry are closely related
to how well a circuit works. Geometry is an issue in analog circuits, power
circuits, and especially in digital circuits where clock rates are always rising.

When a circuit is put to practice there are many details that we take for
granted. The components will most likely be connected together by strips or
cylinders of copper. They will be soldered into eyelets or onto copper pads.
Traces will go between layers on a printed circuit board using vias. These are
the details in a design that are not questioned. There are details of a more
subtle nature such as the thickness of a trace or ground plane or the dielectric
constant of an epoxy board. In most cases we do not question how things are
done because we tend to rely on accepted practice. Circuits built this way in
the past have worked, so why make changes?

Taking things for granted is not always good engineering. Note that digital
clock rates have changed from 1 MHz to 1 GHz in 20 years. That is three orders
of magnitude! Imagine what would happen if automobile speeds went up
one order of magnitude. That is 600 mph or jet aircraft speed. Even a modest
increase in automobile speed would require extensive changes to the design
of our roads and cities, not to mention extensive driver training.

Grounding and Shielding: Circuits and Interference, Fifth Edition, by Ralph Morrison
Copyright © 2007 by John Wiley & Sons, Inc.



2 VOLTAGE AND CAPACITANCE

In electronics, an increase in speed does not pose a safety hazard. There
are, however, differences in performance that should be understood. Often
an effect is not sensed until the next generation in design is introduced.
Understanding these effects requires an understanding of basic principles. The
details we will look into do not appear on a circuit or schematic diagram. We
will address many of these details that affect performance.

Electronics often makes use of power from the local utility. For reasons of
safety the utility must earth one of the power conductors. Electronic hardware
must interface with this power and also share this same earth connection. The
result is often interference. I will discuss the relation between power distribu-
tion and circuit performance in later chapters.

A circuit diagram is only a plan or an organization of ideas. Circuit theory
provides a basic overview of circuit performance. Circuit symbols are a part
of the problem. They are necessarily very simple representations of complex
objects. Every capacitor has a series resistance and an inductance and every
inductor has series resistance and shunt capacitance. These considerations
only begin to tell the entire story. For example, at high frequencies, dielectrics
are nonlinear. For magnetic materials, permeability falls off with frequency.
Thus circuit symbols can only convey limited information. Further, we do not
have symbols for skin effect, transit time, radiation, or current flow patterns.
A straight line on a diagram may actually be a very complex path in the actual
circuit. In short, a schematic diagram provides little information on physical
structure and this can limit our appreciation of what is actually happening.

The performance of many circuits or systems is closely related to how
they are built. This is true for analog circuits as well as computers. I have
often commented that it is not a question of whether there is an electrical
connection but where the connection is to be made. In an analog circuit it is
often important to know which end of a shield is grounded, not whether it is
grounded. Here is good question! How should a circuit board ground plane
be connected to the surrounding chassis? The answer to this question is not
available from a schematic diagram. We will discuss this problem in the digital
circuits chapter (Chapter 7).

A repeated theme discussed in this book relates to how signals and power
are transported in circuits. This approach will lead to an understanding of
many issues that are often poorly understood. In order to discuss the trans-
port of electrical power and signals, the electric and magnetic fields must be
discussed. To begin this discussion we introduce the electron. Don’t despair.
The time spent reviewing this area of physics will make it much easier to
understand the ideas presented later in this book.

1.2. CHARGES AND ELECTRONS

Circuit theory allows us to relate circuit voltages and the flow of current
in a group of interconnected components. For RLC networks (Resistor-
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Inductor-Capacitor) this analysis is straightforward using Kirkkhoff’s laws.
The processes I want to discuss do not involve this approach. To understand
the more subtle aspects of circuit performance we will use basic physics to
explain many details that are often left to chance. Our starting point may seem
a bit remote, but please read on. We first discuss the atom.

Atoms are composed of a nucleus of protons and neutrons surrounded by
shells of electrons. The electrons have a negative charge and the matching
protons in the nucleus have a positive charge. In a neutral atom the positive
and negative charges are exactly equal. Each electronic shell is limited to a
fixed number of electrons. The number of electrons in the outer shell says a
lot about the character of the atom. As an example, copper has just one elec-
tron in its outer shell. This outer electron has a great deal of mobility and is
involved in electrical activity. Because protons are comparatively heavy and
because the shells of electrons shield them, they are not directly involved in
the electronics we are going to consider.

Molecules are formed from atoms that bond together and share outer shell
electrons. For an insulator, this bonding limits the outer electron mobility.
Typical insulators might be nylon, air, epoxy, or glass. If two insulators are
rubbed together, such as a silk cloth and a rubber wand, the difference in the
mobility of the outer electrons will allow the transfer of a few electrons from
the rod to the cloth. In this case, the silk cloth with extra electrons is called a
negatively charged body. The rod is said to be positively charged. We will call
the absence of negative charge a positive charge. In reality the positive charge
stems from the immobile protons in the nucleus of atoms that do not have
matching outer shell electrons. The absence of negative charges is the same as
if there were fictitious positive charges on the surface of the insulator.

Experiments with charged bodies can demonstrate the nature of the forces
that exist between charges (electrons). If one charged body repels another it is
actually the fields of electrons that are involved. If you remember your physics
class, these forces can be demonstrated using pith balls that hang by a string.
Here the charges are attached to small masses and we can see the pith balls
attract or repel each other.

The number of electrons involved in any of these experiments is extremely
small. To illustrate this point I want to paraphrase the writing of Dr. Richard
Feynman.' If two people are standing a few feet apart, what would be the force
of repulsion if 1% of the electrons in each body were to repel each other?
Would it be a few pounds? More! Would it be greater than their weight?
More! Would it lift a building? More! Would it lift a mountain? The answer
is astounding. The force would be great enough to lift the earth out of orbit.
This is why gravity is called a weak force and the force between electrons is
called a strong force. This also tells us something about nature. The percentage

' The Feynman Lectures on Physics, Volume 2, p. 1-1. Addison-Wesley Publishing Company, Inc.
Copyright 1964, California Institute of Technology.
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of electrons involved in electrical activity is extremely small. We know that
the forces in a circuit do not move the components or the traces. Obviously,
since electrical forces are so large, electrical activity involves a very small
percentage of the available electrons.

1.3. THE ELECTRIC FORCE FIELD

When we encounter forces at a distance we us the expression force field.
We experience a force field at all times as we live in the gravitational force
field of the earth. Every mass has a force field, including the earth. The
earth has the dominant field because the earth is so massive. The result is
that each mass on earth is attracted toward the center of the earth. The
attraction forces between individual objects on the earth are so small that
they are very difficult to measure. On the earth’s surface the force field is
nearly constant. We would have to go out into space to see a reduction in
the force of gravity.

The electrical force field is similar in many ways. Every electron carries
with it an associated force field. This force field repels every other electron
in the area. If a group of extra electrons are located on an isolated mass we
call this mass a charged body. We refer to the extra electrons as a charge. If
this mass is a conductor, the extra electrons will move apart until there is a
balance of forces. On a conducting isolated sphere the electrons will move
until they are evenly spaced over the entire outer surface. None of these excess
electrons will remain on the inside the conductor. For a perfect insulator any
extra electrons are not free to move about. Extra electrons on the inside of
this material are called trapped electrons. It is also possible to have trapped
absences of electrons. We can call these holes.

1.4. FIELD REPRESENTATIONS

The electric force field in a volume of space can be measured by placing a
small test charge in that space. A test charge can be formed using a small mass
with a small excess of electrons on its surface. The force on this test charge
has a magnitude and direction at each point in space. Having direction the
force field is called a vector field. To be effective this test charge must be small
enough so that it does not influence the charge distribution on the objects
being measured. Performing this experiment is difficult, but fortunately we
can deduce the field pattern without performing an actual test.

It is convenient to represent a force field by lines that follow the direction
of the force. For an isolated conducting charged sphere, the lines of force are
shown in Figure 1.1.
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E field

Figure 1.1. The force field lines around a positively charged conducting sphere

Note that the field exists everywhere between the lines. The lines are simply
a way of showing the flow or shape of the field. In any practical example, the
number of extra electrons that form the charge Q on the surface of a conductor
is small compared to the number of electrons in the conductor. For a practical
surface charge, the number of electrons is still so large that we can consider
the charge as being continuously distributed over the surface of interest. This
is the reason we will not consider the force field as resulting from individual
electrons. From here on we will consider all charge distributions as being
continuous. The total charge on the surface of the sphere in Figure 1.1 is Q.
The charge density on the surface of the sphere is

e_¢0Q (1.1)
A

4mr

We will use the convention that a line starts on a unit of positive charge and
terminates on a unit of negative charge. This unit can be selected so that the
graphical representation of the field is useful. If the total charge is doubled,
then the number of lines is doubled. For representations in this book, no
attempt will be made to relate the number of lines to any specific amount of
charge. In general we are interested in the shape of the field, areas of field
concentration, and where the field lines terminate.

In Figure 1.1 the force on a small test charge ¢ in the field of Q is propor-
tional to the product of the two charges and inverse to the square of radius
ror
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99 _4Q (1.2)

- 2
dme,r-  €,A

where A is the area of the sphere. The constant g, is the permittivity of free
space. Equation (1.2) is known as Coulomb’s law. The force per unit charge
or flq is a measure of the electric field intensity. The letter E is used for this
measure. The force field around a group of charges is referred to as an E field.
Mathematically the E field around a charge is

p=—2 (1.3)

dre,r*

The E field falls off as the square of the distance r. Equation (1.3) could also
be written as

0
€A

E=

(1.4)

where A is the surface area of the sphere at the distance r. In Figure 1.1,
the force field intensity £ decreases as the field lines diverge. The forces are
greatest at the surface of the sphere. Note that the field lines do not enter
the sphere. This is because there are no excess charges inside the conductor.
The field lines must terminate on the sphere perpendicular to its surface.
If there were a tangential component of force on the surface the charges
on the surface would be accelerated. If there were an absence of electrons
on the surface, this absence of charge would also be accelerated. Remember
the absence of negative charge can be considered the presence of a positive
charge. For conductors, the mobility of a group of electrons is no different
from the mobility of an absence of electrons. Except for the direction assigned
to the force field, we will assume that positive and negative charges behave the
same way. Figure 1.1 shows a sphere with a positive charge Q. If the charge
were negative (the presence of electrons), the field lines would be shown with
the arrows pointing inward.

The field lines in Figure 1.1 start at the surface of the sphere. If the charge
O were located at the center of the sphere and the sphere were removed,
the field pattern at every value of r would be unchanged. A point charge Q
implies an infinite charge density, which is impossible. Often it is mathemati-
cally convenient to consider the fields from point charges even though this
can’t exist.

1.5. THE DEFINITION OF VOLTAGE

A test charge ¢ in the field of a charge QO experiences a force given by Eq.
(1.2). The work required to move the test charge a small distance Ad is f(Ad).
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The work to move it from infinity to a point r; is the integral of force times
distance from infinity to r;. If we follow one of the field lines, the force is
always tangent to the field lines. The work is

n qQ
W= dr=—-——"—"—. 1.5
Lf ' 4me n (1.5)

If we divide both sides of this equation by g we obtain the work per unit
charge. This term has the familiar name volts. In equation form the voltage
is given by

y--2 (1.6)

DEFINITION

Voltage difference. The work required to move a unit charge between two
points in space in an electric field.

In Eq. (1.5) we can make the assumption that the voltage at infinity is zero.
This allows us to assign a voltage to points in space. In a circuit, the work
required to move a unit charge between two conducting surfaces is called
a potential difference or a voltage difference. It is important to realize that
potential differences do exist between points in space. Of course it is difficult
to place a voltmeter in space to get a measure of this voltage.

The voltage difference between two points in space is

V- V=L (l—l). (1.7)

dne, \r, 1

N.B.

A voltage difference cannot exist without the presence of an electric
field.

In the presence of conductors, an electric field cannot exist without charges
on the surface of these conductors. These charges are not apparent from a
schematic diagram. When a circuit is in operation, there are surface charges
everywhere there are voltage differences. These charges are independent of
the moving charges in the circuit that we call current.



