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Preface

Electromagnetic (EM) energy is a basic force of nature, just like nuclear energy and
gravity. This energy is utilized in various ways, though we still lack a full under-
standing of its fundamental properties. Many inventions of the late twentieth century,
ranging from consumer products and services to medical equipment, are so important
and advantageous that we wonder how we ever lived without them. These inventions
have become an integral part of our modern life. Sure, they are useful; however, we
need to know that they are safe!

OBJECTIVES

This book is distinguished by extensive descriptions of fundamental physical con-
cepts and principles of EM fields and radiation, and their relevance to human health
and therapeutic applications. Reflecting the transdisciplinary approach from several
different intellectual streams involving physics, biology, epidemiology, medicine,
environment, risk assessment, and various disciplines of engineering, this book is
quite a venture into the battling studies to access research on bioeffects and thera-
peutic applications of EM energy. The book will permit a broad range of readers
with reasonable backgrounds in the foundation of science to

* Understand necessary EM theory in the context of its interaction with
human body

* Review many of cutting-edge research contributions regarding two major
broad areas: EM health effects and EM therapy

* Realize techniques that have been developed to ensure adequate EM and
thermal dosimetry required for health effects and thermal therapy

» Strengthen understanding of rapidly emerging areas of bioengineering and
biomedical engineering

SCOPE

This book is divided into a two-chapter introduction and three self-contained parts.
Chapter 1 provides an introduction to EM fields and radiation, while Chapter 2
discusses EM interaction mechanisms with biological systems. Part I (Chapters 3
through 7) deals with the health effects of EM fields and radiation, including extremely
low frequency (ELF) fields (Chapters 3 and 4) and radiofrequency radiation (RFR)
(Chapters 5 and 6). Chapter 7 discusses issues related to EM health risk analysis.
Part II (Chapters 8 through 10) deals with EM therapy, including an introduction to
newcomers in the field (Chapter 8), hyperthermia techniques (Chapter 9), and ablation
techniques (Chapter 10). Part II1 is related to EM and thermal dosimetry (Chapter 11),
and thermometry and imaging (Chapter 12).

Xvii
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AUDIENCE

In preparing the book as a learning resource for a wide range of audiences or as a
reference for many courses in universities, the author strived to show that the subject
matter is quite understandable to anyone interested in the details of the health effects
and medical applications of EM energy. Because of its comprehensive coverage and
the large number of detailed subjects, this book is useful as a primary reference vol-
ume for a course on the subject. The only prerequisite for understanding the material
in this book is a basic knowledge of physics and biology.
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’I Fundamental Concepts
in Electromagnetics

1.1 INTRODUCTION

The electromagnetic (EM) field is a physical influence (a field) that permeates
through all of space. It arises from electrically charged objects and describes one
of the four fundamental forces of nature, electromagnetism, which is found almost
everywhere. All EM fields are force fields, carrying energy and capable of producing
an action at a distance. These fields have characteristics of both waves and particles.
This energy is utilized in various ways, though we still lack a full understanding of
its fundamental properties. Many inventions of the late twentieth century, ranging
from everyday home and office appliances to satellite systems and mobile phones,
are so important and so advantageous, we wonder how we ever lived without them.
Table 1.1 shows a few examples of EM sources.

Electromagnetic fields at all frequencies are one of the most common environ-
mental issues, about which there is a growing concern and speculation. EM fields
are present everywhere in our environment but are invisible to the human eye. All
populations are now exposed to varying degrees of EM fields, and the levels will con-
tinue to increase as technological inventions advance. These inventions have become
an integral part of our modern life. We just need to know that they are safe.

The aim of this chapter is to introduce EM fields and radiation. This covers a
frequency range from 0 Hz to about 10 GHz and above. The chapter is organized to
provide the newcomer with basic scientific information and concludes by discussing
the details of various EM exposure sources—the familiar reader may skip most of
it. It is included in order to enable this book to stand on its own. Later in this book,
health effects and medical applications are separated due to fields from some sources
and due to radiation from other sources. The reader, however, needs to remember
that the general phenomena is always considered, which is EM fields.

1.2 FIELDS

The word “field” refers to any physical quantity whose value depends on its position
in space. Examples of fields include the temperature in a room and temperature distri-
bution inside a human body. Field also represents an area around a source of electric
or magnetic energy within which a force exists and can be measured. Fields may be
static or time dependent. For example, the temperature fields described above are time
dependent since the room or the human body is heated or cooled as a function of time.
Under certain circumstances, fields produce waves that radiate from the source.

A field quantity that has only magnitude and an algebraic sign is called a scalar,
such as mass, time, and work, while a field quantity that has magnitude as well as
direction is called a vector, such as force, velocity, and acceleration. To distinguish

1



2 Bioeffects and Therapeutic Applications of Electromagnetic Energy

TABLE 1.1
Examples of EM Sources

EM Source Static Field ELF Fields? RFRY

Power lines, substations, home appliances

Induction heating

Arc welding

RF sealers and microwave ovens

Broadcasting stations

Base transceiver stations and mobile phones

RFID/EAS systems® X X
Diathermy and hyperthermia equipment

MRI equipment? X X

o T T B B I B

@ ELF: Extremely low frequency.

b RFR: Radiofrequency radiation.

¢ RFID: Radiofrequency identification; electronic article surveillance (EAS).
¢ MRI: Magnetic resonance imaging.

vectors from scalars, it is advised to use bold letters for vectors. For example,
A represents a vector quantity while A represents a scalar quantity.

1.2.1  ELectric FiELDs

Electromagnetic fields can be viewed as the combination of an electric field and a
magnetic field. Electric field E exists whenever electric charges are present, which
means, whenever electricity is in operation or when positive and negative charges are
separated. We define E at any point in space as the electric force F per unit charge
exerted on a small positive test charge g, placed at that point.

E=— (LD

This field is caused by other electric charges distributed about the test charge. There-
fore, Equation 1.1 defines the field due to this distribution of charge, not the field
caused by the test charge.

The basic unit for E field is newtons per coulomb (N/C), which is dimen-
sionally equivalent to volts per meter (V/m). Electric fields could be represented
graphically by two ways as shown in Figure 1.1. The first way shows the E field
due to a single point charge where the arrows indicate the direction of the field, and
its magnitude is higher near the charge but decreases while going away from the
charge (Figure 1.1a). The second way shows the E field produced by two uniform
sheets of charge representing a parallel-plate capacitor (Figure 1.1b). Several E-
field lines originate from positive charges and terminate on negative charges. The
E field is uniform near the center of the conducting sheets and it bends (fringes)
around the edges.
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FIGURE 1.1 (a) Electric field lines due to a single point charge. (b) Electric field produced
by two uniform sheets of charge.
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Electric flux density or electric displacement, denoted as D, is a measure of the
E field in terms of equivalent charge per unit area. The unit for D is coulombs per
square meter (C/m?). D in a dielectric medium (e.g., biological tissues) is directly
proportional to E, as represented by the following equation:

D=:E (1.2)

where ¢ is the permittivity of the dielectric medium in farads per meter (F/m). The
term permittivity refers to a fundamental property of the dielectric medium. It may
be defined as the electric flux density per unit of electric field intensity within the
medium. Basically, dielectric material is an insulating material.

Generally, three different quantities describe the permittivity of the medium:
&, &, and a dimensionless quantity known as the relative permittivity €, or the dielec-
tric constant, which is defined as the permittivity relative to that of free space. The
three quantities are related by the following equation:

E=¢ & (1.3)

The dielectric constant of free space is €, = 1. This value is assumed for air in most
applications. Values of dielectric constant for most biological materials range from
1 to about 80 or so.

D and E are vectors with the same direction. This is real for all isotropic media,
i.e., media whose properties do not depend on direction. The quantities E and D estab-
lish one of two key pairs of EM fields. The other pair consists of magnetic fields.

1.2.2  MacNETIC FIELDS

The E field was explained by means of force between charges that act on a line
between the charges. With the movement of charges, another kind of force is exerted
on one another along the line between the charges. This force stands for the magnetic
field intensity, denoted as H, which is a vector quantity created due to moving
charges in free space or within conductors. Magnetic fields run perpendicular to the
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FIGURE 1.2 Magnetic field lines around a current-carrying conductor: (a) Less current
flow. (b) Increased current flow.

electric current. This means, while electric current runs in a straight line, magnetic
fields surround the line in a circular fashion as shown in Figure 1.2. They control the
motion of moving charges. The unit of magnetic field is amperes per meter (A/m). If
we have direct current (DC), the magnetic field will be steady, like that of a perma-
nent magnet. If we have alternating current (AC), the magnetic field will fluctuate at
the same frequency as the E field; it becomes an EM field, because it contains both
E and H fields.

Significant magnetic fields emanate from sources such as transmission and dis-
tribution lines, substations, transformers, network protectors, feeders, switch gears,
distribution busways, electric panels, wiring systems, motors, and various electric appli-
ances. Magnetic fields may easily penetrate materials, including people, buildings, and
most metals. They are not shielded by most common materials and pass easily through
them. In general, magnetic fields are strongest close to the source and diminish with dis-
tance. People are not able to sense the presence of magnetic fields. However, high-level
magnetic fields may cause a temporary visual flickering sensation called magnetophos-
phenes, which disappear when the source of the magnetic field is removed.

When magnetic field penetrates a cross-sectional area of a medium, it is con-
verted to magnetic flux density B. It is related to H via the vector relation

B=uH (1.4)

where p is the permeability of the medium. The term permeability refers to the
magnetic property of any material. It is a measure of the flux density produced by a
magnetizing current. The full significance of permeability will be discussed in Part I



Fundamental Concepts in Electromagnetics 5

of this book. The basic unit of permeability is henries per meter (H/m). Three dif-
ferent quantities describe the permeability of the medium: 4, ¢, and a dimensionless
quantity known as the relative permeability y,, which is defined as the permeability
relative to that of free space. The three quantities are related by

M= Holr (15)

The relative permeability of free space is ¢, = 1. A material is usually classified
as diamagnetic, paramagnetic, or ferromagnetic on the basis of the value of y..
The majority of common materials have g, values equal to that of free space or air
(u,.= 1 for diamagnetic and paramagnetic substances), unlike their permittivity val-
ues. Only ferromagnetic materials such as iron, nickel, and cobalt are exceptional.
They have higher values of 4.

The traditional unit of magnetic flux density B is webers per square meter
(Wb/m?) (a weber is the same as a volt-second). It is usually measured in tesla (T),
named after Nikola Tesla, or in gauss (G), named after Karl Friedrich Gauss, the
nineteenth-century German pioneer in magnetism. In the United States, magnetic
field is generally measured in CGS units—oersted (Oe) and gauss (G). In most of
the rest of the world, it is measured in tesla (T). Since most extremely low fre-
quency (ELF) environmental exposures involve magnetic field intensities that are
only a fraction of teslas or gauss, the commonly used units for measurements are
either microteslas (UT) or milligauss (mG). The following conversions may assist
when dealing with units:

1G=10"*T
1 A/m =41x10" Oe
1 T=1Wb/m’
0.1 pT=1mG

1 uT =10 mG =0.8 A/m

The magnetic flux @ (in webers) linking the surface S is defined as the total magnetic
flux density passing through S. Figure 1.3 shows that B is perpendicular to the area

W

Area (S)

FIGURE 1.3 Magnetic flux density B emerging from an area S.
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S and is constant over that area. Integration is needed to determine B if it varies over
the surface area. This is defined as

CD:JB ds (1.6)

1.2.3 ELECTROMAGNETIC FIELDS

When the frequency increases, the electric and magnetic fields (EMF) cannot be
separated from each other. If one of the fields exists, so does the other. They are
linked to each other in every situation and this is described by Maxwell’s equations
[1]. The English scientist James Clerk Maxwell (1831-1879) presented the laws of
electromagnetics without writing the equations as we know them today. With the
existence of Maxwell’s equations, EM wave propagation could be made possible. In
addition, Maxwell brought together various laws of electrostatic and magnetic fields.
While correlating them, he found that the result derived from Ampere’s law was
inconsistent in the time-varying field as it was based on stationary closed currents.
To overcome this problem, Maxwell introduced a certain quantity called displace-
ment current, which is proportional to the time derivative of D.

The original set of Maxwell’s equations was written in terms of potentials with
Cartesian coordinates and, therefore, was difficult to understand. Heaviside and
Hertz wrote Maxwell’s equations in terms of field quantities, while Lorentz added
vector notation. This led to Maxwell’s first-order equations, vector and scalar, in
differential form:

VXE=- ,uaa—l;l (Faraday’slaw) 1.7)
VXH=0¢E+ aaa—l;: (Ampere’s law) (1.8)
V-D = p (Gauss’s law for electricity) (1.9
V-B = 0 (Gauss’s law for magnetism) (1.10)

The quantity V (pronounced “del”) is a vector operation; ¢ the conductivity of the
medium, whose unit is siemens per meter (S/m); and p the volume charge density in
coulombs per cubic meter (C/m?). When V is combined with X, the result (VX) is
referred to as the curl of the vector quantity that follows. When V is combined with
dot, the result (V.) is referred to as the divergence of the vector that follows.
Maxwell’s equations may be thought of in various ways. Mathematically, they
represent a set of partial differential equations. Physically, they are a set of equations



Fundamental Concepts in Electromagnetics 7

that summarize the relationships between electric and magnetic fields. Historically,
they represent one of the major achievements in the area of physics.

Equation 1.7 presents a microscopic form of Faraday’s law. It states that a time-
varying magnetic field induces an E field. The magnitude and the direction of the
E field are determined from the curl operation.

Equation 1.8 represents a vector form of Ampere’s law. It states that an H
field can be created either by current flowing in a conductor or by a time-varying
E field.

Equation 1.9 constitutes a microscopic form of Gauss’s law for electric fields. It
shows that an E field may begin or end on electric charge. It represents Gauss’s law
for electric fields.

Equation 1.10 represents a microscopic form of Gauss’s law for magnetic fields.
It indicates that magnetic fields have no point sources on which the field lines could
begin or end, meaning that magnetic fields are continuous [2].

1.2.4 ELECTROMAGNETIC WAVES

The most important outcome of Maxwell’s equations was the prediction of the
existence of EM waves, which can be generated by oscillating electric charges.
Maxwell proved that EM disturbances originated by one charged body would travel
as a wave. Accordingly, Maxwell’s equations can be combined to yield the wave
equation that anticipates the existence of EM waves propagating with the velocity of
light. Maxwell’s equations are first-order equations. Eliminating one of the fields in
these equations yields a second-order equation for the other field, which is called the
wave equation or Helmholtz equation.

Based on Maxwell’s equations, around 1888, Hertz found, both theoretically and
experimentally, that they included the notion of propagation of EM waves because
of the specific coupling between the E and H due to the particular form of the vec-
tor equations [1]. For time-varying fields, E and H are coupled, but in the limit of
unchanging fields they become independent. Practically, from 20-30 kHz and above
E and H cannot be seen separately; they merge to form EM waves. Heinrich Hertz
first investigated the existence of EM waves, predicted by Maxwell’s equations. Such
waves are no longer bound to a conductor, but can propagate freely in space and with
losses through biological materials.

Analysis of Maxwell’s equations not only predicts the existence of EM waves,
but also predicts the speed of propagation of the waves. The value predicted for the
speed depends on the value of the constant g, found in Coulomb’s law and the value
of u, found in Ampere’s law. The speed of an EM wave in space is defined as

1

c= (1.1
\Eolo

EM waves at low frequencies are referred to as EM fields and at very high fre-
quencies (VHFs) are called EM radiation. The term EM field is generally used rather
than EM radiation whenever wavelengths greatly exceed distances from exposure
sources. There are two fields in an EM wave, E and H, which are both perpendicular
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FIGURE 1.4 An electromagnetic wave propagating in the z-direction.

to the direction of travel, as shown in Figure 1.4. They propagate together at very
close to 300 million meters per second in air or vacuum (slower in other materials).
The strength of E and H changes periodically.

Propagation has a precise mathematical definition: All the components of fields
and associated physical quantities, such as current and charge densities, have a z depen-
dence expressed as the factor e 7* in a cylindrical coordinate system or an r dependence
expressed as the factor e 7*" in a spherical coordinate system. Such an ensemble of fields
is called an EM wave. Hence, the words propagation and wave are closely related [3].

Assume now that the medium of propagation is lossless, i.e., a perfect dielectric.
In this case, a mathematical solution of Maxwell’s equations yields a linear algebraic
relationship between E, and H,. It is expressed as

= (1.12)

For a lossless dielectric medium, the intrinsic impedance for a plane wave is a
real number given by

U

n . (1.13)

The quantity # is called the intrinsic impedance. Since the unit of E, is volts/

meter and the unit of H, is amperes/meter, there is a cancellation of meters in the

ratio. Therefore, the unit of # is volts/amperes = ohms. When free-space plane

wave propagation is considered, 4 = y,, € = g,, and the intrinsic impedance is

denoted as 7.
E and H are functions of position and vary with time. This means the field is
alternating from plus to minus (going from an extreme value in one direction to an
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extreme value in the opposite direction) at a rate measured in Hz or cycles per second
called frequency f. The field may also be characterized by its wavelength. The wave-
length is the length of one cycle of a signal in meters. It is designated by the symbol A.
The wavelength in air is given by

a=5< (1.14)

As the frequency goes up, the wavelength becomes shorter and more energy is trans-
ferred to objects similar in size to the wavelength. Large divisions are commonly
used to describe EM radiation as follows:

Kilohertz (kHz): 1,000 cycles per second
Megahertz (MHz): 1,000,000 cycles per second
Gigahertz (GHz): 1,000,000,000 cycles per second

Amplitude modulation (AM) broadcasting, for example, has a frequency of
1MHz and a wavelength of about 300 m. Meanwhile, microwave ovens use a
frequency of 2.45 GHz and a wavelength of only 12 cm.

An EM wave consists of very small packets of energy called photons. The
energy in each photon is proportional to the frequency of the wave. The higher the
frequency, the larger the amount of energy in each photon. This is defined as

eV =hf (L.15)

where £ is the Planck’s constant (& = 4.135667 X 1071 eV). Electron volt (€V) is the
change of potential energy experienced by an electron moving from a place where
the potential has a value of V to a place where it has a value of V + 1 volt. The
amount of energy a photon has makes it occasionally behave more like a wave and
occasionally more like a particle. This is known as the wave—particle duality of
light. Low-energy photons (such as radiofrequency radiation or RFR) behave more
like waves, while higher-energy photons (such as x-rays) behave more like particles.

In the near-field region (distance less than one wavelength from the source),
magnetic fields are decoupled. When a transmission line is energized without a load,
it creates an E field and when the current flows, an H field comes into existence.
At the far-field region (distance greater than one wavelength from the source), pri-
marily at high frequencies, both E and H are related with the assumption that the
characteristic impedance of the plane wave is 377 Q.

The term EM radiation applies to the dispersal of EM energy. Once generated,
EM fields radiate in all directions depending on how they have been converged. As
the field opens, the power spreads and the energy could be reflected, transmitted, or
absorbed as it comes into contact with different types of material. The term radiation
should not be alarming as it does not imply radioactivity, which is the radiation of
subatomic particles due to the spontaneous decay of an unstable substance.

If EM waves were radiated equally in all directions from a point source in
free space, a spherical wavefront should result. A wavefront may be defined as a
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Wavefront 1

Wavefront 2

FIGURE 1.5 Wavefronts at given instants of time.

plane joining all points of equal phase. The wave travels at the speed of light so
that at some point in time the energy will reach the area indicated by wavefront 1 in
Figure 1.5. The power density at wavefront 1 is inversely proportional to the square
of its distance from its source r in meters, with respect to the originally transmitted
power. If wavefront 2 in Figure 1.5 is twice the distance of wavefront 1 from the
source, then its power density in watts per unit area is just one-fourth that of wave-
front 1. This is according to the inverse-square law, which states that power received
is inversely proportional to the square of the distance from the source.

In living tissues, EM phenomena are usually slow when compared to the
extremely broad variety of phenomena to be evaluated in physics and engineering.
The shortest biological response time is on the order of 10~* s, while most biological
reactions are much slower. Hence, Maxwell’s equations are generally not used for
evaluating biological effects in living systems [1].

1.3 ELECTROMAGNETIC INDUCTION

In 1831, Michael Faraday in London found that a magnetic field could produce
current in a closed circuit when the magnetic flux linking the circuit keeps changing.
This phenomenon is known as electromagnetic induction. Faraday concluded from
his experiment that the induced current was proportional not to the magnetic flux
itself, but to its rate of change.

Consider the closed wire loop shown in Figure 1.6. A magnetic field with
magnetic flux density B is normal to the plane of the loop. If the direction of B is
upward and decreasing in value, a current / will be generated in the upward direc-
tion. If B is directed upward but its value is increasing in magnitude, the direction
of the current will be opposite. When B is decreasing, the current induced in the
loop is in such a direction as to produce a field which tends to increase B as shown
in Figure 1.6a. However, when B is increasing, the current induced in the loop is in
such a direction as to produce a field opposing B as shown in Figure 1.6b. Therefore,
the induced current in the loop is always in such a direction as to produce flux oppos-
ing the change in B. This phenomenon is called Lenz’s law. As the magnetic field



Fundamental Concepts in Electromagnetics 11

(decreasing) (increasing)

(a) (b)

FIGURE 1.6 Induced currents due to magnetic flux density B.

changes, it produces an E field. Integrating E field around a loop yields an electro-
motive force, or V,, ., measured in volts as follows:

€

Vit =JE.dl (1.16)

V...t appears between the two terminals if the loop is an open circuit. This is the basis
for the operation of an electric generator.
A quantitative relation between the EM force induced in a closed loop and the

magnetic field producing V. ; can be developed. This is represented by

_d9

Vemt =
! dt

(1.17)

where ¢ = [ B. ds is the total flux in webers. Equation 1.17 may be written as
% :—i”B ds (1.18)
emf dt . .

where ds is a surface element measured in square meters (m?) and ¢ time mea-
sured in seconds (s). Although Joseph Henry in Albany, New York, also discov-
ered the result shown in Equation 1.18, the credit is still attributed to Faraday.
Both Faraday and Henry discovered the above finding independently at about the
same time; however, it is known as Faraday’s law of induction. Faraday’s law is
well known through its importance in motors, generators, transformers, induction
heaters, and other similar devices. Also, Faraday’s law provides the foundation
for the EM theory.

The total time derivative in Equation 1.18 operates on B, as well as the differential
surface area ds. Therefore, V,,; can be generated under three conditions: a time-
varying magnetic field linking a stationary loop, a moving loop with a time-varying
area, and a moving loop in a time-varying magnetic field.
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1.4 ELECTROMAGNETIC ENERGY

Power is the rate at which energy is consumed or produced. It is the product of
voltage and current, and is measured in watts (W). One watt is equal to one joule per
second (J/s). However, power density, also called the power flux density, is a distribu-
tion of power over certain area. Power density is expressed in units of power per area,
such as watts per square meter (W/m?).

Energy is the ability to do work and it exists in various forms. Energy can be
stored as electrical energy. The unit of electrical energy is the same as the unit of
mechanical energy. It is the joule (J), which is defined as the energy stored by a force
of one newton (N) acting over a distance of one meter (m).

The fact that EM energy can travel easily through space without a conducting
medium has made it one of the significant tools of modern society. Numerous terms
are used for concentrations of EM energy. For any wave with E and H fields, the term
Poynting vector P is defined as

P=EXH (1.19)

The unit of P is (V/m) X (A/m) = (W/m?), and its direction is along the direction of
the wave. P represents the instantaneous power density vector associated with EM
fields at a given point. P is a function of time because both E and H are functions
of time. Equation 1.19 indicates that the rate of energy flow per unit area in a wave
is directed normal to the plane containing E and H. The integration of P over any
closed surface gives the net power flowing out of the surface. This is referred to as
the Poynting theorem. The field exposure depends on the shape of the source and on
the reciprocal of the resulting volume factor.

We see from Equation 1.19 has the same form as P = V X [ in circuit theory. In
the same sense that the power in a resistance can be expressed as V/R or I?R, Equation
1.19 may be expressed in terms of E, or H, by using the definition of intrinsic imped-
ance. Accordingly, two alternate expressions for the power density are obtained:

E;
P = (1.20)
n
and
P.=Hin (1.21)

1.5 ELECTROMAGNETIC SPECTRUM

The evolution of the EM frequency spectrum started from the discoveries of
Maxwell, Hertz, and Marconi. The EM spectrum under which devices and systems
work extends from ELF fields and very low frequency (VLF) fields to RFR, infrared
(IR) radiation, visible light, ultraviolet (UV), x-rays, and gamma-ray frequencies
exceeding 10?4 Hz (Figure 1.7) [2].

The EM spectrum is continuous and its division into frequency ranges, like ELF
and radio frequency (RF), is based on physics and engineering criteria related to
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instrumentation and physical descriptions of the energy, rather than biology. The
divisions reflect differences in absorption depth and fractional absorption/reflection
of all materials, due to changes in dielectric constant, and are specifically related to
living tissues [4].

According to the frequency, EM radiation is classified as either nonionizing or
ionizing. Nonionizing radiation is a general term for that part of the EM spectrum
with weak photon energy that cannot break atomic bonds in irradiated material, but
still has a strong effect, which is heating. To understand this, consider the energy of a
quantum of 50 Hz exposure, given by Planck’s constant / times the frequency (50 Hz),
which is 2 X 10713 eV. As the energy required for ionization by breaking a chemical
bond is typically 1 eV, it is clear that low-frequency fields do not cause ionization.

Ionizing and nonionizing radiation are separated on the EM spectrum. The
division between them is generally accepted to be at wavelengths around 1 nm
in the far-UV region. Above that frequency is ionizing radiation, which contains
enough energy to physically alter the atoms it strikes and change them into charged
particles called ions. Below visible light is the nonionizing radiation. All types
of EM radiation share the same physical properties of divergence, interference,
coherence, and polarization; however, they differ in terms of energy.

Ionizing radiation contains so much energy in its individual quanta of energy
(e.g., 12 eV and above) that it is able to expel electrons from their orbits in the atom
shells. This creates free radicals in living matter, increasing the risk of chromosomal
damage and fatal abnormalities, which may lead to cancer.

Atoms of all elements may be ionized. However, only gamma rays, x-rays, alpha
particles, and beta particles have enough energy to create ions. Because ions are
charged particles, they are chemically more active than their electrically neutral
forms. Chemical changes that occur in biological systems may be cumulative and
detrimental, or even fatal.

1.6 SOURCES OF ELECTRIC AND MAGNETIC FIELDS

Wherever electricity is generated, transmitted, distributed, or used, electric and
magnetic fields are created, often at significant intensities, due to the presence and
motion of electric charges. Electric and magnetic fields are generally seen around
electric transmission lines, distribution lines, substations, wiring and grounding
systems, telecommunication facilities, consumer appliances, industrial and medical
equipment, and other common sources. Fields also occur in nature, as in lightning,
and in other phenomena such as the northern lights, caused by the interaction of solar
wind and the Earth’s magnetic field. Human exposure to ELF electric and magnetic
fields is primarily associated with the generation, transmission, and use of electrical
energy. Varieties of ELF sources are found in the community, home, and workplace.
These sources are categorized into two main types: DC and AC.

1.6.1 DC Sources

A DC field is sometimes referred to as a static field or static electricity, which means
not changing over time. DC lies at the far end of the EM spectrum, to a frequency
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of zero and therefore its wavelength is infinite. In such case, any circuit automati-
cally becomes a complete transmission line that conducts all and radiates nothing.
Consequently, there will be only field and no radiation. Since the field is static, not
changing with time, there is no excitement of nearby molecules and of course no
heating. DC field might be experienced as a tingling sensation when standing near a
very high voltage source or as hair standing on end. Scooting the feet across a carpet
may sometimes generate a static field on the body. Lightning, which is a transient
high-current discharge that occurs when an area of the atmosphere attains electric
charges sufficient to produce an electric field strong enough to break down the insula-
tion provided by the air, certainly causes serious health problems due to conduction
currents.

1.6.1.1 Magnetosphere

The Earth is composed of four main layers: inner core, outer core, mantle, and
crust. The inner core is solid and composed mostly of iron (Fe) and is so hot that the
outer core is molten, with about 10% sulphur (S). Most of the Earth’s mass is in the
mantle, which is composed of iron, magnesium (Mg), aluminum (Al), silicon (Si),
and oxygen (O) silicate compounds at over 1000°C. The crust is relatively cold and
thin, and is composed of the least dense calcium (Ca) and sodium (Na) aluminum
silicate minerals.

Earth produces field, which is largely static. The Earth’s static electric field
is about 120 V/m near ground level [5,6], while the Earth’s magnetic field has a
magnitude of about 50 uT (0.5 G) over most of the world and is oriented toward the
magnetic north [7]. Earth can be thought of as a dipole (2-pole) magnet, as shown in
Figure 1.8. Magnetic field lines emerge between Earth’s North and South poles just
as they do between the poles of a bar magnet. Yet the Earth’s magnetic field lines
are not as symmetrical as those of the bar magnet. In the upper (northern) half of the
Earth, the magnetic field is directed toward the Earth; in the lower (southern) half,
the field is directed away from the Earth.

Imaginary dipole

Inner core

FIGURE 1.8 Earth may be thought of as a dipole magnet.
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Charged particles become trapped on these field lines (just as iron filings are
trapped on a piece of paper that is placed directly over a dipole bar magnet) form-
ing the magnetosphere, which is the region in space close to Earth, just above the
ionosphere. Earth’s magnetosphere is a dynamic belt of flowing plasma guided by
magnetic field, which at times connects into the sun’s magnetic field. The magneto-
sphere extends into the vacuum of space from approximately 80 to 60,000 km on the
side toward the sun, and trails out more than 300,000 km away from the sun [8].

Within Earth’s magnetosphere are found cold plasma from the Earth’s ionosphere,
hot plasma from the sun’s outer atmosphere, and even hotter plasma accelerated to
huge speeds, which can light up like a neon tube on Earth’s upper atmosphere, creat-
ing mysterious auroras in both the northern and southern hemispheres. The mag-
netosphere itself has several components, occasionally diverting the sunrays away
from Earth and occasionally absorbing them. The geomagnetic intensification effect
implies that the so-called radiation cancers should be more common in industrial
nations at high geomagnetic latitudes.

The force of the solar wind pushes on the magnetosphere, squeezing in the sun-
ward side and stretching the night side into a long tail. This phenomenon is called
magnetotail, which extends hundreds of thousands of kilometers into space. The
impact of the solar wind causes the lines facing sunward to compress, while the field
lines facing away from the sun stream back [9]. The solar activity causes geomag-
netically induced currents (GICs), which may flow into and out of the electric power
grid through various ground points. The driving force is the voltage induced in the
transmission lines, both by the ionospheric current and by the earth current. The
frequency of the GIC is very low (below 1 Hz); therefore, it can be categorized as a
quasi-direct current. Currents have been measured in a single transformer neutral in
excess of 184 A in North America and 200 A in Finland [10].

1.6.1.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has become a significant diagnostic procedure
because of its high resolution. MRI is an imaging technique used primarily in medical
settings to produce high-quality images of the inside of the human body. Today, MRI
systems may subject the human body to fields between 3 and 4 T for a short period of
time, although 1.5 T systems were the state of the art for clinical imaging two decades
ago. MRI produces no ionizing radiation. It is believed to be harmless for humans as
long as its magnetic field intensity is below the recommended safety limits.

1.6.1.3 DC Power Supply System

Though these days DC power supply systems are not common, except at a few
locations worldwide, some information about them will be of interest for the reader.
The early DC system had a two-wire configuration, with a positive and a negative
conductor. The supply voltage varied between 110 and 250 V. As the need to transmit
larger quantities of energy increased, a new system of distribution was adopted, the
three-wire system. This consists of a generator and two conductors. A third conduc-
tor called neutral is grounded (zero volt reference for an electrical system through a
connection to the ground).
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1.6.2 AC SOURCES

For a long time, the main electrical power supply was DC; however, gradually, as the
advantages of AC became apparent, there was a changeover to AC. AC fields resulting
from the transmission, distribution, and use of electric power allow a good deal of sim-
plification as they vary rather slowly over time. The frequency of ELF fields depends
on the source of exposure. Although the power frequency (50/60 Hz) is the predomi-
nant fundamental frequency, humans are mostly exposed to a mixture of frequencies,
and much higher frequencies may arise. For example, frequencies from certain elec-
tronic equipment like televisions and video display terminals (VDTs) may extend up to
50kHz. In addition, switching events may generate abrupt spikes in voltage and cur-
rent waveforms, leading to high-frequency transients that might extend into RFR above
several megahertz. Nonlinear characteristics in electrical devices generate harmonics at
integer multiples of the fundamental frequency extending up to several kilohertz [5,11].

Electric and magnetic fields are the main components of EM fields. Electric fields
are generated when electric appliances are plugged in but not necessarily turned on.
They are relatively easy to shield or alter by most commonly available materials.
However, current produces magnetic fields when appliances are turned on. Magnetic
fields completely pass through earth, humans, and most building materials. They are
difficult to magnetically shield with a conduit or enclosure using any material, includ-
ing highly permeable sheets or highly conductive copper and aluminum materials.

The magnetic field strength from an ELF source decreases with distance from
the source. For example, for a single current-carrying conductor source the magnetic
field strength is directly proportional to the inverse of the distance from the source
(1/r). The field levels close to these sources are relatively high. The magnetic field
strength varies inversely, as the square of the distance (1/r?) for a multiple conduc-
tor source and as the cube of the distance (1/r?) for a loop or coil. Such relationships
are significant when implementing magnetic field mitigation schemes. For further
details, we will consider the following four types of AC sources.

1.6.2.1 Single-Conductor Source

A straight single conductor of current is considered as a basic source of field. It is
possible to determine the magnetic flux density B at all points in a region about a long
current-carrying conductor. Experiments show that for a homogeneous medium, B is
related to the current I. Thus

2nr

1
=M g (1.22)

where r is the distance in meters from the source. The direction of the magnetic field
due to moving charges depends on the right-hand rule, which states that if the right
thumb points in the direction of conventional current, the fingers of the right hand
curl around the wire in the direction of the magnetic field. Typical line sources are
multiconductor cables; long-wire conductors; plumbing and net currents; and electri-
cally powered subway, rail, and trolley bus systems. Magnetic fields from a single
conductor emanate circularly from the center, as shown in Figure 1.9.
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FIGURE 1.9 Magnetic field for an opposing current pair of dual conductors.

1.6.2.2 Dual-Conductor Source

The magnetic field for an opposing current pair of dual conductors separated by a
small distance d relative to the distance from the pair r diminishes at a nonlinear 1/2
distance rate (because of the inverse-square law), as illustrated in Figure 1.9. This is
defined as

21d
B="3 (1.23)

r

Basically, by doubling the distance r for a fixed spacing d and current /, the magnetic
flux density reduces by a factor of four. Electrical appliance cord transmission and
distribution lines commonly fall into this category.

1.6.2.3 Loop Source

A single loop can be considered as another typical source of magnetic field as shown
in Figure 1.10. It exists in AC motors, transformers, computers, power supplies, elec-
tric stoves, and microwave ovens. Using again the right-hand rule, a magnetic dipole
has a dipole moment M whose direction is in the direction of the thumb as the fingers
of the right hand follow the direction of the current. The magnitude is equal to the
product of the loop current / and the enclosed loop area S, defined as

M=1IXS§ (1.24)

The magnetic dipole produces magnetic field that diminishes at (1/73), as illustrated
by Figure 1.10. This is

HoM

B= 3

1.25
dnr ( )

As seen from Equation 1.25, the radiation effect is sharply reduced by a slight
increase in distance.
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FIGURE 1.10 Magnetic field of a loop.

1.6.2.4 Three-Phase Source

Electric power is generated and distributed via three-phase AC transmission, distri-
bution, and service feeder lines to commercial and industrial buildings. Each of the
three balanced phase voltages and currents are ideally represented as magnitude and
angle 120° apart. The magnetic field for balanced three-phase circuits of three hori-
zontally or vertically arrayed conductors separated by equal distances d diminishes
at a nonlinear 1/72 distance rate according to

B= 3'42” (1.26)

r

However, if the three-phase circuit is unbalanced or there are significant net, ground,
and plumbing currents on the service feeder neutral, then the dominant magnetic
field becomes

B=2" (1.27)

where [ is the sum of the net, ground, and plumbing currents. Furthermore, magnetic
fields produced by three-phase lines are generally elliptically polarized. This means
a rotating vector that traces an ellipse for every cycle of the conductor current can
represent the magnetic field.

1.7 SOURCES OF RADIOFREQUENCY RADIATION

Radio was developed in 1909, when Italian-born British entrepreneur Guglielmo
Marconi (1874-1937) put to use the innovations of his predecessors and sent the first
wireless signal across the Atlantic Ocean. He bridged the 3000 km distance between
St. John’s (Newfoundland) and Poldhu (Cornwall), on the southwest tip of England.
Later, wireless transmission came to be radio as we know it. Since then, radio has
become an essential part of our everyday life. Today, radio technology leads one of
the biggest businesses in the global market and the use of wireless devices, such as
cellular phones, is increasing dramatically.
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TABLE 1.2
Frequency Ranges of RFR Applications

Application
RFR range

General

AM radio

FM radio

TV channels

UHF television
Commercial paging
Amateur radio

Frequency Range

3 kHz to 300 GHz

535-1705 kHz

88-108 MHz

54-88/174-220 MHz

470-806 MHz

35,43, 152, 158, 454, 931 MHz
1.81-2.0/3.5-4.0/7.0-7.3/

10.1-10.15/14-14.35/
18.068-18.168/21.0-21.45/
24.89-24.99/28.0-29.7 MHz

Cellular Systems

Nordic Mobile Telephone (NMT) 450 453-457.5/463-467.5 MHz

NMT 900 890-915/935-960 MHz
AMPS 825-845/870-890 MHz
Total Access Telecommunication System (TACS) 890-915/935-960 MHz
E-TACS 872-905/917-950 MHz
GSM 900 890-915/935-960 MHz
DCS 1800 1710-1785/1805-1880 MHz
Cordless Systems

CT-2 864-868 MHz

DECT 1880-1900 MHz

1895-1918 MHz
1910-1930 MHz
1850-1990 MHz

Personal Handyphone System (PHS)
Personal Access Communications System (PACS)
Personal Communication Services (PCS)

Industrial, Scientific, and Medical

ISM 433,915, and 2450 MHz
RF heaters/sealers 13.56, 27.12, 40.68, and 100 MHz
Microwave ovens 2450 MHz

RF energy is essential for wireless communications, broadcasting, radars, and
other industrial, scientific, and medical applications. RFR covers an important
portion of the EM spectrum, extending from a few kilohertz (within the range of
human hearing) to thousands of gigahertz. Microwave radiation is usually consid-
ered a subset of RFR, although an alternative convention treats RF and microwaves
as two separate spectral regions. Microwaves occupy the spectral region between
300 GHz and 300 MHz, while RF includes 300 MHz to 3 kHz. Since they have
similar characteristics, RF waves and microwaves are recognized together,
and referred to as RFR throughout Part I of this book, while separated in Part II
and Part III. Table 1.2 shows frequency ranges of RFR applications.

RF waves are slowed as they pass through media such as air, water, glass, bio-
logical tissues, etc. They radiate outward from their transmission source in energy
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FIGURE 1.11  The basic elements of a wireless communication system.

packets that combine the characteristics of waves and particles. When generated,
these waves of energy travel from their transmitter through space. They are reflected
from, refracted around, or absorbed by their receivers or any object in their path. RF
system requires three basic elements in order to be functional. These elements are
generator, transmission path, and antenna, as shown in Figure 1.11.

1.7.1  GENERATORS

Radio sources, or generators, convert electrical power into radiation using technologies
such as oscillators or magnetrons. The radiation requirements of the system determine
the type of generator or RF source used. Important parameters are power output require-
ment, efficiency, size, bandwidth, frequency, and modulation technique.

An oscillator is the most basic radio source. It consists of a tuned resonant
circuit that is usually equipped with amplification stages and positive feedback
circuits.

1.7.2  TRANSMISSION PATHS
1.7.2.1 Transmission Lines

Transmission lines are commonly used for high-bandwidth communication and
power transfer. They come in a wide variety of geometries and sizes, and operate
over broad frequency ranges. When RF energy is generated and information is
imparted to the signal through electronic stages, the next task is to guide the energy
from the generator to the antenna. Using a two-conductor transmission line, coaxial
cable, or waveguide may accomplish this.

The two-conductor (predominantly copper) line is one of the oldest types of
communication channels. It was designed mainly for telephone systems. It repre-
sents the simplest type of geometry in that the two conductors are of equal size and
are spaced apart by a constant separation.

The two-conductor line is usually twisted. The twist reduces the EM radia-
tion from the signal propagating over the wires as well as the pickup of unwanted
signals when EM fields surround the wire. In the past, paper was used as an insulator
between the wires, but today polyethylene is more common. Two-conductor lines are
usually used in telephone networks and their use is generally restricted to operation
up to about 100 MHz.

The two-conductor transmission line is described in terms of its line parameters,
which are its resistance per unit length R, inductance per unit length L, conductance
per unit length G, and capacitance per unit length C, as shown in Figure 1.12.
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FIGURE 1.13 The geometry of a coaxial cable.

1.7.2.2 Coaxial Cables

Coaxial cables are the most widely used transmission lines for high-frequency appli-
cations. The two conductors required for transmission of energy are the central
conductor and an enclosing conducting shield, as shown in Figure 1.13. An insulat-
ing material separates the central conductor and the shield. Coaxial cables are used
wherever there is a need for long distance, low attenuation, and ability to support
high data transmission rates with high immunity to electrical interference. Coaxial
cables are widely used in telephone networks and cable TV.

1.7.2.3 Waveguides

Waveguides are found in several forms. They can have a circular or a rectangular
cross section. They may have other shapes as well, if utilized and manufactured
for specific applications. Waveguides normally consist of metallic hollow structures
used to guide EM waves, as shown in Figure 1.14. They are used for transferring
signals, where the wavelengths involved are so short that they are of the same size
range (2 GHz and higher). Large waveguides would be required to transmit RF
power at longer wavelengths. Waveguides are low loss, which means the wave trav-
els along the waveguide without greatly attenuating as it goes. Waveguides can be
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(a) (b)
FIGURE 1.14 (a) A rectangular waveguide. (b) A circular waveguide.

gently twisted without losing contact with the wave, without generating reflections,
and without incurring much additional loss.

1.7.3  ANTENNAS

The antenna is the last component in the wireless transmitting system. The antenna
is a device that provides the transition from a guided EM wave on a transmission line
to an EM wave propagating in free space. Also, the antenna may be considered as a
transducer used in matching the transmission line or waveguide to the surrounding
medium.

Most antennas are reciprocal devices, which means the antenna performs
equally well as either transmitting antenna or receiving antenna. The purpose of the
transmitting antenna is to radiate EM waves into free space (usually, but not neces-
sarily, air). Antennas are also used for reception to collect radiation from free space
and deliver the energy contained in the propagating wave to a feeder and receiver.

1.7.3.1 Antenna Properties

The design of an antenna is influenced by requirements such as size, frequency range,
power output, directivity, gain, propagation technique, polarization, and electrical
impedance. These requirements justify the wide range of antenna designs available
for different applications. In general, the properties of antennas are the most impor-
tant aspect of radiation hazard evaluation.

Bel: This term was originally developed from the measurement of sound. It
reflects the fact that the human ear has a logarithmic response. The bel is
a ratio of two powers, the output power P, and the input power P,.

Decibel: To deal with the wide range of numbers in a telecommunication system,
it is convenient to use a logarithmic scale for comparing power levels. It
is common to use a base-10 logarithm in such case. We also multiply the
result by 10. The unit is decibel, but people usually say dB. In case of work
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in voltages or currents, multiply the result by 20. For an amplifier, the gain
can be written in dB as

G=10 log(ﬁj dB (1.28)

i

Directivity: This is the ability of an antenna to concentrate the radiation in the
desired direction. Directivity is also the ratio of the radiation intensity in
a given direction from the antenna to the radiation intensity averaged over
all directions. This average radiation intensity is equal to the total power
of the antenna divided by 4. If the direction is not specified, directivity
refers to the direction of maximum radiation intensity.

Gain: The gain of any antenna is the most important parameter in the design
and performance of the antenna system. It is defined as the product of the
antenna efficiency and its directivity. The gain is obtained by concentrating
the radiated power into a narrow beam. The gain in any direction (6, ¢) is
the power density radiated in the direction (6, ¢) divided by the power den-
sity which would have been radiated at (6, ¢) by an isotropic radiator having
the same input power. A high gain is achieved by increasing the effective
aperture area A, of the antenna in square meters. We write the gain G as

_ 4nA,
A

G

(1.29)

The gain is normally expressed in dBs by taking 10 log (G). The term dB,
refers to antenna gain with respect to an isotropic antenna, while the term
dB, is used to refer to the antenna gain with respect to a half-wave dipole
antenna (0 dB, = 2.1 dB)).

Polarization: The polarization of an EM wave is the orientation of the electric
field intensity vector E relative to the surface of the Earth. The propagat-
ing wave has a transverse direction for the electric field called the polar-
ization direction. This normally lies along the direction of the electric
field. There are two basic types of polarization—linear and elliptical.
Linear polarization is divided into two classes, vertical and horizontal.
Circular polarization is the more common form of elliptical polarization.
Two classes of circular polarization exist, right-hand circular and left-
hand circular.

Effective area: The effective aperture area A, of an antenna is related to the gain
G and free space wavelength A:

2
_2

A, =
47

(1.30)

Near-field zone: This is a region generally in close proximity to the antenna
or other radiating structure in which the electric and magnetic fields do
not exhibit a plane-wave relationship, and the power does not decrease
with the square of distance from the source but varies considerably from
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point to point. The near-field region is subdivided into the reactive near-
field zone, which is closest to the radiating structure and contains most or
nearly all of the stored energy, and the radiating near-field zone, where
the radiating field predominates over the reactive field but lacks substan-
tial plane-wave character and is complicated in structure.

Far-field zone: This is the region far enough from the antenna where the radi-
ated power per unit area decreases with the square of the distance from
the source. In the far-field environment, the EM field propagates away
from the source of radiation. The radiated energy is stored alternately in
the electric and magnetic field of the propagating EM wave. The electric
field vector and the magnetic field vector are perpendicular to each other
in a plane-wave condition. Both of these vectors are perpendicular to the
power vector, which points in the direction of the radiation (each of these
vectors is mutually perpendicular to the other two). In the far-field zone,
the ratio between E and H is equal to a constant known as the impedance
of free space (Z,) and has a value of approximately 377 . This value is
derived from the permittivity and permeability of free space. The distance
R, from the antenna to the far-field zone is defined as

D2

where D is the greatest distance of the radiating structure in meters, and A is
the wavelength in meters. In the case of a circular dish, D is just the diameter
while in the case of a rectangular horn, it is the diagonal distance across the
mouth. At this point, the maximum phase difference of EM waves coming
from various points on the antenna is 22.5° [7]. However, larger phase dif-
ference and therefore shorter distance to the far-field zone could be marked
when performing hazard assessment. The new distance is defined as

D2

Plane wave: This is an EM wave characterized by mutually orthogonal electric
and magnetic fields that are related by the impedance of free space. For
the plane waves P and E, the following relationship exists: P = E*/377.

1.7.3.2 Types of Antennas

Antennas are made in different shapes and sizes (Figure 1.15). They are used in
radio and TV broadcasting, radar systems, radio communications, cellular commu-
nications, and many other applications.

Isotropic antenna: This is a hypothetical source radiating power equally in all
directions. It is used as a reference radiator when describing the radiation
properties of real antennas.
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FIGURE 1.15 Various types of antennas.

Wire antenna: Any wire acts like an antenna. The wire need not be straight.
Usually, wire antennas are designed to operate between 2 and 30 MHz.
These are physically long since they operate at low frequencies.

Half-wave antenna: This is an antenna whose electrical length is half the wave-
length of the radio signal, or half the distance the radio wave travels during
one cycle.

Loop antenna: Basically, a loop antenna is used for AM broadcasting at the
long wave band. There are two types of loop antennas; one is the ferrite
bar (as in AM radio) and the other is wound on an air core form. The loop
antenna is very directional and need not to be circular. There can be more
than one turn also.

Aperture antenna: This is the part of a plane surface of a directional antenna,
which is very near to the antenna and normal to the direction of maximum
radiant intensity through which the major part of the radiation passes. An
example of aperture is the waveguide horn.

Slot antenna: A radiating element (hole) created by a slot in a conducting sur-
face or in the wall of a waveguide or cavity.

Dish antenna: Parabolic dishes are used for the reception and transmission of radio
waves to satellites and terrestrial links. They receive waves and focus them
through the parabolic focal point where the receiving antenna is placed.
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Helical antenna: This is a wire wound in the form of a helix. Helical anten-
nas can easily generate circular-polarized waves. They operate in a wide
frequency bandwidth. When the helix circumference is one wavelength,
maximum radiation is generated along the helix axis.

Microstrip antenna: The microstrip antenna is very low profile and has mechan-
ical strength. Such antennas are becoming popular in microwave applica-
tions, as they are small and easily fabricated. To fabricate a microstrip
antenna, an area of conductor is printed on the surface of a thin dielectric
substrate with a ground plane (almost any shape is possible).

Antenna array: When several antennas are connected together, the combination
is called an antenna array and the array as a whole behaves as if it is a
single antenna. Active arrays have each element individually driven by its
own feed, whereas passive arrays have a principal radiator passing energy
to parasitic elements.

Yagi-Uda antenna: The Yagi-Uda antenna is familiar to everyone as it is com-
monly used for television reception. This is a passive array, with a single
driven element, and the other elements are driven parasitically. It consists
of a folded dipole-radiating element with a number of parasitic elements.

Log-periodic antenna: This is a wide-band antenna consisting of dipoles of suc-
cessively diminishing length connected in parallel across the feed. Only
that dipole which is very close to a half-wavelength long loads the feed,;
the dipoles behind and in front act as reflector and director to give the
array a little gain.

Line antenna: This is a leaky transmission line whose wave velocity is close
to that of waves in free space. The resulting “phase matching” condition
allows resonant transfer from the transmission line to the free space.

Whip antenna: This is cylindrical in shape. The size varies according to the fre-
quency and gain for which it is designed. The whip antenna is also called
a stick or pipe antenna, and is usually omnidirectional.

Panel antenna: A panel antenna (also called directional) is an antenna or array of
antennas designed to concentrate the radiation in a particular area. A panel
antenna is typically a flat, rectangular device used for cellular base stations
in cities and suburban areas where greater customer capacity is needed.

Phased array antenna: Several antennas can be arrayed in space to make a
desired directional pattern. By controlling the phase shift between succes-
sive elements in an array antenna, the direction can be steered electroni-
cally without physically moving the antenna structure.
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