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Preface

While doing research in bioelectromagnetics (the interaction of electromagnetic
fields with biological systems) for more than 40 years, we have sensed the need
some life scientists have to understand the basic concepts and characteristic
behaviors of electromagnetic (EM) fields so they can work effectively with
physicists and electrical engineers in interdisciplinary research. Because most
EM books are based heavily on vector calculus and partial differential equations,
however, little written information about EM fields is available to satisfy this
need. Many times over the years, life scientists have asked us for references to
EM books appropriate for them, but we could give none. These scientists wanted
to understand how the fields worked and what controlled them, what factors were
important in experimental setups and which were not. They had a great deal of
curiosity in how fields were applied in their specific medical application. Yet they
rarely, if ever, actually computed the fields themselves. These scientists needed a
strong intuitive understanding of electromagnetic fields. We wrote the first edition
of this book in an effort to fulfill that need, as well as to help others who want
to learn about electromagnetics but do not have the mathematical background to
understand typical books on electromagnetics. The second and third editions of
this book continue in that vein. The material is rearranged in many places to give
the reader the details “just in time” to understand the applications. The second
edition is also augmented by over 40 medical applications of electromagnetics
commonly found in clinical settings as well as a new and expanded Chapter 6
describing emerging methods and understanding about bioelectromagnetics.
These applications are used to illustrate the basic principles in this book and
how they are translated into real devices. For the third edition, we brought color
to the figures, providing an even more graphical view of the fields and how they
are controlled by the biological environment around them. We also updated and
added to the medical applications in Chapter 6.

The purpose of this book is to explain the basic concepts, fundamental principles,
and characteristic behaviors of electric and magnetic fields to those who do not
have a background in vector calculus and partial differential equations. In par-
ticular, it is intended for life scientists collaborating with engineers or physicists

Xiii



Preface

in work involving the interaction of electromagnetic fields with biological sys-
tems. It should also be helpful to health physicists, industrial hygienists, and pub-
lic health workers concerned with possible hazards or beneficial applications of
electromagnetic field exposure and to those concerned with magnetic resonance
imaging, implantable medical devices, electrophysiology, optical interactions with
tissue, wireless communication devices, and more. Furthermore, this book may
also be useful to traditional electrical engineers and physicists who are learning
or have already learned the calculus-based mathematical calculations associated
with traditional electromagnetics but who would like to have a stronger intuitive
grasp of the subject.

In stark contrast to typical EM books that require a background in vector calculus
and partial differential equations, this book requires only a background in algebra
(some acquaintance with trigonometric functions would also be helpful), but it
explains in detail the basic concepts, fundamental principles, and characteristic
behaviors of EM fields using pictures, field maps, and graphs and numerous real-
world applications. The explanations include a minimum of mathematical rela-
tionships, with the emphasis on qualitative behaviors and graphical descriptions.
Nevertheless, in spite of the de-emphasis on advanced mathematics, the concepts
of EM field theory are still treated in a comprehensive and accurate manner,
with probably more intuitive description than would be found in most traditional
electromagnetics textbooks. The material covers the entire frequency spectrum
from direct current up through optical frequencies. Practical explanations are
given to help readers understand real situations involving EM fields. Over 200
illustrations are included to augment qualitative explanations.

The first chapter gives an introduction to the fundamentals of EM field theory
and explains how characteristic behaviors can be effectively grouped in three
categories defined by the wavelength of the EM fields compared to the size of
the objects with which they interact: (1) when the wavelength is much larger than
the size of the objects, (2) when it is about the same, and (3) when the wave-
length is much smaller than the size of the objects. Chapters 2—4, respectively,
explain the characteristic behaviors in each of these three categories and how
they are applied to applications in those frequency bands. Chapter 5 explains
some of the principles of EM fields that are quantified in detailed and complex
environments typical of bioelectromagnetic applications. This calculation of the
doses of the electromagnetic fields is called dosimetry. The book concludes with
Chapter 6, which discusses existing, emerging, and future medical applications
of bioelectromagnetics.
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We sincerely hope that this book will be useful (and enjoyable!) for its intended
readers. We welcome comments and suggestions for improving it.

James R. Nagel
Electrical Engineering
University of Utah

Cynthia M. Furse
Professor of Electrical Engineering
University of Utah

Douglas A. Christensen

Professor of Electrical Engineering
Professor of Bioengineering
University of Utah

Carl H. Durney

Professor Emeritus of Electrical Engineering
Professor Emeritus of Bioengineering
University of Utah
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Chapter 1 Electric and
magnetic fields
Basic concepts

1.1 Introduction

Bioelectromagnetics—the study of how electric and magnetic fields interact with
the body—is a tremendously exciting field. Electromagnetic (EM) fields are all
around us: radio and television signals, cellular telephones, fields from power
lines and electrical appliances, radar, and more. They are even within our bodies
in the endogenous fields that keep our hearts beating, brains thinking, and muscles
moving. EM fields can be used to see inside of us to diagnose illness, sometimes
before we feel it ourselves, in the form of medical imaging, electrocardiogra-
phy, electroencephalography, and electrophysiological evaluations. They can heal
us through therapeutic interventions for cancer, pain control, bone growth, soft
tissue repair, electrophysiological stimulation, and more. And they can injure or
kill us through lightning strikes, deep electrical burns, and shock.

EM fields are already used in numerous medical devices, and the future (read
more in Chapter 6) promises ever more detailed and localized diagnostic and
treatment methods. EM fields may soon help repair or replace damaged nerve
pathways. Already, they help the blind to see, the deaf to hear, and the paralyzed
to walk again. The promise of bioelectromagnetics seems limited only by our
imaginations. However, the promise of bioelectromagnetics is very much lim-
ited by the physical nature of the fields themselves and how they can be made to
interact with the body. The purpose of this book is to help you understand EM
fields and how they interact with the body, how they are created, how they can be
measured and evaluated, and how they can be controlled.

This book begins with the field of classical electromagnetics, which stems from
the phenomenon that electric charges exert forces on each other. The concepts of
electric and magnetic fields are used to describe the multitude of complex bioef-
fects that result from this basic phenomenon. Although classical EM field theory
is typically couched in vector calculus and partial differential equations, many of
the basic concepts and characteristic behaviors can be understood without a strong
mathematical background. The purpose of this book is to describe and explain
these basic concepts and characteristic behaviors with a minimum of mathe-
matics and to show how they are used in a wide variety of bioelectromagnetic
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applications. In this chapter, we explain the basic concepts of electric and mag-
netic fields as a basis for what follows in the remainder of the book.

1.2 Electric field concepts

A fundamental law, Coulomb’s law, states that electric charges exert forces on
each other in a direction along the line between the charges. Charges with the
same sign repel, and charges with opposite signs attract, as shown in Figure 1.1(a).
The magnitude of the force exerted on one charge by another charge decreases as
the square of the distance between the two charges. When there are many charges
in a system (which is usually the case in practice), the forces from each charge add
up, in their respective directions. Keeping track of all of these individual forces
is not reasonable in practice, so the concept of electric field is used to account for
these combined forces.

The concept of electric field is illustrated by this thought experiment: Place a
small test charge Q. at a point in space P, as shown in Figure 1.1(a). Whatever
other charges exist will exert a force on this test charge. Measure that force,
denoted by F. By definition, the electric field strength at point P is given by

E =F/Qu, (V/m). (1.1

The direction of E is in the direction of the force exerted on the positive test
charge Q... The force on a negative test charge, such as an electron, would be
in the opposite direction. The electric field is shown in Figure 1.1(b). The arrows
show the direction of the electric field, and the colors represent its strength at each
location. Thus, E is a force per unit charge. E is also called electric field intensity,
or often just electric field. The units of E are volts per meter (V/m).

Because F is a vector, E is also a vector. A vector is a quantity having both a
direction and a magnitude. In this book, vectors are denoted by boldface symbols.

(@) (b)
E E

Electric field
Quat // Test charge

P P

Figure 1.1 (a) A test charge Q. placed at a point P in space is attracted or repelled
by other existing charges with force F. The direction of the force indicates repelling
or attracting forces. The electric field E at point P is defined as E = F/Q,. The
direction of the electric field follows the direction of the force. (b) The electric field
lines are shown emanating from the charges.
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Electric and magnetic fields

The direction of a vector is represented by an arrow, as in Figure 1.1. The magni-
tude of a vector is represented by the same symbol as the vector but without bold-
face. For example, let us define a vector v as the velocity having a direction from
south to north and a magnitude of 30 meters per second (m/s). Then the magnitude
of vis expressed as v=30m/s. In a similar fashion, E is the magnitude of the vector
E, which tells us how strong the field is but not which direction it is in. Figure 1.1(b)
shows both the directions of the fields (with arrows) and their magnitudes.

As a consequence of the definition of electric field, a charge Q placed in an electric
field E will experience a force given by F = QE. The larger the E, the larger the
force F exerted on the charge Q. The fundamental effect of an electric field on an
object placed in it is to exert forces on the charges in that object, as explained in
Section 1.6.

Electric fields are represented graphically in two ways. Figure 1.2 illustrates the
first method, using the electric field produced by a single point charge Q, which
is perhaps the simplest example of an E field. The electric field E produced by
charge Q will point in the direction a positive test charge would be repelled away
from Q, as shown in Figure 1.2. In this first method of displaying E fields, the
direction of E is shown by arrows (pointing away from (), and the magnitude of
E is indicated by the closeness of the arrows. In areas where the arrows are close
together, the magnitude is higher than in areas where the arrows are farther apart.
For example, near the charge Q, the test charge would experience more force and
hence electric field than when it is farther away. So, near charge Q, the arrows
are close together, indicating a large E. Farther away from the charge, the
arrows are farther apart, indicating a smaller E.

The second method of representing vector fields such as E is illustrated in
Figure 1.3, which shows the E field produced by two uniform sheets of charge. In
this method, the direction of the E field is also shown by arrows. The magnitude
of E is indicated by the length of the arrows and/or by color. The longer the arrow,
or the hotter (redder) the color, the larger the E. This second method is often used
when the E fields are calculated by numerical methods and plotted by computer

E Electric field

Point charge

o

Figure 1.2 Plot of the electric field produced by a single point charge Q.
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Figure 1.3 E field produced by two uniform sheets of charge with positive charge
on the top and negative charge at the bottom. The colors represent the magnitude
of the E field, with red indicating the most intense and blue indicating the least
intense. The arrows also indicate both magnitude and direction of the E field
between the two plates; the E field is uniform, with nonuniform fringing fields seen
only at the edges.

graphical methods; this is the method we use most often in this book. The E field
produced by the two uniform sheets of charge is uniform near the center of the
sheets. At the edges of the sheets, the E bends around or fringes.

Because E fields exert forces on charges, work is required to move a charge from
one point in space to another in the presence of an E field. The work done per
unit charge is called electric potential difference. Electric potential difference
is often referred to as potential difference or just voltage, because its unit is the
volt (V). When E is known as a function of space, the potential difference between
any two points can be calculated. Let us consider first the simplest case, when E
is uniform in the space between two points, and a positive charge is moved from
one point to another along a path in the opposite direction of E, such as moving a
charge from point a to point b in Figure 1.4. For this case, the potential difference
of point b with respect to point a is given by

Vy=Vy=Vp=Ed (V) 1.2)

where d is the distance between the two points. Electrical potential difference
refers to potential energy. If a charge were moved from point a to point b, it would
possess potential energy because if it were released, the force produced on it by
E would cause it to move, thus converting its potential energy to kinetic energy.
When the E field is not uniform, or when the path between a and b is not exactly
in the opposite direction of E, Eq. (1.2) does not apply, and a more complicated
calculation is required. Familiar devices such as 12-volt automobile batteries and
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a

Figure 1.4 Configuration for calculating the potential difference of point b with
respect to point a in the presence of E. A positive charge would move from b to a.

1.5-volt dry cells are used to produce potential differences. Large electric genera-
tors produce the potential differences that we use for a multitude of purposes in
our homes. Electrocardiograms measure potential differences on the surface of
the body caused by the beating heart. External defibrillators create a potential
difference between the two paddle electrodes on the body surface. The tissues
and fluids in the torso conduct this potential difference to the surface of the heart,
where it will hopefully restart the heart.

When E does not vary with time, or when it varies slowly with time (the frequency
is low), the work done in moving charge between two points is independent of
the path over which charge is moved between the two points. In this case, the E
field is said to be conservative, and the potential difference is a unique quantity.
When E varies rapidly with time (the frequency is high), the work done in mov-
ing the charge between two points generally depends upon the path over which
the charge is moved between the two points, and a unique potential difference
cannot be defined. In this case, E is not a conservative field. In special cases (see
Section 3.5.1), E can vary rapidly with time and still be a conservative field.

Moving charges produce electric current, which is defined as the time rate of
change of charge. The unit of charge is the coulomb (C). Current at a given point
in space is the amount of charge passing that point per second. The unit of current
is the ampere (A). Thus, 1 A is equivalent to 1 C/s. Current density is defined as
current per unit area. Its units are amperes per square meter (A/m?).

If a time-constant potential difference V is applied between two points and a total
current / flows between the two points as a result of this applied voltage, then the
current is given by I = V/R, where R is the resistance (units are ohms) between
the two points. As its name implies, resistance opposes the flow of current. This
relationship is called Ohm’s law. It is one of the fundamental laws of electric
circuit theory.

The electric field shown in Figure 1.3 could also be produced by replacing the two
sheets of charge with metal plates and applying a potential difference between
the two, by connecting, for example, a battery between the plates. The potential
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difference would produce current through the battery, transferring charge from
one plate to the other, thus producing charged plates that would be equivalent to
the configuration shown in Figure 1.3.

How are electric fields measured?

Electric fields are measured using metallic antennas. Electric fields (e.g.,
the open lines that travel from positive to negative charges) are picked up by
straight antennas, which are oriented parallel to the electric field lines. These
straight antennas have a space in the middle that is left open to create a mea-
surable voltage difference. An example is shown in Figure 1.5. This miniature
electric field probe antenna was designed for assessment of compliance of EM
devices with radio frequency (RF) exposure guidelines. Measurement of fields
in or near the body is difficult because a metal object (such as a measurement
antenna) can perturb the fields. This small dipole antenna was specifically
designed to receive the localized fields without perturbing them. This probe
picks up electric fields along its axis, but fields oriented in any other direction
are ignored. When all three components of the electric field vector are desired
(either separately or in combination to find total electric field strength), three
perpendicular linear antennas are used, as shown in the probe in Figure 1.6.
Each antenna picks up the electric field parallel to its major axis. The three
perpendicular electric field vectors can be measured independently or com-
bined to give total electric field.

Microwave Detector .
Dipole Element

Substrate

Figure 1.5 Miniature printed dipole antenna for measurement of electric
fields to determine cell phone RF exposure compliance. (From Bassen, H.,
and Smith, G., /EEE Trans. AP, 31, 710-718, 1983. © 1983 IEEE. With
permission.)




Electric and magnetic fields

Figure 1.6 Electric field probe made up of three perpendicular antennas. The
diameter of the tip is 3.9 mm. (From Schmid & Partner Engineering AG, Zurich.
Reprinted with permission.)

1.3 Magnetic field concepts

In the previous section, electric field concepts were explained as a means of
accounting for the forces between charges that act on a line between the charges.
When charges are moving, they exert another kind of force on each other that is
not along a line between the charges. Magnetic fields are used to account for this
other kind of force. Moving charges produce an electric current (I), shown in
the direction of the thumb in Figure 1.7. This current I produces a magnetic field
B in the direction of the fingers in Figure 1.7. The rule that describes the direc-
tion of the current and its associated magnetic field is called the right-hand rule,
because of the use of the right hand to describe it. This rule can be used in two
ways. First, the thumb can point in the direction of the current, and the fingers
represent the magnetic field (as shown). Alternatively, the thumb can point in the
direction of the magnetic field, and the fingers will represent the direction of the
current that produced it. The relationships between magnetic field and current are
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Figure 1.7 The right-hand rule can be used to describe the direction of the current
and magnetic field. This rule can be used in two ways. First, the thumb can point
in the direction of the current (I), and the fingers represent the magnetic (B) field
(as shown). Alternatively, the thumb can point in the direction of the magnetic
field, and the fingers will represent the direction of the current that produced it.

given by Faraday’s law. The fact that the magnetic field encircles the current will
be discussed in more detail in Section 1.5.

The magnetic field does not produce a force on a stationary charge (like the
electric field does), but it does produce a force on any charge that is moving (in
addition to that produced by the electric field). The force on a charge Q.. moving
at a velocity v at a point P in space is illustrated in Figure 1.8(a). The force on
the moving charge has a magnitude of F = BvQ,.,, where B is the magnetic flux
density. The direction of the force is perpendicular to both v and B, as shown in
Figure 1.8(b). The unit* of B is the tesla (T). Magnetic flux density is sometimes
referred to as just magnetic field’

Figure 1.9 shows vector plots of the B produced by a line current (an infinitely
long current coming out of the page) and by a loop current also coming out of
(left)/going into (right) the page. The B produced by the line current is strongest
near the current, as indicated by closer spacing of the arrows. In each case, the
B lines encircle the current, which is a characteristic described in more detail in
Section 1.5.

* A tesla is equivalent to an ampere-henry per square meter. Ampere is the unit of current. Henry is
the unit of inductance.

¥ The related quantity H (see Section 1.7) is also often called magnetic field. The context is used to
keep the meaning clear.
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y
B

Magnetic flux density

Figure 1.8 (a) Force F exerted by a magnetic field on a test charge having velocity
v at a point P in space. F is perpendicular to v. (b) Magnetic flux density B defined
at point P to account for F. B is perpendicular to both v and F.

(a) (b)

Line current Loop current

Figure 1.9 (a) B fields produced by a line current flowing out of the page.

(b) Cross-sectional view of the B fields produced by a loop of current oriented
perpendicular to the page. The dot indicates current flow out of the page. (An x
would have indicated flow into the page.)

How are magnetic fields measured?

Magnetic fields are picked up using loops of wire, and then measuring the
induced voltage across the ends of the wire (as discussed in the Section 1.4).
The loop may be single or may be a coil of multiple loops, with the loop oriented
so that the magnetic field lines pass through the loop. A typical configuration
on a commercial magnetic field probe is shown in Figure 1.10. As with the
electric field, three separate perpendicular loops can be used to pick up the
three components of the magnetic field, as shown in Figure 1.11.
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Figure 1.10 Loop antenna used for measuring magnetic fields. The antenna

is made from two semirigid coaxial cables. (From Furse, C., et al., Modern
Antennas, Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc., © Wiley-Liss
2007. With permission.)

£

Figure 1.11 Magnetic field probes made up of three perpendicular loops. Tip
diameter is 6mm. (From Schmid & Partner Engineering AG, Zurich. Reprinted
with permission.)
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1.4 Sources of electric fields (Maxwell’s equations)

Because E fields are defined to account for the forces exerted by charges on each
other, the fundamental sources of E fields are electric charges. Specific informa-
tion about how charges act as sources for E fields is given by Maxwell’s equations,
which are a fundamental set of equations that form the framework of all of clas-
sical EM field theory. Although we are minimizing the mathematical content of
this book, we do state Maxwell’s equations below because they are so fundamen-
tal and so famous in electromagnetics that we feel you should be introduced to
them, even if you may not have a background in vector calculus and partial differ-
ential equations. We will just explain the qualitative meaning of these equations
without giving the mathematical details.

Two of Maxwell’s equations describe sources of E. One source is a time-varying
B field, and the other is charge density p. Each source produces E fields with
specific characteristics. For clarity, we describe these when each source is acting
alone, but in general, the E is produced by a combination of sources.

The first of Maxwell’s equations that we discuss is Faraday’s law:
V XE =-0B/dt (1.3)

V X E is a mathematical expression called the curl of E, which means that the E
produced will encircle or curl around the B that produced it. dB/0dt is the time rate
of change* of B (how fast B changes, its frequency). This equation tells us that
a time-varying magnetic field B creates an electric field E that curls around it.
Generally speaking, the greater the time rate of change of B, the stronger E field it
produces. This new E will also be time varying. There are many sources of time-
varying magnetic field. Anything that uses typical commercial power (plugs into
the wall) has 60-Hz fields." This means that the fields vary sinusoidally (rise and
fall) 60 times per second (see Section 1.9). Fields that vary sinusoidally with time
are called alternating current (AC) fields. 60 hertz is a relatively slow change in a
magnetic field, and therefore the electric field produced is quite small. Generally,
we approximate these fields as being constant with time. Fields that do not vary
with time (such as those produced by a battery or permanent magnet) are called
direct current (DC) fields. In the DC case, the magnetic field does not change with
time and does not produce an electric field, and we say the fields are decoupled.
Faster changes in magnetic fields are created in communication systems such as
cellular telephones, which operate at 1800-1900 MHz.* These sources are also
sinusoidal, and the time derivative of the magnetic field is on the order of 10° higher
than for the 60-Hz commercial power case. Thus, the time-varying magnetic field

* gB/dr is the time derivative of B. The symbol d means change. So dB/df means change in B (dB) per
change in 7 (37).

60 hertz is the standard power frequency in the United States. 50 hertz is used in Europe and Asia.

# 1 MHz = 10°Hz = 1 million Hz.
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Figure 1.12 Calculated E fields at one instant of time for a two-dimensional model
consisting of a 1-kHz (1000 Hz) B field (directed out of the paper) applied to a
nonmetallic container of saline (which is mildly conductive). The electric fields
“curl” around the magnetic field.

generates a significant electric field. Other applications utilize fields that are pulsed,
such as many imaging applications. For example, some types of microwave tomog-
raphy use pulses containing frequencies from 300 to 3000 MHz, and a new type of
microwave breast imaging called confocal imaging uses pulses with frequencies
up to 5000 MHz. These sources are not sinusoidal. They are bursts of energy called
ultrawideband pulses, and they rise and fall very quickly (microseconds (10-°s) to
nanoseconds (10~9s)). Thus, their time rate of change is very high, and a significant
electric field is created from the time-varying magnetic field.

Figure 1.12 shows an example of the E fields in a nonmetallic container of saline
(which is mildly conductive) produced by a changing B as calculated from a two-
dimensional model.* The E field lines encircle (curl around) the changing B, which
is directed out of the paper. Figure 1.13 shows the same configuration with an
object added to the saline that has a higher conductivity (see Section 1.6) than the
saline. Here again, the E field lines tend to encircle the changing B, but they are
modified by the presence of the small object having higher conductivity. The higher
conductivity of the small object causes the E fields inside the object to be weaker
than those in the saline. The E field pattern in the small object can be thought of
as consisting of two components: (1) the globally circulating E field of Figure 1.12
without the small object and (2) an E field component circulating locally around the
center of the small object. The resulting net pattern is a combination of the two, as
shown in the magnified view of the object in Figure 1.14. On the left side and near

* A two-dimensional model is constant or equal in the third dimension, in and out of the page.
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Figure 1.13 The same configuration as in Figure 1.12, but with an object of
higher conductivity placed in saline. The electric fields are smaller in the higher-
conductivity object. The electric fields would also be smaller if the object had the
same conductivity but higher permittivity than the saline.

Figure 1.14 A magnified view of the E fields in the small object of higher
conductivity of Figure 1.13. On the left side and near the top of the object, the
globally circulating E tends to cancel with the locally circulating E, while on the
right side and near the bottom of the object, the two fields tend to add, producing
a circulating pattern offset from the center of the object.

13



Basic Introduction to Bioelectromagnetics

Figure 1.15 A potential difference is applied between a wire (going in/out of the
page) and a metal plate (at the bottom). This creates positive charges on the wire
and negative charges on the plate. These charges create electric fields going from
the positive to negative charges as shown.

the top of the object, the globally circulating E tends to cancel with the locally cir-
culating E, while on the right side and near the bottom of the object, the two fields
tend to add, producing a circulating pattern offset from the center of the object.

A second of Maxwell’s equations, Gauss’ law, describes the E produced by charge
density:
V-E=ple. (1.4)

The expression V. E is called the divergence of E, which means an E field (arrow)
is created that starts at the source, p, which is the electric charge density in
Coulombs per cubic meter (C/m?). ¢ is a parameter called permittivity, or dielec-
tric constant (see Section 1.6), that just changes the magnitude of the electric field
but does not create it or change its direction. Equation (1.4) means that electric
charge creates E, and that the E lines begin and end on charges. For example, this
can be seen in Figure 1.3.

Figure 1.15 shows an example of the E fields produced by charges. A potential
difference applied between a long wire and a metal plate produces positive
charges on the wire and negative charges on the plate. These charges produce the
kind of E field lines shown.

1.5 Sources of magnetic fields (Maxwell’s equations)

Another two of Maxwell’s equations describe sources of B. Ampere’s law states
that
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