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Preface

This second edition of Antenna Theory is designed to meet the needs of electrical
engineering and physics students at the senior undergraduate and beginning graduate
levels. und those of practicing engineers as well. The text presumes that the students
have a knowledge of basic undergraduate electromagnetic theory, including Maxwell’s
equations and the wave equation, introductory physics. and differential and integral
calculus. Mathematical techniques required for understanding some advanced topics
in the later chapters are incorporated in the individual chapters or are included as
appendices.

The second edition of the book has maintained all of the attractive features of the
first edition. However there have been many new features added to this edition. In
particular. an entire new chapter is devoted to the analysis and design of microstrip
antennas: introductory material has been added for the Fourier transform (spectral
domain) method. coupling, radar cross section for antennas, aperture-matched and
multimode homs, near-field to far-field measurements, and compact range chamber
designs and instrumentation for antenna and RCS measurements. There is an increase
in design procedures and equations; FORTRAN computer programs at the end of
most of the chapters that can be used for design and analysis: additional examples,
end-of-chapter problems, and two- and three-dimensional illustrations: and updated
material on Moment Method and mutual impedances. In addition, a computer program
has been developed, based on the Finite Difference Time-Domain method to animate
and visualize radiation, All the computer programs are contained in a 3.5-inch disc,
which is included with the book.

The book's main objective is to introduce, in a unified manner, the fundamental
principles of antenna theory and to apply them to the analysis, design, and measure-
ments of antennas. Because there are so many methods of analysis and design and a
plethora of antenna structures, applications are made to some of the most basic and
practical configurations, such as linear dipoles, loops, arrays, broadband and fre-
quency-independent antennas, aperture antennas, horn antennas, microstrip antennas,
and reflector antennas.

Introductory material on analytical methods, such as the Moment method and
Fourier transform (spectral) technique, is also included. These techniques, with the
fundamental principles of antenna theory, can be used to analyze and design almost
any antenna configuration. A chapter on antenna measurements introduces state-of-
the-art methods used in the measurements of the most basic antenna characteristics
(pattern, gain, directivity, radiation efficiency, impedance, current, and polarization)
and updates progress made in antenna instrumentation, antenna range design, and
scale modeling. Techniques and systems used in near- to far-field measurements and
transformations are also discussed.

v



vi Preface

A sufficient number of topics have been covered, some for the first time in an
undergraduate text. so that the book will serve not only as a text. but also as a reference
for the practicing and design engineer and even the amateur radio buff. These include
design procedures for Yagi-Uda and log-periodic arrays. horns, and microstrip
patches; synthesis techniques using the Schelkunoff, Fourier transform, Woodward-
Lawson. Tschebyscheff, and Taylor methods: radiation characteristics of corrugated.
aperture-matched, and multimode horns: analysis and design ol rectangular and cir-
cular microstrip patches; and matching techniques such as the binomial, Tschebys-
cheft, T-. gamma, and omega matches.

The text contains sufficient mathemaltical detail to enable the average undergrad-
vate electrical engineering and physics students to follow. without too much difficulty.
the flow of analysis and design. A certain amount of analytical detail. rigor, and
thoroughness allows many of the topics to be traced to their origin. My experiences
as a student, engineer. and teacher have shown that a text for this course must not be
a book of unrelated formulas, and it must not resemble a *‘cookbook.” This book
begins with the most elementary material. develops underlying concepts needed for
sequential topics, and progresses to more advanced methods and systems configura-
tions. Each chapter is subdivided into sections or subsections whose individual head-
ings clearly identify the antenna characteristic(s) discussed, examined, or illustrated.

A distinguished feature of this book is its three-dimensional graphical illustrations
from the first edition, which have been expanded and supplemented in the second
edition. In the pasi, antenna texts have displayed the three-dimensional energy radiated
by an antenna by a number of separate (wo-dimensional patterns. With the advent
and revolutionary advances in digital computations and graphical displays, an addi-
tional dimensjon has been introduced for the first time in an undergraduate antenna
text by displaying the radiated energy of a given radiator by a single, three-dimensional
graphical illustration. Such an image. formed by the graphical capabilities of the
computer and available at most computational facilities, gives a clear view of the
energy radiated in all space surrounding the antenna. It is hoped that this will lead to
a better understanding of the underlying principles of radiation and that it will provide
a clearer visualization of the pattern formation in all space.

In addition. there is an abundance of general graphical illustrations, design data,
references, and additional problems. Many of the principles are illustrated with ex-
amples, graphical illustrations, and physical arguments. Although students are often
convinced that they understand the principles, difficulties arise when they atempt 10
use them. An example, especially a graphical illustration, can often better illuminate
those principles. As they say, ‘‘a picture is worth a thousand words.”’

Numerical techniques and computer solutions are illustrated and encouraged. A
number of FORTRAN computer programs and subroutines are included at the end of
Chapters 1,2, 4,5, 6,8, 10, 11, 13, and 14. The program at the end of Chapter | can
be used 10 animate and then visualize radiation by an infinite line source driven by a
Gaussian pulse and an E-plane sectoral horn energized by a continuous cosinusoidal
source. To accomplish this, the user needs the professional edition of MATLAB. All
of the computer programs, especially those at the end of Chapters 6, 11, 13, and 14,
have been developed to design, respectively, uniform and nonuniform arrays, log-
periodic dipole arrays. horns, and microstrip patch antennas. ln some cases, the
computer programs also perform analysis on the designs. The programs at the end of
Chapters 2. 4, 5, 8, and 10 are primarily developed for analysis. A computer disc with
the source codes is included with the book. These can be used to perform routine
calculations of complex functions and/or formulations, to carry out numerical inte-
grations that cannot be performed in closed form, and to display solutions in graphical
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form. The problems at the end of each chapter can be used to apply the underlying
principles of antenna theory to the analysis and design of many practical radiators.

For course use, the text is intended primarily for a two-semester (or two- or three-
quarter) sequence in antenna theory. The first course should be given at the senior
undergraduate level and should cover most of the material in Chapters | through 7
and Chapter 16. The material in Chapters 8 through 15 should be covered in a
beginning graduate-level course. Selected chapters and sections from the book can be
covered in a single semester, without loss of continuity. However, it is almost essential
that most of the material in Chapters 2 through 6 be covered in the first course and
before proceeding to any more advanced topics. To cover all the material of the text
in the proposed time frame would be. in some cases, a very ambitious task. Sufficient
topics have been included, however, 10 make the text complete and to give the teacher
the flexibility to emphasize, de-emphasize, or omit sections or chapters. Some of the
chapters and sections can be omitted without loss of continuity.

In the entire book an ¢/*' time variation is assumed, and it is suppressed. The
International System of Units, which is an expanded form of the rationalized MKS
system. is used in the text. In some cases, the units of length are in meters (or
centimeters) and in feet (or inches). Numbers in parentheses ( ) refer to equations,
whereas those in brackets | | refer 10 references. For emphasis, the most important
equations. once they are derived, are boxed. A Solutions Manual for all end of chapter
problems is available for the instructor.

I would like to acknowledge the invaluable suggestions and constructive criticisms
of the reviewers for the second edition of this book: Dr. Edward B. Joy of Georgia
Tech, Dr. Stuart A. Long of University of Houston, Dr. David M. Pozar of University
of Massachusetts, Dr. Ezekiel Bahar of the University of Nebraska and Dr. Paul E.
Mayes of University of Illinois, Urbana, and those of the first edition from my
colleague Dr. Thomas E. Tice of Arizona State University and Dr. Charlton H. Walter
of TRW (formally of Ohio State University). Also I would like to acknowledge the
suggestions. end of the chapter problems, and figures provided by my colleague Dr.
James T. Aberle and Dr. Roger D. Radcliff of Ohio University.

The book, especially the graphical illustrations, computer programs, solutions to
many of the problems, solutions manual, and proofreading of the galleys and page
proofs would not have been possible without the contributions from many of my and
other graduate students at Arizona State University. It is a pleasure to acknowledge
those of Anastasis C. Polycarpou for the development of many of the computer programs
for Chapters 6, 8, 13, and 14, and preparation of the computer disc; Seong-Ook and
Jeong-Suk Park for completion of the solutions manual and proofreading the galleys
and page proofs; Dr. Panayiotis A. Tirkas for the development of the computer programs
for Yagi-Uda arrays and analysis of horns, and many of the new three-dimensional
computer generated illustrations; William V. Andrew for the development of the an-
imation-visualization computer program; Craig R. Birtcher for antenna pattern meas-
urements, and material on near- to far-field measurements and compact ranges; Chris
B. Bishop for the development of the computer program for the design and analysis
of log-periodic dipole arrays: David M. Kokotoff for revising the Hallén’s-Moment
Method computer program; and Tamara Spreckic, Konstantinos D. Katsibas, and Jian
Peng for proofreading the galleys and preparation of graphical ilfustrations.

Since many of the unique features of this book carry aver from the first edition,
I still acknowledge the contributions of my graduate students at West Virginia Uni-
versity, especially those of John L. Jeffrey. Many thanks go to all those professors,
practicing engineers, and students. who over the years of the first edition provided
invaluable suggestions and corrections. [ also want to acknowledge the expert typing
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by Linda S. Arneson of the additional material included in the revised manuscript and
to Kathy Muckenhirn for handling many of the logistics during publication. Many
thanks to Dr. Atef Z. Elsherbeni and Clayborne D. Taylor, Jr., of University of
Mississippi for permitting and providing the use of the 2-D Antenna Pattern Plotter:
Rectangular-Polar computer program.

To the companies and individuals that provided illustrations and copyright per-
missions. | am most appreciative. 1 am also grateful to the staff of John Wiley &
Sons. Inc., especially Steven Elliot, Wiley editor of electrical engineering. for the
interest in the publication of the second edition. Special thanks also to Suzanne Ingrao
ol Ingrao Associates, production editor of this book, for her professional help. Finally,
I must express my gratitude to Helen, Renie and Stephanie for proofreading the galleys
and for their encouragement. patience, sacrifice and understanding for the many hours
of neglect during the completion of the first and second editions of this book.

Constantine A. Balanis
Arizona State University
Tempe, AZ
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CHAPTER

ANTENNAS

1.1 INTRODUCTION

An antenna is defined by Webster's Dictionary as *‘a usually metallic device (as a
rod or wire) for radiating or receiving radio waves.”" The IEEE Standard Definitions
of Terms for Antennas (IEEE Std 145-1983)* defines the antenna or aerial as "‘a
means for radiating or receiving radio waves.”” In other words the antenna is the
transitional structure between free-space and a guiding device, as shown in Figure
1.1. The guiding device or transmission line may take the form of a coaxial line or a
hollow pipe (waveguide), and it is used Lo transport electromagnetic energy from the
transmitting source to the antenna, or from the antenna to the receiver. In the former
case we have a transmitting antenna and in the latter a receiving antenna.

A transmission-line Thevenin equivalent of the antenna system of Figure 1.1 in
the transmitting mode is shown in Figure 1.2 where the source is represented by an
ideal generator, the tramission line is represented by a line with characteristic impe-
dance Z. and the antenna is represented by a load Z4 [Z, = (R, + R, + jX,]
connected to the transmission line. The Thevenin and Norton circuit equivalents of
the antenna are also shown in Figure 2.21. The load resistance R; is used to represent
the conduction and dielectric losses associated with the antenna structure while R,
referred to as the radiation resistance, is used to represent radiation by the antenna.
The reactance X, is used to represent the imaginary part of the impedance associated
with radiation by the antenna. This is discussed more in detail in Sections 2.13 and
2.14. Under ideal conditions, energy generated by the source should be totally trans-
ferred to the radiation resistance R,. which is used to represent radiation by the antenna.
However, in a practical system there are conduction-dielectric losses due to the lossy
nature of the transmission line and the antenna, as well as the due to reflections
(mismatch) losses at the interface between the line and the antenna. Taking into
account the internal impedance of the source and neglecting line and reflection (mis-
match) losses, maximum power is delivered to the antenna under conjugate marching.
This is discussed in Section 2.13,

*IEEE Transactions on Antennas and Propagation, vois. AP-17, No, 3, May 1969, AP-22, No. |, January
1974: and AP-31, No. 6, Part [{, November 1983.
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Figure 1.1 Antenna as a transition device.

The reflected waves from the interface create, along with the traveling waves
from the source toward (he antenna, constructive and destructive interference patterns,
referred to as standing waves, inside the transmission line which represent pockets of
energy concentrations and storage, typical of resonant devices. A typical standing
wave pattern is shown dashed in Figure 1.2, while another is exhibited in Figure 1.15,
If the antenna system is not properly designed, the transmission line could act to a
lurge degree as an cnergy storage element instead of as a wave guiding and energy
transporting device. If the maximum field intensities of the standing wave are suffi-
ciently large, they can cause arching inside the transmission lines.

The losses due 1o the line, antenna, and the standing waves are undesirable. The
losses due to the line can be minimized by selecting low-loss lines while those of the
antenna can be decreased by reducing the loss resistance represented by R, in Figure
1.2. The standing waves can be reduced, and the energy storage capacity of the line
minimized. by matching the impedance of the antenna (load) to the characteristic
impedance of the line. This is the same as matching loads 10 transmission lines, where
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Figure 1.2 Transmission-line Thevenin equivalent of antenna
in transmitting mode.

the load here is the antenna, and is discussed more in detail in Section 9.8. An
equivalent similar to that of Figure 1.2 is used to represent the antenna system in the
receiving mode where the source is replaced by a receiver. All other parts of the
transmission-line equivalent remain the same. The radiation resistance R, is used to
represent in the receiving mode the transfer of energy from the free-space wave 1o
the antenna. This is discussed in Section 2.13 and represented by the Thevenin and
Norton circuit equivalents of Figure 2.20.

In addition to receiving or transmitting energy, an antenna in an advanced wireless
system is usually required to eptimize or accentuate the radiation energy in some
directions and suppress it in others. Thus the antenna must also serve as a directional
device in addition to a probing device. It must then take various forms to meet the
particular need at hand. and it may be a piece of conducting wire, an aperture, a patch,
an assembly of elements (array), a reflector, a lens, and so forth.

For wireless communication systems, the antenna is one of the most critical
components. A good design of the antenna can relax system requirements and improve
overall system performance. A typical example is TV for which the overall broadcast
reception can be improved by utilizing a high-performance antenna. The antenna
serves to a communication system the same purpose that eyes and eyeglasses serve
to a human.

The field of antennas is vigorous and dynamic. and over the [ast 50 years antenna
technology has been an indispensable partner of the communications revolution. Many
major advances that occurred during this period are in common use today: however,
many more issues and challenges are facing us today, especially since the demands
for system performances are even greater. Many of the major advances in antenna
technology that have been completed in the 1970s through the early 1990s, those that
were underway in the early 1990s, and signals of future discoveries and breakthroughs
were captured in a special issue of the Proceedings of the IEEE (Vol. 80, No. 1,
January 1992) devoted to Antennas. The introductory paper of this special issue [1]
provides a carefully structured, elegant discussion of the fundamental principles of
radiating elements and has been written as an introduction for the nonspecialist and
a review for the expert.

1.2 TYPES OF ANTENNAS

We will now introduce and briefly discuss some forms of the various antenna Lypes
in order to get a glance as to what will be encountered in the remainder of the book.
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1.2.1 Wire Antennas

Wire antennas are familiar to the layman because they are seen virtually everywhere—
on automobiles. buildings, ships. aircraft, spacecraft, and so on. There are various
shapes of wire antennas such as a straight wire (dipole), loop. and helix which are
showa in Figure 1.3. Loop antennas need not only be circular. They may take the
form of a rectangle. square, ellipse, or any other configuration. The circular loop is
the most common because of its simplicity in construction. Dipoles are discussed in
more detail in Chapter 4, loops in Chapter 5. and helices in Chapter 10.

1.2.2 Aperture Antennas

Aperture antennas may be more familiar to the layman today than in the past because
of the increasing demand for more sophisticated forms of antennas and the utilization
of higher frequencies. Some forms of aperture antennas are shown in Figure 1.4,
Antennas of this type are very useful for aircraft and spacecraft applications. because
they can be very conveniently flush-mounted on the skin of the aircraft or spacecrafl,
In addition, they can be covered with a dielectric material to protect them from
hazardous conditions of the environment. Waveguide apertures are discussed in more
detail in Chapter 12 while horns are examined in Chapter 13.

1.2.3 Microstrip Antennas

Microstrip antennas became very popular in the 1970s primarily for spaceborne ap-
plications. Today they are used for government and commercial applications. These
antennas consist of a metallic patch on a grounded substrate. The metallic patch can
take many different configurations, as shown in Figure 14.2. However, the rectangular
and circular patches, shown in Figure 1.5, are the most popular because of ease of

|
| A\

(a) Dipole () Circular (square) loop

(¢) Helix
Figure 1.3 Wirc antenna configurations.
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Figure 1.4 Aperture antenna configurations,

analysis and fabrication, and their attractive radiation characteristics, especially low
cross-polarization radiation. The microstrip antennas are low-profile, comformable to
planar and nonplanar surfaces, simple and inexpensive to fabricate using modern
printed-circuit technology, mechanically robust when mounted on rigid surfaces. com-
patible with MMIC designs, and very versatile in terms of resonant frequency, polar-
ization, pattern, and impedance. These antennas can be mounted on the surface of
high-performance aircraft, spacecraft, satellites, missiles, cars, and even handheld
mobile telephones. They are discussed in more detail in Chapter 14.

1.2.4 Array Antennas

Many applications require radiation characteristics that may not be achievable by a
single element. It may, however, be possible that an aggregate of radiating elements
in an electrical and geometrical arrangement (an array) will result in the desired
radiation characteristics. The arrangement of the array may be such that the radiation
from the elements adds up to give a radiation maximum in a particular direction or
directions, minimum in others, or otherwise as desired. Typical examples of arrays
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Figure 1.5 Rectangular and circular microstrip
(patch) antennas.

are shown in Figure 1.6. Usually the term array is reserved for an arrangement in
which the individual radiators are separate as shown in Figures 1.6(a—c). However
the same term is also used to describe an assembly of radiators mounted on a contin-
uous structure, shown in Figure 1.6(d).

1.2.5 Reflector Antennas

The success in the exploration of outer space has resulted in the advancement of
antenna theory, Because of the need to communicate over great distances, sophisu-
cated forms of antennas had to be used in order to transmit and receive signals that
had to travel millions of miles. A very common antenna form for such an application
is a parabolic reflector shown in Figures 1.7(a) and (b). Antennas of this type have
been built with diameters as large as 305 m. Such large dimensions are needed to
achieve the high gain required to transmit or receive signals after millions of miles
of travel. Another form of a reflector. although not as common as the parabolic, is
the corner reflector, shown in Figure 1.7(c). These antennas are examined in detail in
Chapter 15.
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Figure 1.6 Typical wire, and aperture and microstrip array configurations.

1.2.6 Lens Antennas

Lenses are primarily used to collimate incident divergent energy ta prevent it from
spreading in undesired directions. By properly shaping the geometrical configuration
and choosing the appropriate material of the lenses, they can transform various forms
of divergent energy into plane waves. They can be used in most of the same apphi-
cations as are the parabolic reflectors, especially at higher frequencies. Their dimen-
sions and weight become exceedingly large at lower frequencies. Lens antennas are
classified according to the material from which they are constructed, or according to
their geometrical shape. Some forms are shown in Figure 1.8 {2].

In summary, an ideal antenna is one that will radiate all the power delivered 1o it
from the transmitter in a desired direction or directions. In practice, however, such
ideal performances cannot be achieved but may be closely approached. Various types
of antennas are available and each type can take different forms in order o achieve
the desired radiation characteristics for the particular application. Throughout the
book, the radiation characteristics of most of these antennas are discussed in detail.

1.3 RADIATION MECHANISM

One of the first questions that may be asked concerning antennas would be *“‘how is
radiation accomplished?'" In other words, how are the electromagnetic fields generated



8 Chapter | Antennas

[~

Feed

Reflector

—

(a) Parabolc reflector with front feed

Reflector [~

T
bFeed

\

(I») Parabotic reflector with Casseprain feed

Subreflector

e

Reflector

b Feed

—~—

(¢) Corner reflector
Figure 1.7 Typical reflector configurations.

by the source. contained and guided within the transmission line and antenna, and
finally **detached’" from the antenna to form a free-space wave? The best explanation
may be given by an illustration. However, let us first examine some basic sources of
radiation.

1.3.1 Single Wire

Conducting wires are material whose prominent characterisic is the motion of electric
charges and the creation of current flow. Let us assume that an electric volume charge
density. represented by g, (coulombs/m?), is distributed uniformly in a circular wire
of cross-sectional area A and volume V. as shown in Figure 1.9. The total charge O
within volume V is moving in the 7 direction with a uniform velocity v, (meters/sec).
It can be shown that the current density J. (amperes/m”) over the cross section of the
wire is given by 3]

.= g,v. (1-1a)
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Figure 1.8 Typical lens antenna configurations. (SOURCE: L. V.
Blake, Antennay, Wiley, New York, 1966),

Il the wire is made of an ideal electric conductor, the current density J, (amperes/m)
resides on the surface of the wire and it is given by

Jo = g v- (1-1b)

Figure 1.9 Charge uniformly dis-
tributed in a circular cross section
cylinder.
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where ¢, (coulombs/m?) is the surface charge density. If the wire is very thin (ideally
zero radius), then the current in the wire can be represented by

I, = qv, (1-1¢)

k4

where ¢, (coulombs/m) is the charge per unit length.

Instead of examining all three current densities, we will primarily concentrate on
the very thin wire. The conclusions apply to all three. If the current is time-varying,
then the derivative of the current of (1-1c) can be written as

dl. dv,
S = e, 1-2
ar a0 (1-2)

where dv_/dt = a, (meters/sec?) is the acceleration. If the wire is of length [, then
(1-2) can be written as

dl. dv.
| — = g, — = . (1-3)
& M lgu a;

Equation (1-3) is the basic relation between current and charge, and it also serves as
the fundamental relation of electromagnetic radiation {4], {5]. It simply states that to
create radiation, there must be a time-varying current or an acceleration (or decel-
eration) of charge. We usually refer to currents in time-harmonic applications while
charge is most often mentioned in transients. To create charge acceleration (or decel-
eration) the wire must be curved, bent, discontinuous or terminated [1], [4]. Periodic
charge acceleration (or deceleration) or time varying current is also created when
charge is oscillating in a time-harmonic motion, as shown in Figure 1.17 for a A/2
dipole. Therefore:

1. If a charge is not moving, current is not created and there is no radiation.
2. If charge is moving with a uniform velocity:
a.  There is no radiation if the wire is straight. and infinite in extent.
b. There is radiation if the wire is curved, bent, discontinuous, terminated, or
truncated. as shown in Figure 1.10,

3. If charge is oscillating in a time-motion, it radiates even if the wire is straight.

A qualitative understanding of the radiation mechanism may be obtained by
considering a pulse source attached to an open-ended conducting wire, which may be
connected to the ground through a discrete load at its open end, as shown in Figure
1.10(d). When the wire is initially energized, the charges (free electrons) in the wire
are sel in motion by the electrical lines of force created by the source. When charges
are accelerated in the source-end of the wire and decelerated (negative acceleration
with respect to original motion) during reflection from its end, it is suggested that
radiated fields are produced at each end and along the remaining part of the wire, {1],
[4]. Stronger radiation with a more broad frequency spectrum occurs if the pulses
are of shorter or more compact duration while continuous time-harmonic oscillating
charge produces, ideally, radiation of single frequency determined by the frequency
of oscillation. The acceleration of the charges is accomplished by the external source
in which forces set the charges in motion and produce the associated field radiated.
The deceleration of the charges at the end of the wire is accomplished by the internal
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Figure 1.10 Wire configurations for ra-
diation.

(self) forces associated with the induced field due to the buildup of charge concentra-
tion at the ends of the wire. The internal forces receive energy from the charge buildup
as its velocity is reduced to zero at the ends of the wire. Therefore, charge acceleration
due to an exciting electric field and deceleration due to impedance discontinuities or
smooth curves of the wire are mechanisms responsible for electromagnetic radiation.
While both current density (J.) and charge density (g,) appear as source terms in
Maxwell’s equation, charge is viewed as a more fundamental quantity, especially for
transient fields. Even though this interpretation of radiation is primarily used for
transients, it can be used to explain steady-state radiation [4].

1.3.2 Two-Wires

Let us consider a voltage source connected to a two-conductor transmission line which
is connected to an antenna. This is shown in Figure 1.11(a). Applying a voltage across
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Figure 1.11 Source, transmission line, antenna, and detachment of
electric field lines.

the two-conductor transmission line creates an electric field between the conductors.
The electric field has associated with it electric lines of force which are tangent to the
electric field at each point and their strength is proportional to the electric field
intensity. The electric lines of force have a tendency to act on the free electrons (easily
detachable from the atoms) associated with each conductor and force them to be
displaced. The movement of the charges creates a current that in turn creates a
magnetic field intensity. Associated with the magnetic field intensity are magnetic
lines of force which are tangent to the magnetic field.

We have accepted that electric field lines start on positive charges and end on
negative charges. They also can start on a positive charge and end at infinity, start at
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infinity and end on a negative charge, or form closed loops neither starting or ending
on any charge. Magnetic field lines always form closed loops encircling current-
carrying conductors because there are no magnetic charges. In some mathematical
formulations, it is often convenient to introduce magnetic charges and magnetic
currents to draw a parallel between solutions involving electric and magnetic sources.

The electric field lines drawn between the two conductors help to exhibit the
distribution of charge. If we assume that the voltage source is sinusoidal, we expect
the electric field between the conductors to also be sinusoidal with a period equal to
that of the applied source. The relative magnitude of the electric field intensity is
indicated by the density (bunching) of the lines of force with the arrows showing the
relative direction (positive or negative). The creation of time-varying electric and
magnetic fields between the conductors forms electromagnetic waves which travel
along the transmission line. as shown in Figure 1.11(a). The electromagnetic waves
enter the antenna and have associated with them electric charges and corresponding
currents. If we remove part of the antenna structure, as shown in Figure 1.11(b), free-
space waves can be formed by “‘connecting’ the open ends of the electric lines
(shown dashed). The free-space waves are also periodic but a constant phase point P,
moves outwardly with the speed of light and travels a distance of A/2 (to P,) in the
time of one-hall of a period. It has been shown [6] that close to the antenna the
constant phase point P, moves faster than the speed of light but approaches the speed
of light at points far away from the antenna (analogous to phase velocity inside a
rectangular waveguide). Figure 1.12 displays the creation and travel of free-space

L\l R =" ) (d)

Figure 1.12 Electric field lines of free-space wave for a A/2 antenna at t = 0,
118, TH4. and 3T/8. (source: 1. D, Kraus and K. R. Carver, Electromagnetics, 2nd
ed.. McGraw-Hill, New York, 1973, Reprinted with permission of 1. D, Kraus and
John D. Cowan, Jr.)
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waves by a prolate spheroid with A/2 interfocal distance where A is the wavelength.
The free-space waves of a center-fed A/2 dipole, except in the immediate vicinty of
the antenna, are essentially the same as those of the prolate spheroid.

The question still unanswered is how the guided waves are detached from the
antenna to create the free-space waves that are indicated as closed loops in Figures
.11 and 1.12. Before we attempt to explain that, iet us draw a paraliel between the
guided and free-space waves, and water waves [7] created by the dropping of a pebble
in a calm body of water or initiated in some other manner. Once the disturbance in
the water has been initiated, water waves are created which begin to trave] outwardly.
If the disturbance has been removed, the waves do not stop or extinguish themselves
but continue their course of travel. If the disturbance persists, new waves are contin-
uously created which lag in their travel behind the others. The same is true with the
electromagnetic waves created by an electric disturbance. If the initial electric distur-
bance by the source is of a short duration, the created electromagnetic waves travel
inside the transmission line, then into the antenna, and finally are radiated as free-
space waves, even if the electric source has ceased to exist (as was with the water
waves and their generating disturbance). If the electric disturbance is of a continuous
nature, electromagnetic waves exist continuously and follow in their travel behind the
others. This is shown in Figure 1.13 for a biconical antenna. When the electromagnetic
waves are within the transmission line and antenna, their existence is associated with
the presence of the charges inside the conductors. However, when the waves are
radiated, they form closed loops and there are no charges to sustain their existence.
This leads ux to conclude that electric charges are required to excite the fields but
are not needed to sustain them and may exist in their absence. This is in direct
analogy with water waves.

1.3.3 Dipole

Now let us attempt to explain the mechanism by which the electric lines of force are
detached from the antenna to form the free-space waves. This will again be illustrated

(‘v @
&

Figure 1.13 Electric field lines of free-space wave for biconical an-
tenna.
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by an example of a small dipole antenna where the time of travel is negligible. This
is only necessary to give a better physical interpretation of the detachment of the lines
of force. Although a somewhat simplified mechanism, it does allow one 10 visualize
the creation of the free-space waves. Figure 1.14(a) displays the lines of force created
between the arms of a small center-fed dipole in the first quarter of the period during
which time the charge has reached its maximum value (assuming a sinusoidal time
variation) and the lines have traveled outwardly a radial distance A/4. For this example,
let us assume that the number of lines formed are threc. During the next quarter of
the period. the original three lines travel an additional A4 (a total of A/2 from the
initial point} and the charge density on the conductors begins to diminish, This can
be thought of as being accomplished by introducing opposite charges which at the
end of the first half of the period have neutralized the charges on the conductors. The
lines of force created by the opposite charges are three and travel a distance A/4
during the second quarter of the first half, and they are shown dashed in Figure

(a) + = T4 (T = period)

(h) 1 = T/2AT = penod}

) ¢t = T{2(T = period)

Figure 1.14 Formation and detachment of electric
tield lines for short dipole.
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1.14(b). The end result is that there are three lines of force pointed upward in the first
A4 distance and the same number of lines directed downward in the second A/4.
Since there is no net charge on the antenna. then the lines of force must have been
forced to detach themselves from the conductors and to unite together to form closed
loops. This is shown in Figure 1.14(c). In the remaining second half of the period,
the same procedure is followed but in the opposite direction. After that, the process
is repeated and continues indefinitely and electric field patterns, similar to those of
Figure 1.22, are formed.

1.3.4 Computer Animation-Visualization of Radiation Problems

A difficulty that students usually confront is that the subject of electromagnetics is
rather abstract, and it is hard to visualize electromagnetic wave propagation and
interaction. With today’s advanced numerical and computational methods, and com-
putational and visualization software and hardware, this dilemma can, to a large extent,
be minimized. To address this problem, we have developed and included in this book
computer programs to animate and visualize three radiation problems. Descriptions
of the computer programs are listed at the end of this chapter, and the computer
programs are found on the computer disc included in this book. Each problem is
solved using the Finite-Difference Time-Domain (FD-TD) method [8]-[10]. a method
which solves Maxwell’s equations as a function of time in discrete time steps at
discrete points in space. A picture of the fields can then be taken at each time step to
create 4 movie which can be viewed as a function of time.

The three radiation problems that are animated and can be visualized using the
computer program at the end of the chapter and included in the computer disc are:

a. Infinite length line source (two-dimensional) excited by a single Gaussian pulse
and radiating in an unbounded medium.

b. Infinite length line source (two-dimensional} excited by a single Gaussian pulse
and radiating inside a perfectly electric conducting (PEC) square cylinder.

c. E-plane sectoral horn (two-dimensional form of Figure 13.2) excited by a con-
tinuous cosinusoidal voltage source and radiating in an unbounded medium.

In order to animate and then visualize each of the three radiation problems, the
user needs the professional edition of MATLAB [11] und the MATLAB M-File, found
in the computer disc included in the book, to produce the corresponding FD-TD
solution of each radiation problem. For each radiation problem. the M-File executed
in MATLAB produces a movie by taking a picture of the computational domain every
third time step. The movie is viewed as a function of time as the wave travels in the
computational space.

A. lufinite Line Source in an Unbounded Medium

The first FD-TD solution is that of an infinite length line source excited by a single
time-derivative Gaussian pulse, with a duration of approximately 0.4 nanoseconds, in
a two-dimensional TM*-computational domain. The unbounded medium is simulated
using a six-layer Berenger Perfectly Matched Layer (PML) Absorbing Boundary
Condition (ABC) [9]. [10] to truncate the computational space at a finite distance
without, in principle. creating any reflections. Thus, the pulse travels radially outward
creating a traveling type of a wavefront. The outward moving wavefronts are easily
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identified using the coloring scheme for the intensity (or gray scale for black and
white monitors) when viewing the movie. The movie is created by the MATLAB M-
File which produces the FD-TD solution by taking a picture of the computational
domain every third time step. Each time step is S picoseconds while each FD-TD celt
is 3 mm on a side. The movie is 37 frames long covering 185 picoseconds of elapsed
time. The entire computational space is 15.3 cm by 15.3 e¢m and is modeled by 2500
square FD-TD cells (50 X 50), including 6 cells to implement the PML. ABC.

B. Infinite Line Source in a PEC Square Cylinder

This problem is simulated similarly as that of the line source in an unbounded medium,
including the characteristics of the pulse. The major difference is that the computa-
tional domain of this problem is truncated by PEC walls; therefore there is no need
Sfor PML ABC. For this problem the pulse travels in an outward direction and is
reflected when it reaches the walls of the cylinder. The reflected pulse along with the
radially outward traveling pulse interfere constructively and destructively with each
other and create a standing type of a wavefront. The peaks and valleys of the modified
wavefront can be easily identified when viewing the movie, using the colored or gray
scale intensity schemes. Sufficient time is allowed in the movie to permit the pulse
to travel from the source to the walls of the cylinder, return back to the source. and
then return back to the walls of the cylinder. Each time step is 5 picoseconds and
each FD-TD cell is 3 mm on a side. The movie is 70 frames long covering 350
picoseconds of elapsed time. The square cylinder, and thus the computational space.
has a cross section of 15.3 cm by 15.3 cm and is modeled using an area 50 by 50
FD-TD cells.

C. E-Plane Sectoral Horn in an Unbounded Medium

The E-plane sectoral horn is excited by a cosinusoidal voltage (CW) of 9.84 GHz in
a TEZ computational domain, instead of the Gaussian pulse excitation of the previous
two problems. The unbounded medium is implemented using an eight-layer Berenger
PML ABC. The computational space is 25.4 ¢cm by 25.4 ¢m and is modeled using
100 by 100 FD-TD cells (each square cell being 2.54 mm on a side). The movie is
70 frames long covering 296 picoseconds of elapsed time and is created by taking a
picture every third frame. Each time step is 4.23 picoseconds in duration. The horn
has a total flare angle of 52° and its flared section is 2.62 cm long, is fed by a parallel
plate | cm wide and 4.06 ¢cm long, and has an aperture of 3.56 cm.

1.4 CURRENT DISTRIBUTION ON A THIN WIRE
ANTENNA

In the preceding section we discussed the movement of the free electrons on the
conductors representing the transmission line and the antenna. In order to illustrate
the creation of the current distribution on a linear dipole. and its subsequent radiation,
tet us first begin with the geometry of a lossless two-wire transmission line. as shown
in Figure 1.15(a). The movement of the charges creates a traveling wave current. of
magnitude /2, along each of the wires. When the current arrives at the end of each
of the wires. it undergoes a complete reflection (equal magnitude and 180° phase
reversal). The reflected traveling wave, when combined with the incident traveling
wave, forms in each wire a pure standing wave pattern of sinusoidal form as shown
in Figure 1.15(a). The current in each wire undergoes a 180° phase reversal between
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Figure 1.15 Current distribution on a lossless two-
wire transmission line, flared transmission line, and lin-
ear dipole.

adjoining half cycles. This is indicated in Figure 1.15(a) by the reversal of the arrow
direction. Radiation from each wire individually occurs because of the time-varying
nature of the current and the termination of the wire.

For the two-wire balanced (symmetrical) transmission line, the current in a half-
cycle of one wire is of the same magnitude but 180° out-of-phase from that in the
corresponding half-cycle of the other wire. If in addition the spacing between the two
wires is very small (s << A), the fields radiated by the current of each wire are
essentially cancelled by those of the other. The net result is an almost ideal (and
desired) nonradiating transmission line.
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As the section of the transmission line between () < £ =< //2 begins to flare, as
shown in Figure 1.15(b), it can be assumed that the current distribution is essentially
unaltered in form in each of the wires. However, because the two wires of the flared
section are not necessarily close to each other, the ficlds radiated by one do not
necessarily cancel those of the other. Therefore ideally there is a net radiation by the
transmission line system,

Ultimately the flared section of the transmission line can take the form shown in
Figure 1.15(c). This is the geometry of the widely used dipole antenna. Because of
the standing wave current pattern, it is also classified as a standing wave antenna (as
contrasted to the traveling wave antennas which will be discussed in detail in Chapter
10). If I < A, the phase of the current standing wave pattern in each arm is the same
throughout its length. In addition, spatially it is oriented in the same direction as that
of the other arm as shown in Figure 1.15(c). Thus the fields radiated by the two arms
of the dipole (vertical parts of a flared transmission line) will primarily reinforce each
other toward most directions aof observation (the phase due to the relative position of
each small part of cach arrn must also be included for a complete description of the
radiation patiern formation).

If the diameter of cach wire is very small (¢ << A), the idecal standing wave
pattern of the current along the arms of the dipole is sinusoidal with a null at the end.
However, its overall form depends on the length of each arm. For center-fed dipoles
with/ K< A [ = M2 M2 <1< Aand A <[ < 3A/2, the current patterns are illustrated
in Figures 1.16(a—d). The current pattern of a very small dipole (usually A/50 <
I'= A10) can be approximated by a triangular distribution since sin(k//2) = k//2 when
kif2 is very small. This is illustrated in Figure 1.16(a).

Because of its cyclical spatial variations, the current standing wave pattern of a
dipole longer than A(/ > A) undergoes 180° phase reversals between adjoining half-
cycles. Therefore the current in all parts of the dipole does not have the same phase.
This is demonstrated graphically in Figure 1.16(d) for A </ < 3A/2. In turn, the fields
radiated by some parts of the dipole will not reinforce those of the others. As a result,
significant interference and cancelling effects will be noted in the formation of the
total radiation pattern.

For a time-harmonic varying system of radian frequency w = 2, the current
standing wave patterns ol Figure 1.16 represent the maximum current excitation for
any time. The current variations. as a function of time. on a A/2 center-fed dipole are
shown in Figure 1.17 for O < r < 772 where T is the period. These variations can be
obtained by multiplying the current standing wave pattern of Figure 1.16(b) by
cos(cut).

1.5 HISTORICAL ADVANCEMENT

The history of antennas |12} dates back to James Clerk Maxwell who unified the
theories of electricity and magnetism. and eloquently represented their relations
through a set of profound equations best known as Maxwell's Equations. His work
was first published in 1873 [13] He also showed that light was electromagnetic and
that both light and electromagnetic waves travel by wave disturbances of the same
speed. In 1886. Professor Heinrich Rudolph Hertz demonstrated the first wircless
electromagnetic system. He was able to produce in his laboratory at 4 wavelength of
4 meters a spark in the gap of a transmitting A/2 dipole which was then detected as a
spark in the gap of a nearby loop. It was not until 1901 that Guglielmo Marconi was
able to send signals over large distances. He performed. in 1901. the first transatlantic
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Figure 1.16 Current distribution on linear dipoles.

transmission from Poldhu in Cornwall, England. to St. John's Newfoundland. His
transmitting antenna consisted of 50 vertical wires in the form of a fan connected 1o
ground through a spark transmitier. The wires were supported horizontally by a guyed
wire between two 60-m wooden poles. The receiving antenna at St. John’s was a 200-
m wire pulled and supported by a kite. This was the dawn of the antenna era.

From Marconi’s inception through the 1940s, antenna technology was primarily
centered on wire related radiating elements and {requencies up to about UHF. It was
not untl World War 11 that modern antenna technology was launched and new
elements (such as waveguide apertures, horns, reflectors) were primarily introduced.
Much of this work is captured in the book by Silver [14]. A contributing factor to
this new cra was the invention of microwave sources (such as the kiystron and
magnetron) with frequencies of | GHz and above.

While World War 1l launched a new era in antennas, advances made in computer
architecture and technology during the 1960s through the 1990s have had a major
impact on the advance of modern antenna technology, and they are expected 10 have
an ¢ven greater influence on antenna engineering into the twenty-first century. Begin-
ning primarily in the early 1960s, numerical methods were introduced that allowed
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previously intractable complex antenna system configurations to be analyzed and
designed very accurately. In addition. asymptotic methods for both low frequencies
{e.g.. Moment Method (MM), Finite-Difference. Finite-Element) and high frequencies
(e.g.. Geometrical and Physical Theories of Diffraction) were introduced, contributing
significantly to the maturity of the antenna field. While in the past antenna design
may have been considered a secondary issue in overall system design, today it plays
a critical role. In fact, many system successes rely on the design and performance of
the antenna. Also, while in the first half of this century antenna technology may have
been considered almost a “"cut and try”’ operation, today it is truly an engineering
art. Analysis and design methods are such that antenna system performance can be
predicted with remarkable accuracy. In fact, many antenna designs proceed directly
from the initial design stage to the prototype without intermediate testing. The level
of confidence has increased tremendously.

The widespread interest in antennas is reflected by the large number of books
written on the subject |15]. These have been classified under four categories: Fun-
damental, Handbooks, Measurements, and Specialized. This is an outstanding collec-
tion of books. and it reflects the popularity of the antenna subject, especially since
the 1950s. Because of space limitations, only a partial list is included here {2], [5].
[71, [16]-[39]. including the first edition of this book in 1982. Some of these books
are now out of print.

1.5.1 Antenna Elements

Prior to World War II most antenna elements were of the wire type (long wires.
dipoles. helices. rhombuses. fans, etc.), and they were used either as single elements
or in arrays. During and after World War Il, many other radiators, some of which
may have been known for some and others of which were relatively new, were put
into service. This created a need for better understanding and optimization of their
radiation characteristics. Many of these antennas were of the aperture type (such as
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open-ended waveguides, slots, horns, reflectors, lenses), and they have been used for
communication. radar, remote sensing and deep space applications both on airborne
and earth-based platforms. Many of these operate in the microwave region and are
discussed in Chapters 12, 13, 15 and in [40].

Prior to the 1950s, antennas with broadband pattern and impedance characteristics
had bandwidths not much greater than about 2:1. In the 1950s, a breakthrough in
antenna evolution was created which extended the maximum bandwidth to as great
as 40:1 or more. Because the geometries of these anlennas are specified by angles
instead of lincar dimensions, they have ideally an infinite bandwidth. Therefore, they
are referred to as frequency independent. These antennas are primarily used in the
10-10,000 MHz region in a variety ol applications including TV, point-to-point
communications, feeds for reflectors and lenses, and many others. This class of
antennas is discussed in more detail in Chapter |1 and in {41].

It was not until almost 20 years later that a fundamental new radiating element.
which has received a lot of attention and many applications since its inception. was
introduced. This occurred in the early [970s when the microstrip or patch antennas
was reported. This element is simple, lightweight. inexpensive. low profile, and con-
formal to the surface. These antennas are discussed in more detail in Chapter 14 and
in [42].

Major advances in millimeter wave antennas have been made in recent years,
including integrated antennas where active and passive circuits are combined with the
radiating elements in one compact unit (monolithic form). These antennas are dis-
cussed in |43].

Specific radiation patiern requirements usually cannot be achieved by single
antenna elements, because single clements vsually have relatively wide radiation
patterns and low values of directivity. To design antennas with very large directivities,
it is usually necessary to increase the electrical size of the antenna. This can be
accomplished by enlarging the electrical dimensions of the chosen single element.
However, mechanical problems are usually associated with very large elements. An
alternative way 1o achieve large directivities, without increasing the size of the indi-
vidual elements. is to use multiple single elements to form an array. An array is a
sampled version of a very large single element. In an array. the mechanical problems
of large single elements are traded for the electrical problems associated with the feed
networks of arrays. However, with today's solid-state technology, very efficient and
low-cost feed networks can be designed.

Arrays are the most versatile of antenna systems. They find wide applications not
only in many spaceborne systems, but in many earthbound missions as well. In most
cases, the elements of an array are identical: this is not necessary, but it is often more
convenient, simpler. and more practical. With arrays, it is practical not only to syn-
thesize almost any desired amplitude radiation pattern, but the main lobe can be
scanned by controlling the relative phase excitation between the elements. This is
most convenient for applications where the antenna system is not readily accessible.
especially for spaceborne missions. The beamwidth of the main lobe along with the
side lobe level can be controlled by the relative amplitude excitation (distribution)
between the elements of the array. In fact, there is a trade-off between the beamwidth
and the side lobe level base on the amplitude distribution. Analysis, design, and
synthesis of arrays are discussed in Chapters 6 and 7. However, advances in array
technology are reported in [44]-[48].
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1.5.2 Methods of Analysis

There is plethora of antenna elements, many of which exhibit intricate configurations.
To analyze each as a boundary-value problem and obtain solutions in closed form,
the antenna structure must be described by an orthogonal curvilinear coordinate
system. This places severe restrictions on the type and number of antenna systems
that can be analyzed using such a procedure. Therefore, other exact or approximate
methods are often pursued. Two methods that in the last three decades have been
preeminent in the analysis of many previously intractable antenna problems are the
Integral Equation (1E) method and the Geometrical Theory of Diffraction (GTD).

The Integral Equation method casts the solution to the antenna problem in the
form of an integral (hence its name) where the unknown, usually the induced current
density, is part of the integrand. Numerical techniques, such as the Moment Method
{MM), are then used to solve for the unknown. Once the current density is found, the
radiation integrals of Chapter 3 are used to find the fields radiated and other systems
parameters. This method is most convenient for wire-type antennas and more efficient
for structures that are small electrically. One of the first objectives of this method is
to formulate the LE for the problem at hand. In general, there are two type of 1E's.
One is the Electric Field Integral Equation (EFIE), and it is based on the boundary
condition of the total tangential electric field. The other is the Magnetic Field Integral
Equation (MFIE), and it is based on the boundary condition that expresses the total
electric current density induced on the surface in terms of the incident magnetic field.
The MFIE is only valid for closed surfaces. For some problems, it is more convenient
to formulate an EFIE, while for others it is more appropriate to use an MFIE. Ad-
vances, applications, and numerical issues of these methods are addressed in Chapter
8 and in [3] and [4Y].

When the dimensions of the radiating system are many wavelengths, low-fre-
quency methods are not as computationally efficient. However, high-frequency as-
ymptotic techniques can be used to analyze many problems that are otherwise math-
ematically intractable. One such method that has received considerable attention and
application over the years is the GTD. which is an extension of geometrical optics
{GO). and it overcomes some of the limitations of GO by introducing a ditfraction
mechanism. The Geometrical Theory of Diffraction is briefly discussed in Section
12.10. However, a detailed treatment is found in Chapter 13 of [3] while recent
advances and applications are found in [50] and {51].

For structures that are not convenient to analyze by either of the two methods, a
combination of the two is often used. Such a technique is referred to as a hybrid
method, and it is described in detail in [52]. Another method, which has received a
lot of attention in scattering, is the Finite-Difference Time-Domain (FDTD). This
method has also been applied to antenna radiation problems [53]-[56]. A method that
is beginning to gain momentum in its application to antenna problems is the Finite
Element Method [S7]-[61].

1.5.3 Some Future Challenges

Antenna engineering has enjoyed a very successful period during the 1940s-1990s,
Responsible for its success have been the introduction and technological advances of
some new clements of radiation, such as aperture antennas, reflectors, frequency
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independent antennas, and microstrip antennas. Excitement has been created by the
advancement of the low-frequency and high-frequency asymptotic methods, which
has been instrumental in analyzing many previously intractable problems. A major
factor in the success of antenna technology has been the advances in computer
architecture and numerical computation methods. Today antenna engineering is con-
sidered a truly fine engineering art.

Although a certain level of maturity has been attained, there are many challenging
opportunities and problems to be solved. Phased array architecture integrating mon-
olithic MIC technalogy is still a most challenging problem. [ntegration of new ma-
terials into antenna technology offers many opportunities, and asymptotic methods
will play key roles in their incorporation and system performance. Computational
electromagnetics using supercomputing and parallel computing capabilities will model
complex electromagnetic wave interactions, in both the frequency and time domains.
Innovative antenna designs to perform complex and demanding system functions
always remain a challenge. New basic elements are always welcome and ofter refresh-
ing opportunities. New applications include, but are not limited to cellular telephony.
direct broadcast satellite systems. global positioning satellites (GPS), high-accuracy
airborne navigation, global weather, earth resource systems, and others. Because of
the many new applications, the lower portion of the EM spectrum has been saturated
and the designs have been pushed to higher frequencies, including the millimeter
wave frequency bands.
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COMPUTER PROGRAM
ANIMATION-VISUALIZATION OF RADIATION PROBLEMS
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C THIS PROGRAM CONTAINS THREE SEPARATE ANIMATION-VISUALIZATION

C RADIATION PROBLEMS.

C I. LINE SOURCE-GAUSSIAN PULSE: UNBOUNDED MEDIUM
C II. LINE SOURCE-GAUSSIAN PULSE: PEC SQUARE CYLINDER
C III. E-PLANE SECTORAL HORN: UNBOUNDED MEDIUM

C THE OBJECTIVE IS TO ALLOW THE USER TO ANIMATE AND THEN TO

C VISUALIZE RADIATION, AS A FUNCTION OF TIME, OF THREE DIFFERENT
C RADIATION PROBLEMS.

C I. LINE SOURCE-GAUSSIAN PULSE: UNBOUNDED MEDIUM
C THE FIRST ANIMATION-VISUALIZATION PROGRAM IS THAT OF A LINE

C SOURCE EXCITED BY A SINGLE GAUSSIAN PULSE RADIATING IN AN

C UNBOQUNDED MEDIUM, USING THE FINITE-DIFFERENCE TIME-DOMAIN

C METHOD. THE UNBOUNDED MEDIUM IS SIMULATED USING A BERENGER
C PERFECTLY MATCHED LAYER (PML) ABSORBING BOUNDARY CONDITION
C (ABC) IN ORDER TO TRUNCATE THE COMPUTATIONAL DOMAIN, THE

C MATLAB M-FILE PRODUCES THE FD-TD SOLUTION OF AN INFINITE

C LENGTH LINE SOURCE EXCITED BY A TIME-DERIVATIVE GAUSSIAN

C PULSE IN A 2-D TM* COMPUTATIONAL DOMAIN, THE M-FILE PRODUCES A
C MOVIE WHICH IS 37 FRAMES LONG BY TAKING A PICTURE OF THE

C COMPUTATIONAL DOMAIN EVERY 3RD TIME STEP.

C I1I. LINE SOURCE-GAUSSIAN PULSE: PEC SQUARE CYLINDER
C THE SECOND ANIMATION-VISUALIZATION PROGRAM IS THAT OF A

C LINE SOURCE EXCITED BY A SINGLE GAUSSIAN PULSE RADIATING

C INSIDE A PERFECTLY ELECTRIC CONDUCTING (PEC) SQUARE CYLINDER,
C USING THE FINITE-DIFFERENCE TIME-DOMAIN METHOD. THE MATLAB

C M-FILE PRODUCES THE FD-TD SOLUTION OF AN INFINITE LENGTH LINE
C SOURCE EXCITED BY A TIME-DERIVATIVE GAUSSIAN PULSE IN A 2-D TM*
C COMPUTATIONAL DOMAIN. THE M-FILE PRODUCES A MOVIE WHICH IS

C 70 FRAMES LONG BY TAKING A PICTURE OF THE COMPUTATIONAL

C DOMAIN EVERY 3RD TIME STEP.

C IT1. E-PLANE SECTORAL HORN: UNBOUNDED MEDIUM

C THE THIRD ANIMATION-VISUALIZATION PROGRAM IS THAT OF AN

C E-PLANE SECTORAL (2-D) HORN ANTENNA RADIATING INTO AN

C UNBOUNDED MEDIUM, USING THE FINITE-DIFFERENCE TIME-DOMAIN

C METHOD. THE UNBOUNDED MEDIUM IS SIMULATED USING A BERENGER
C PERFECTLY MATCHED LAYER (PML) ABSORBING BOUNDARY CONDITION
C (ABC) IN ORDER TO TRUNCATE THE COMPUTATIONAL DOMAIN, THE

C MATLAB M-FILE PRODUCES THE FD-TD SOLUTION OF THE E-PLANE

C SECTORAL (2-D) HORN ANTENNA EXCITED BY A SINUSOIDAL VOLTAGE IN
C ATE*COMPUTATIONAL DOMAIN. THE M-FILE PRODUCES A MOVIE WHICH
C 1S 70 FRAMES LONG BY TAKING A PICTURE OF THE COMPUTATIONAL

C DOMAIN EVERY 3RD TIME STEP.

C **NOTE:

C IN ORDER TO ANIMATE AND THEN VISUALIZE THESE THREE RADIATION

C PROBLEMS, THE USER NEEDS THE PROFESSIONAL EDITION OF MATLAB

C AND THE MATLAB M-FILE FOUND IN THE INCLUDED COMPUTER DISC TO
C PRODUCE THE CORRESPONDING FD-TD SOLUTION OF EACH RADIATION

C PROBLEM. THE STUDENT EDITION WILL NOT WORK DUE TO THE

C RESTRICTIONS ON THE ARRAY SIZE. ADDITIONAL DETAILS ON THE USE
C OFEACH VISUALIZATION PROBLEM ARE FOUND IN THE COMPUTER DISC
C INCLUDED WITH THIS BOOK.
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CHAPTER

FUNDAMENTAL PARAMETERS
OF ANTENNAS

2.1 INTRODUCTION

To describe the performance of an antenna, definitions of various parameters are
necessary. Some of the parameters are interrelated and not all of them need be specified
for complete description of the antenna performance. Parameter definitions will be
given in this chapter. Many of those in quotation marks are from the JEEE Srandard
Definitions of Terms for Antennas (IEEE Std 145-1983).* This is a revision of the
IEEE Std 145-1973.

2.2 RADIATION PATTERN

An antenna radiation pattern or antenna pattern is defined as **a mathematical func-
tion or a graphical representation of the radiation properties of the antenna as a
function of space coordinates. In most cases, the radiation pattern is determined in
the far-field region and is represented as a function of the directional coordinates.
Radiation properties inciude power flux density. radiation intensity. field strength,
directivity phase or polarization."’ The radiation property of most concern is the two-
or three-dimensional spatial distribution of radiated energy as a function of the ob-
server's position along a path or surface of constant radius. A convenient set of
coordinates is shown in Figure 2.1. A trace of the received power at a constant radius
is called the power pattern. On the other hand, a graph of the spatial variation of the
electric (or magnetic) field along a constant radius is called an amplitude field pattern.
In practice, the three-dimensional pattern is measured and recorded in a series of two-
dimensional patterns. However, for most practical applications. a few plots of the
pattern as a function of 6 for some particular values of ¢, plus a few plots as a function
of ¢ for some particular values of ¢, give most of the useful and needed information.

*IFEFE Transactions on Antennas and Propugation, Vols. AP-17, No, 3, May 1969. Vol. AP-22, No. {,
Junuary 19745 und Vol. AP-31, No. 6, Part Il, November 1983,

28
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A = £ sin 0 dl dg
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Azimulh plane

Figure 2.1 Coordinate system for antenna analysis.

2.2.1 Isotropic, Directional, and Omnidirectional Patterns

An isotropic tadiator is defined as *‘a hypothetical lossless antenna having equal
radiation in all directions.” Although it is ideal and not physically realizable, it is
often taken as a reference for expressing the directive properties of actual antennas.
A directional antenna is one ‘‘having the property of radiating or receiving electro-
magnetic waves more effectively in some directions than in others. This term is usually
applied to an antenna whose maximum directivity is significantly greater than that of
a half-wave dipole.”” An example of an antenna with a directional radiation pattern
is shown in Figure 2.2. It is seen that this pattern is nondirectional in the azimuth
plane [fic), @ = /2] and directional in the elevation plane [g(#), ¢ = constant].
This type of a pattern is designated as omnidirectional, and it is defined as one **having
an essentially nondirectional pattern in a given plane (in this case in azimuth) and a
directional pattern in any orthogonal plane (in this case in elevation).”” An omnidi-
rectional pattern is then a special type of a directional patiern.

2.2.2 Principal Patterns

For a linearly polarized antenna, performance is often described in terms of its prin-
cipal E- and H-plane patterns. The E-plane is defined as “‘the plane containing the
electric-field vector and the direction of maximum radiation,”” and the H-plane as
“the plane containing the magnetic-field vector and the direction of maximum radi-
ation.”” Although it is very difficult to illustrate the principal patterns without consid-
ering a specific example, it is the usual practice to orient most antennas so that at
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Figure 2.2 Omnidirectional antenna pattern.
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Figure 2.3 Principal E- and H-plane patterns for a pyramidal horn
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least one of the principal plane patterns coincide with one of the geometrical principal
planes, An illustration is shown in Figure 2.3, For this example, the x-z plane (elevation
plane: ¢ = 0) is the principal £-plane and the x-y plane (azimuthal plane: # = 7/2)
is the principal H-plane. Other coordinate orientations can be selected.

2.2.3 Radiation Pattern Lobes

Various parts of a radiation pattern are referred to as lobes, which may be subclassified
Lo major or main, minor, side, and back lobes.

A radiation lobe is a *‘portion of the radiation pattern bounded by regions of
relatively weak radiation intensity.”” Figure 2.4(a) demonstrates a symmetrical three-
dimensional polar pattern with a number of radiation lobes. Some are of greater

) s Major lobe
First null heamwidty
(FNBW) k!

Half-power beamwidth ¢
{HIPBW) N
Ll =
"R ¥4
Ny 4
\ b
/
Minor lobes < - Side lohe
t
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g (a)
Radiation
intensily

Hali-power beamwidth{ HPBW)
First null heamwidthi FNEW )
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i, I". \\ |/ i / f‘l

s/ ’;" \ FNBW o Vi
M ‘ i
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T w1 0 w2 m 0
(h)

Figure 2.4 (a) Radiation lobes and beamwidths of an antenna pattern. (b) Linear
plot of power pattern and its associated lobes and beamwidths,
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radiation intensity thun others, but all are classified as lobes. Figure 2.4(b) illustrates
a linear two-dimensional pattern |one plane of Figure 2.4(a)] where the same patiern
characteristics are indicated.

A computer program entitled 2-D ANTENNA PATTERN PLOTTER: RECTAN-
GULAR-POLAR |1} is included at the cnd of the chapter to plot two-dimensional
rectangular and polur graphs, o represent single-plane antenna patierns simifar to
those exhibited in Figure 2.4(a.b) and elsewhere throughout the book. This program
is well commented to assist the user in its implementation and only the executable
part is included. Each pattern can be plotted in a linear or fogarithmic (dB) scale. The
program is provided courtesy of Dr. Elsherbeni and Taylor [1]. and it is to be used
only in conjunction with this book and for not any other purpose.

A major labe (also called main beam) is defined as **the radiation lobe containing
the direction of maximum radiation.”” In Figure 2.4 the major lobe is pointing in the
# = O direction. In some antennas, such as split-beam antennas, there may exist more
than one major lobe. A minor lobe is any lobe except a major lobe. In Figures 2.4(a)
and (b) all the lobes with the exception of the major can be classitied as minor lobes.
A side lobe is *a radiation lobe in any direction other than the intended lobe.™
(Usually a side lobe is adjacent to the main lobe and occupies the hemisphere in the
direction of the main beam.) A back lobe is *‘a radiation lobe whose axis makes an
angle of approximately 180° with respect to the beam of an antenna.”” Usually it refers
to» a minor lobe that occupies the hemisphere in a direction opposite to that of the
major (main) jobe.

Minor lobes usually represent radiation in undesired directions. and they should
be minimized, Side lobes are normally the largest of the minor lobes. The level of
minor lobes is usually expressed as a ratio of the power density in the lobe in question
to that of the major fobe. This ratio is often termed the side fobe ratio or side lobe
level. Side lobe levels of —20 dB or smaller are usually not desirable in most
applications. Attainment of a side lobe level smaller than — 30 dB usually requires
very careful design and construction. In most radar systems, low side lobe ratios are
very important 10 minimize false target indications through the side lobes.

2.2.4 Field Regions

The space surrounding an antenna is usually subdivided into three regions: (a) reactive
near-field, (b) radiating near-field (Fresnel) and (c¢) far-field (Fraunhofer) regions as
shown in Figure 2.5. These regions are so designated to identify the field structure in
each. Although no abrupt changes in the field configurations are noted as the bound-
aries are crossed. there are distinet differences among them. The boundaries separating
these regions are nol unique. although various criteria have been established and are
commonly used to identify the regions.

Reactive near-field region is defined as “‘that portion of the near-field region
immediately surrounding the antenna wherein the reactive ficld predominates.’” For
most antennas, the outer boundary of this region is commonly taken to exist at a
distance R < 0.62\/D/A from the antenna surface, where A is the wavelength and
D is the largest dimension of the antenna. “*For a very short dipole. or equivalent
radiator. the outer boundary is commonty taken to exist at a distance A/27 from the
antenna surface.”

Radiating neuar-field (Fresnel} region is defined as “‘that region of the field of an
antenna between the reactive near-ficld region and the far-field region wherein radi-
ation fields predominate and wherein the angular field distribution is dependent upon
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Figure 2.5 Field regions of an antenna.

the distance from the antenna. If the antenna has a maximum dimension that is not
large compared to the wavelength. this region may not exist. For an antenna focused
at infinity, the radiating near-field region is sometimes referred to as the Fresnel region
on the basis of analogy to optical terminology. If the antenna has a maximum overall
dimension which is very small compared to the wavelength, this field region may not
exist.'” The inner boundary is taken to be the distance R = 0.62\/D’/A and the outer
boundary the distance R < 2D°/A where D is the largest* dimension of the antenna.
This criterion is based on a maximum phase error of #/8. In this region the field
pattern is. in general, a function of the radial distance and the radial field component
may be appreciable.

Far-field (Fraunhofer) region is defined as **that region of the field of an antenna
where the angular field distribution is essentially independent of the distance from the
antenna, If the antenna has a maximum®* overall dimension D, the far-field region is
commonly taken to exist at distances greater than 2D%A from the antenna, A being
the wavelength. The far-field patterns of certain antennas, such as multibeam reflector
antennas, are sensitive to variations in phase over their apertures. For these antennas
2D%*A may be inadequate. In physical media, if the antenna has a maximum overall
dimension, D, which is large compared to /|y, the far-field region can be taken to
begin approximately at a distance equal to |y|D%# from the antenna, y being the
propagation constant in the medium. For an antenna focused at infinity, the far-field
region is sometimes referred (o as the Fraunhofer region on the basis of analogy to
optical terminology.’” In this region, the field components are essentially (ransverse
and the angular distribution is independent of the radial distance where the measure-
ments are made. The inner boundary is taken to be the radial distance R = 2D%/A and
the outer one at infinity.

To illustrate the pattern variation as a function of radial distance. in Figure 2.6
we have included three patterns of a parabolic reflector calculated at distances of
R = 2D, 4D/A. and infinity |2]. It is observed that the patterns are almost identical,

"To be valid, D must also be large compared o the wavelength (2 = A),
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Figure 2.6 Calculated radiation patterns of a paraboloid
antenna for difterent distances from the antenna. (SOURCE:
J. S. Hollis, T. I. Lyon, and L. Clayton, Jr. (eds.). Micro-
wave Antenna Measurements, Scientific-Atlanta, Inc., July
1970)

except for some differences in the pattern structure around the first null and at a level
below 25 dB, Because infinite distances are not realizable in practice, the most
commonly used criterion for minimum distance of far-field observations is 2D*/A.

2.2.5 Radian and Steradian

The measure of a plane angle is a radian. One radian is defined as the plane angle
with its vertex at the center of a circle of radius r that is subtended by an arc whose
length is r. A graphical illustration is shown in Figure 2.7(a). Since the circumference
of a circle of radius ris C = 2mr, there are 27 rad (27#/r) in a full circle.

The measure of a solid angle is a steradian. One steradian is defined as the solid
angle with its vertex at the center of a sphere of radius r that is subtended by a
spherical surface arca equal Lo that of a square with each side of length ». A graphical
illustration is shown in Figure 2.7(b). Since the area of a sphere of radius ris A =
47rr°, there are 41 sr (47r3/r?) in a closed sphere,

The infiniteximal area dA on the surface of a sphere of radius r, shown in Figure
2.1. is given by

dA = FPsin 0d8dd  (m?) (2-1)
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Figure 2.7 Geometrical arrangements for defining
a radian and a steradian.

Therefore, the element of solid angle df2 of a sphere can be written as

dl) = ﬁ = sin 8dA dd (sr) (2-2)
r

2.3 RADIATION POWER DENSITY

Electromagnetic waves are used to transport information through a wireless medium
or a guiding structure, from one point to the other. It is then natural to assume that
power and energy are associated with electromagnetic fields. The quantity used to
describe the power associated with an electromagnetic wave is the instantaneous
Poynting vector defined as
W =€ x ¥ (2-3)

‘W = instantaneous Poynting vector (W/m?)

€ = instantaneous electric field intensity  (V/m)

# = instantaneous magnetic field intensity (A/m)

Note that script letters are used to denote instantaneous fields and quantities, while
roman letters are used to represent their complex counterparts.
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Since the Poynting vector is a power density, the total power crossing a closed
surface can be obtained by integrating the normal component of the Poynting vector
over the entire surface. In equation form

W’=ﬁw-¢is=@w-ﬁdu (2-4)
5 §

% = instantaneous total power (W)

~

n

unit vector normal to the surface

da = infinitesimal area of the closed surface  (m’)

For applications of time varying fields, it is often more desirable to find the uverage
power density which is obtained by integrating the instantaneous Poynting vector
over one period and dividing by the period. For time harmonic variations of the form
e/, we detine the complex fields E and H which are related (o their instantaneous
counterparts ‘¢ and ¥ by

Gix, v, 2, 1) = Re[E(x, y. 2)e’* (2-5)
(v, v, 2 1) = Re[H(y, v, D)e/] (2-6)

i

Using the definitions of (2-5) and (2-6) and the identity Re|Ee/™] = {|Ee/™ +
E*¢ 1), (3-3) can be wrillen as

W =% x ¥ = {Re|E x H*) + | Re|E x He?| (2-7)

The first term of (2-7) is not a function of time, and the time variations of the second
are twice the given frequency. The time average Poynling vector (average power
density) can be written as

W lv v o) = Wy 2Dl = L Re[E x H¥| | (Wim?)  (2-8)

The 3 factor appears in (2-7) and (2-8) because the E and H fields represent peak
values. and it should be omitted for RMS values.

A close observation of (2-8) may raise a question. 1f the rea) pari of (E X H*)/2
represents the average (real) power density. what does the imaginary part of the same
quantity represent? Al this point it will be very natural to assume that the imaginary
part must represent the reactive (stored) power densily associated with the electro-
magnetic fields. In later chapters. it will be shown that the power density associated
with the electromagnetic fields of an antenna in its far-field region is predominately
real and will be referred to as radiation density.

Based upon the definition of (2-8), the average power radiated by an antenna
(radiated power) can be written as

Poag = Py = # Woatds = # W, * ida
hY A

= ! # Re(E x H*): ds
Ay

2
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The power pattern of the antenna, whose definition was discussed in Section 2.2,
is just a measure, as a [unction of direction. of the average power density radiated by
the antenna. The observations are usually made on a large sphere of constant radius
extending into the far-field. In practice. absolute power patterns are usually not desired.
However. the performance of the antenna is measured in terms of the gain (1o be
discussed in a subsequent section) and in terms of relative power patterns. Three-
dimensional patterns cannot be measured, but they can be constructed with a number
of two-dimensional cuts.

Example 2.1
The radial component of the radiated power density of an antenna is given by
Was = 4,W, = 8, Asin 6/r>  (Wimh)
where A, is the peak value of the power density. ¢ is the usual spherical coordinate,

and 4, is the radial unit vector. Determine the total radiated power.

SOLUTION

For a closed surface. a sphere of radius r is chosen. To find the total radiated power.
the radial component of the power density is integrated over its surface. Thus

Py = # W * i du
(5

= j-. f (ﬁ,.An M) ' (ﬁ,rl sin 0 d8 d(b) = 7T2A() (W)
0 0 r-

A three-dimensional normalized plot of the average power density at a distance of
r = | mis shown in Figure 2.2.

An isotropic radiator is an ideal source that radiates equally in all directions. Although
it does not exist in practice, it provides a convenient isotropic reference with which
to compare other antennas. Because of its symmetric radiation. its Poynting vector
will not be a function of the spherical coordinate angles 6 and ¢. In addition, it will
have only a radial component. Thus the total power radiated by it is given by

Py = ﬁ W,:ds = f- f [8,Wy(r)] * [, sin 0dB dd| = 47rW, (2-10)
g [ (4]

and the power density by

P, N .
r ",) (W/m?) (2-11)
darr-

wU = ﬁrWO = ar(

which is uniformly distributed over the surtuce of a sphere of radius r.
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2.4 RADIATION INTENSITY

Radiation intensity in a given direction is defined as *‘the power radiated from an
antenna per unit solid angle.”” The radiation intensity is a far-field parameter, and it
can be obtained by simply multiplying the radiation density by the square of the
distance. In mathematical form it is expressed as

U= r'W, (2-12)

where

U/ = radiation inteasity  (W/unit solid angle)
Wy = radiation density (W/m?)

The radiation intensity is also related to the {ar-zone electric field of an antenna by

P'2 ) "2 2 2
Uil ) = - [E(n 6, ) = = 11 E,r 6. ) + |Egir 0. )f]
27 n
| (2-12a)
> 5 (E50. &) + |EN6, )
where
,—jh'

E (r. 6. ) = far-zone electric field intensity of the antenna = E°(0, ¢) .

E,, E, = far-zone electric field components of the antenna
1 = intrinsic impedance of the medium

Thus the power pattern is also a measure of the radiation intensity.
The total power is obtained by integrating the radiation intensity. as given by
(2-12). over the entire solid angle of 4. Thus

Poa = ﬁ U df = J“ ﬁ Usin 0d6 d¢ (2-13)
{}

where d{) = element of solid angle = sin 8 d8 dd.

Example 2.2

For the problem of Example 2.1, find the total radiated power using (2-13).

SOLUTION
Using (2-12)
U= r'W, = Aysin #
and by (2-13)
Py = L L Usin 8dBdd = Auﬁ ‘[, sin® 0 d@dd = 7A,

}
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which is the same as that obtained in Example 2.1. A three-dimensional plot of the
relative radiation intensity is also represented by Figure 2.2.

For an isotropic source, U will be independent of the angles 8 and ¢, as was the case
for W,. Thus (2-13) can be wrilten as

Pmd = # U() d} = U”# d()l = 417'U() (2‘]4)
1} 0
or the radiation intensity of an isotropic source as
Pl'ﬂ
Up = 3 (2-15)

2.5 DIRECTIVITY

In the 1983 version of the [EEE Standurd Definitions of Terms for Antennas, there
has been a substantive change in the definition of directivity, compared to the definition
of the 1973 version. Basically the term directivity in the new 1983 version has been
used to replace the term directive guin of the old 1973 version. In the new 1983
version the term directive gain has been deprecated. According to the authors of the
new 1983 standards. *‘this change brings this standard in line with common usage
among antenna engineers and with other international standards. notably those of the
International Electrotechnical Commission (IEC)."" Therefore directivity of an an-
tenna defined as *“the ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions. The average radiation
intensity is equal to the total power radiated by the antenna divided by 4. If the
direction is not specified. the direction of maximum radiation intensity is implied.”
Stated more simply. the directivity of a nonisotropic source is equal to the ratio of its
radiation intensity in a given direction over that of an isotropic source. In mathematical
form. using (2-15). it can be written as

U __47TU

D= —=
U(J Prud

(2-16)

If the direction is not specified, it implies the direction of maximum radiation intensity
{maximum directivity) expressed as

U lmax Unmx 477-Umax
I)nmx' =[) = = = (2"6&1)
¢ U” U” Pl‘ud

D = directivity (dimensionless)

S
|

= maximum directivity (dimensionless)

U = radiation intensity (W/unit solid angle)
Umar = maximum radiation intensity  (W/unit solid angle)

U, = radiation intensity of isotropic source (W/unit solid angle)
P.. = total radiated power (W)
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For an isotropic source, it is very obvious from (2-16) or (2-16a) that the directivity
is unity since U. U,,.x. and U, are all equal to each other.

For antennas with orthogonal polarization components. we define the partial
directivity of an antenna for a given polarization in a given direction as *‘that part of
the radiation intensity corresponding to a given polarization divided by the total
radiation intensity averaged over all directions.”” With this definition for the partial
directivity, then in a given direction "‘the total directivity is the sum of the partial
directivities for any two orthogonal polarizations.™” For a spherical coordinate system,
the total maximum directivity D, for the orthogonal # and ¢ components of an antenna
can be writlen as

D,=D,+ D, {2-17)
while the partial directivities D, and D, are expressed as
4‘17'U”
D, = : (2-17a)
" (Prade + (Prdds
47U,
s = 2 (2-17b)

(Pl'illl)” + (Przul)zﬁ
where
U, = radiation intensity in a given direction contained in # ficld component
U, = radiation intensily in a given direction contained in ¢ field component
(Prade = radiated power in all directions contained in @ field component
(Praa)y = radiated power in all directions contained in ¢ field component

Example 2.3

As an illustration, find the maximum directivity of the antenna whose radiation inten-
sity is that of Example 2.1. Write an expression for the directivity as a function of
the directional angles € and .

SOLUTION
The radiation intensity is given by
U= r*W, = Aysin 8
The maximum radiation is directed along 8 = /2. Thus
Upix = Ao
In Example 2.1 it was found that
P = Ay
Using (2-16a). we find that the maximum directivity is equal to
41U,
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Since the radiation intensity is only a function of 6, the directivity as a function of
the directional angles is represented by

D=D,sinf = 127sin6

Before proceeding with a more general discussion of directivity, it may be proper
at this time to consider another example, compute its directivity, compare it with that
of the previous example, and comment on what it actually represents. This may give
the reader a better understanding and appreciation of the directivity.

Example 2.4

The radial component of the radiated power density of an infinitesimal linear dipole
of fength / < A is given by

W, = 4W, = 4 A,sin’ 8/r° (Wim?)

where A, is the peak value of the power density, 8 is the usual spherical coordinate,
and &, is the radial unit vector. Determine the maximum directivity of the antenna
and express the directivity as a function of the directional angles 8 and ¢.

SOLUTION

The radiation intensity is given by
U=r'W, = Aysin* 9

The maximum radiation is directed along 8 = #/2. Thus
Unax = Ao

The total radiated power is given by

2w T . 8
P = ﬁ) UdQ) = A, J:) L sin- dsin 8dBd¢ = An(—;-r)
0

Using (2-16a). we find that the maximum directivity is equal to

AUpe  4mA, 3

P T 8 = 5
rad = (Ao)

D()=

which is greater than 1.27 found in Example 2.3. Thus the directivity is represented by
D = Dysin’ 6 = 1.5 sin’ 6

At this time it will be proper to comment on the results of Examples 2.3 and 2.4. To
better understand the discussion, we have plotted in Figure 2.8 the relative radiation
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U=sin®0 |

f=smd

Figure 2.8 Three-dimensional radiation intensity patterns.
(SOURCE: P, Lorrain and D. R. Corson, Electromagnetic Fields
and Waves, 2nd ed.. W. H. Freeman and Co. Copyright © 1970)

intensities of Example 2.3 (/ = A, sin #) and Example 2.4 (I/ = A, sin® #) where
Ay was set equal o unity. We see that both patterns are omnidirectional but that of
Example 2.4 has more directional characteristics (is narrower) in the elevation plane.
Since the directivity is a ““figure-ol-merit” describing how well the radiator directs
energy in a certain direction, it should be convincing from Figure 2.8 that the direc-
tivity of Example 2.4 should be higher than that of Example 2.3,

To demonstrate the significance ol directivity, let us consider another example;
in particular let us examine the directivity of a half-wavelength dipole (I = A/2),
which is derived in Section 4.6 of Chapter 4 and can be approximated by

D = D,sin’' 6 = 1.67sin* 6 (2-18)

)
& 2
cos | cos fi

since it can be shown that

sin flos | ———— 2-18a)
sin #

where 6 is measured from the axis along the length of the dipole. The values repre-
sented by (2-18) and those of an isotropic source (D = ) are plotted two- and three-
dimensionally in Figure 2.9(a.b). For the three-dimensional graphical representation
of Figure 2.9(b), at each observation point only the largest value of the two directivities
is plotted. It is apparent that when sin '(1/1.67)!7 = 57.44° < 0 < 122.56° the
dipole radiator has greater directivity (greater intensity concentration) in those direc-
tions than that of an isotropic source. Qutside this range of angles, the isotropic
radiator has higher directivity (more intense radiation), The maximum directivity of
the dipole (relative to the isotropic radiator) occurs when ¢ = /2, and it is 1.67 (or
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2.23 dB) more intense than that of the isotropic radiator (with the same radiated
power).

The three-dimensional pattern of Figure 2.9(b), and similar ones. are included
throughout the book 1o represent the three-dimensional radiation characteristics of
antennas. These patterns are plotied using software developed in | 3] and [4], and can
be used 10 visualize the three-dimensional radiation pattern ol the antenna. Many
examples are demonstrated in (4], The executable part of the computer program of
[4] is included at the end of the chapter. courtesy of the authors Dr. Elsherbeni and
Taylor, for use by the reader. The three-dimensional program of [4]. along with the
others, can be used cffectively toward the design and synthesis of antennas, especially
arrays. as demonstrated in |5] and |6].

The directivity ol an isotropic source is unity since its power is radiated equally
well in all directions. For all other sources. the maxinuom directiviry will always be
greater than unity, and it is a relative *figure-of-merit’ ' which gives an indication of
the directionul properties of the antenna us compured with those of an isotropic
source. In equation form, this is indicated in (2-16a). The directivity can be smaller
than unity: in fact it can be equal to zero. For Examples 2.3 and 2.4, the directivity
is equal 10 zero in the @ = O direction. The values of directivity will be equal to or
greater than zero and equal to or less than the maximum directivity (( < D < D).

A more general expression for the directivity can be developed to include sources
with radiation patterns that may be functions ol both spherical coordinate angles 6
and ¢. In the previous examples we considered intensities that were represented by
only onc coordinate angle #. in order not to obscure the fundamental concepts by the
muathematical details. So it may now be proper, since the basic definitions have been
illustrated by simple examples. to formulate the more general expressions.

Let the radiation intensity of an antenna be of the form

I , ,
U = B,F, ¢) = 5;1 EXO, ¢ + |ENG, d) (2-19)

where B, is a constant, und EY and £} are the antenna’s lar-zone electric field com-
ponents, The maximum value of (2-19}) is given by
Unmx = By F(8. d’”nmx = BUFm:m(B- b) (2-19a)

The total radiated power is found using
2o (w
Py = ﬁ ue, ¢y dQd = B, L J:} F(0. ¢) sin 8.d0 dd (2-20)
4]

We now write the general expression for the directivity and maximum directivity
using (2-16) and (2-16a). respectively. as

F(@.
D(O, &) = 47 =57 (6. 4) (2-21)
J;) L F(0, ¢) sin 0d6 dd
Dy = 47 == 1o, (’))Inm'\ (2-22)

-L J; F(0, ¢y sin 0dO ddg
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Equation (2-22) can also be written as

dar 4
Dy = — =0 (2-23)
I W R R

[j L F(#8, ¢b) sin 8 d6 dq’:}/ﬂ f, €b5|mm¢

!

where €1, is the beam solid angle, and it is given by

l 2w n . kg s ' .
£y = m J:] J.” F(B, &) sin 0dO0ddp = J“ J;] F (0, ¢) sin 6 dt dep
(2-24)
F(o. ¢)
F.(0. &) = (8. ¢ (2-25)

FO, )]

Dividing by F(8., &), merely normalizes the radiation intensity F(8, ¢), and it
makes its maximum value unity.

The beam solid angle (), is defined as the solid angle through which all the
power of the antenna would flow if its radiation intensity is constant (and equal 1o
the maximum value of U) for all angles within {1,.

2.5.1 Directional Patterns

Instead of using the exact expression of (2-23) to compute the directivity, it is often
convenient to derive simpler expressions, even if they are approximate, to compute
the directivity. These can also be used for design purposes. For antennas with one
narrow major lobe and very negligible minor lobes, the beam solid angle is approxi-
mately equal to the product of the hall-power beamwidths in two perpendicular planes
[7] shown in Figure 2.10(a). For a rotationally symmetric pattern, the half-power

4
(3]

X

() Nopsymmetrical pattern (b} Symmetrical pattern

Figure 2.10 Beam solid angles for nonsymmetrical and symmetrical ra-
diation patterns.
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beamwidths in any two perpendicular planes are the same, as illustrated in Figure
2.10(b).
With this approximation, (2-23) can be approximated by

The beam solid angle (), has been approximated by
Q'.a\ = Q"Jlr(':')m' (2-26a)

where
0. = hall-power beamwidth in one plane (rad)
6),, = half-power beamwidth in a plane at a right angle to the other (rad)

If the beamwidths are known in degress, (2-26) can be written as

_4m(180/m)° _ 41.253
0 ®|d®2d (ﬂlu‘(;‘)hl

(2-27)

where

), = half-power beamwidth in one plane (degrees)
), half-power beamwidth in a plane at a right angle to the other (degrees)

2d

For planar arrays, a better approximation to (2-27) is [3]

32400 32,400

= - - = (2-27a)
), (degrees)” 6,0,

1]

The validity of (2-26) and (2-27) is based on a pattern that has only one major
lobe and any minor lobes, if present, should be of very low intensity. For a pattern
with two identical major lobes, the value of the maximum directivity using (2-26) or
{2-27) will be twice its actual value. For patterns with significant minor lobes. the
vitlues of maximum directivity obtained using (2-26) or (2-27), which neglect any
minor lobes, will usually be too high,

Example 2.5

The radiation intensity of the major lobe of many antennas can be adequately repre-
sented by

{/ = By cos ¢

where By is the maximum radiation intensity. The radiation intensity exists only in
the upper hemisphere (0 < 6 < /2, 0 < ¢ = 2m). and it is shown in Figure 2.11.
Find the maximum directivity using (2-26) or (2-27) and compare it with its exact
value.
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-y

Figure 2.11 Radiation intensity pattern
of the form U = cos # in the upper hemi-
sphere.

SOLUTION
The half-power point of the pattern occurs at # = 60°, Thus the beamwidth in the ¢
direction is 1207 or

2ar

8, = =
: 3

Since the pattern is independent of the ¢ coordinate, the beamwidth in the other plane
is also equal to
2w

0, = =

3

The maximum directivity, using (2-26). is then equal (o
41 9

— = 2.86

Dy=—— =
" (27/3)* ™

Now let us find the exact value of the maximum directivity and compare the results.
U — B{] COSs H
Unmx = B{J Cos Hinmx = BU

2

27 il w2
Poy = J” J“ By, cos @sin 6 d6 ddp = 2B, J:] cos 1 sin 0 d6

il
Frad = TrB[J J” SiIl(ZH'} df = ﬂ'Bn

4 Wumux .y 4773“

Dy =
P rad "'THU

=4 (dimensionless)
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The exact maximum directivity is 4 and its approximate value, using (2-26). is 2.86.
Better approximations can be obtained if the patterns have much narrower beam-
widths, which will be demonstrated later in this section.

Many times it is desirable to express the directivity in decibels (dB) instead of
dimensionless quantities. The expressions for converting the dimensionless quantities
of directivity and maximum directivity to decibels (dB) are
D(dB) = 10 log,ol D(dimensionless)| (2-28a)
DydB) = 10 log ol Dy(dimensionless)] (2-28b)

It has also been proposed |9] that the maximum directivity of an antenna can also
be obtained approximately by using the formula

| 1 |
—_— = —|— + — 2-29
D, 2 (DI Dz) ( )
where
I 161n2
1)] = ./ = ()—., (2‘29‘&1)
[ D1,
[j I _)j sin @ d():‘
2In 2 Ju
| 161In2
D, = ~ 2" (2-29b)

N e
SIn 3 f) sin # db
21n i

0, and ©,, ure the half-power beamwidths (in radiuns) of the E- and H-planes,
respectively. The formula of (2-29) will be referred to as the arithmetic mean of the
maximum directivity. Using (2-29a) and (2-29b) we can write (2-29) as

1 (e, 83\ 05 + 0
= + =)= e (2-30)
Dy 2In2\16 16 2in2
or
321n2 22181
Dy = — = — . 2-30
Tl + el o+ e (>-3lia)
22.181 (180/m)? 72815
g = { ™ (2-30b)

oy + 03 6y + 8l

where 0, and O, are the half-power beamwidths in degrees. Equation (2-30a) is to
be contrasted with (2-26) while (2-30b) should be compured with (2-27).

In order to make an evaluation and comparison of the accuracies of (2-26) and
(2-30a). examples whose radiation inlensities (power patterns) can be represented by

Bacos"(8) OD=6=<aR2, 0=d¢d=127w

S 7_
(. ¢) {() elsewhere (2-31)



2.5 Directivity 49

where n = | — 10, 11.28, 15, and 20 are considered. The maximum directivities
were computed using (2-26) and (2-30a) and compared with the exact values as
obtained using (2-22). The results are shown in Table 2.1. From the comparisons it
is evident that the error due to Tai & Pereira's formula is always negative (i.e., it
predicts lower values of maximum directivity than the exact ones) and monotonically
decreases as n increases (the pattern becomes more narrow). However, the error due
to Kraus® formula is negative for small values of n and positive for large values of n.
For small values of n the error due 1o Kraus™ formula is negative and positive for
large values of n: the crror is zero when n = 5497 = 5.5 (half-power beamwidth of
56.35%). In addition, for symmetrically rotational patterns the absolute error due to
the two approximate formulas is identical when n = 11.28. which corresponds to 4
half-power beamwidth of 39.77°. From these observations we conclude that, Kraus'
formula is more accurate for small values of n (broader patterns) while Tai & Pereira’s
is more accurate for large values of n (narrower patterns). Based on absolute error
and symmetrically rotational patterns, Kraus' formula leads to smaller error for
n < 11.28 (half-power beamwidth greater than 39.77°) while Tai & Pereira’s leads to
smaller error for n > 11,28 (half-power beamwidth smaller than 39.77°). The results
are shown plotted in Figure 2.12 for 0 < n =< 450,

2.5.2 Omnlidirectional Patterns

Some antennas (such as dipoles, loops, broadside arrays) exhibit omnidirectional
patterns, as illustrated by the three-dimensional patterns in Figure 2.13 (a,b). As single-
lobe directional patterns can be approximated by (2-31), omnidirectional patterns can
often be approximated by

U=sin"(®) O=o0=w 0=¢=27 (2-32)

where n represents both integer and noninteger values. The directivity of antennas
with patterns represented by (2-32) can be determined in closed form using the

Table 2.1 COMPARISON OF EXACT AND APPROXIMATE VALUES OF MAXIMUM
DIRECTIVITY FOR U = cos"8 POWER PATTERNS

Exact Kraus Tai and Percira
Equation Equation Kraus Equation Tai and Pereira

n (2-22) (2-26) % Error (2-30a) % Error
1 4 2.86 — 28,50 2.53 - 36.75
2 6 5.09 —15.27 4.49 -25.17
3 8 7.35 -8.12 6.48 —19.00
4 10 9.61 -390 8.48 -15.20
5 12 11.87 -1.08 10.47 —-1275
6 14 i4.13 +0.93 12.46 ~11.00
7 i6 16.39 +2.48 14,47 -9.56
8 18 18.66 +3.68 1647 - 8.50
9 20 20.93 +4.64 18.47 -7.65
10 22 23.19 +5.41 20.47 -6.96
11.28 24.56 26.08 +6.24 23.02 —6.24
15 32 34.52 +7.88 30.46 —4.81

20 42 45.89 +0.26 40.46 -3.67
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Figure 2.12 Comparison of exact and approximate values of directivity for di-
rectional /' = cos"f# power patterns.

definition of (2-16a). However. as was done for the single-lobe patterns of Figure
2,10, approximate directivity formulas have been derived [T10], [11] for antennas with
omnidirectional patterns similar to the ones shown in Figure 2,13 whose main lobe is
approximated by (2-32). The approximate directivity formula for an omnidirectional
pattern as a function of the pattern half-power beamwidth (in degrees), which is
reported by McDonald in [10], was derived based on the array factor of a broadside
collinear array |see Section 6.4.1 and (6-38a)] and is given by

1)1
HPBW (degrees) — 0.0027 [HPBW (degrees)|”

Dy, = (2-33a)

However, that reported by Pozar in [ 11]is derived based on the exact values obtained
using (2-32) and then representing the data in closed-form using curve-fitting, and it
is given by

Dy = —172.4 + 191 \/0O.818 + I/HPBW (degrees) (2-33b)

The approximate formula of (2-33a) should. in general, be more accurate for omni-
directional patterns with minor lobes. as shown in Figure 2.13(a), while (2-33b) should
be more accurate for omnidirectional patterns with minor lobes of very low intensity
(ideally no minor lobes), as shown in Figure 2.13(b).

The approximate formulas of (2-33a) and (2-33b) can be used (o design omnidi-
rectional antennas with specified radiation pattern characteristics. To facilitate this
procedure. the directivity of antennas with omnidirectional patterns approximalted by
{2-32) is plotted in Figure 2.14 versus i and the half-power beamwidth (in degrees).
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{by Without minor lubes

Figure 2,13 Omnidirectional patterns with and without minor
lobes.

Three curves are plotted in Figure 2.14; one using (2-16a) and referred as exact, one
using (2-33a) and denoted as McDonald, and the third using (2-33b) and denoted as
Pozar. Thus, the curves of Figure 2.14 can be used for design purposes, as Jollows:

a. Specify the desired directivity and determine the value of n and half-power
beamwidth of the omnidirectional antenna pattern, or

b. Specify the desired value of i or half-power beamwidth and determine the direc-
tivity of the omnidirectional antenna pattern.

To demonstrate the procedure, an example is taken.

Example 2.6

Design an antenna with omnidirectional amplitude pattern with a half-power beam-
width of 90°. Express its radiation intensity by U = sin”f. Determine the value of »n
and attempt to identify elements that exhibit such a patiern. Determine the directivity
of the antenna using (2-16a). (2-33a), and (2-33b).
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Figure 2.14 Comparison of exact and approximate values ot directivity for
omnidirectional {/ = sin"0 power patterns,

SOLUTION

Since the half-power heamwidth is 90°, the angle at which the half-power point occurs
is 8 = 45° Thus

U (8 = 45 = (0.5 = sin"(45°) = (0.707)"
or
n =2

Therefore, the radiation intensity of the omnidirectional antenna is represented by
U = sin*f. An infinitesimal dipole (see Chapter 4) or a small circular loop (see
Chapter 5) are two antennas which possess such a pattern,

Using the definition of (2-16a), the exact directivity is

Umnx = ]
"in W , {8

Pug = J f sin” @ sin 0 d0dp = —
o Jo 3
4qr 3

Dy = m =57 1.761 dB

Since the half-power beamwidth is equal to 90°, then the directivity based on (2-33a)
is equal to

10]
= .= 1 = 1.71 dB
Da 90 — 0.0027 (90) 14825 = 1
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while that based on (2-33b) is equal to
Dy= —172.4 + 191 1/0.818 + 1/90 = 1.516 = 1.807 dB

The value of » and the three values of the directivity can also be obtained using Figure
2.14, although they may not be as accurate as those given above because they have
to be taken off the graph. However, the curves can be used for other problems.

2.6 NUMERICAL TECHNIQUES

For most practical antennas, their radiation patterns are so complex that closed form
mathematical expressions are not available. Even in those cases where expressions
are available, their form is so complex that integration to find the radiated power,
required to compute the maximum directivity, cannot be performed. Instead of using
the approximate expressions of Kraus, Tai and Pereira, McDonald or Pozar alternate
and more accurate techniques may be desirable. With the high-speed computer sys-
tems now available, the answer may be to apply numerical methods.

Let us assume that the radiation intensity of a given antenna is separable, and it
is given by

U = B, f(8) g(&) (2-34)

where By, is a constant. The directivity for such a system is given by

47U ux
Dy = —— 2-3
¢ Prad ( 5)
where
Pmd = B()J;) {J:’ f(G) g((p) sin Gdﬁ}d(f) (2’36)
which can also be written as
Py = BOJ’0 g(d) { L f(8) sin 8d6 } de¢ (2-37)

If the integrations in (2-37) cannot be performed analytically, then from integral
calculus we can write a series approximation

g N
J:, f(8)sin 0d6 = z [f(8) sin 6] A, (2-38)
i=1
For N uniform divisions over the 7 interval,

A 0,' = (2'383)

Zl3
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8; (Eq. 2-38b) - —-

\

# (kg 2-39¢)

& (Eq. 2-39b)

Figure 2.15 Digitization scheme of patiern in spheri-
cal coordinates,

Referring 1o Figure 2.15, #; can take many different forms. Two schemes are shown
in Figure 2.15 such that

w
e = il—=|. i = 1.2,3,.....N 2-3
i I(N) f (2-38b)
or
T T, ]
0'=ﬁ+(’-nﬁ' f=1.2.3....N (2-38¢)

In the former case, §; is taken at the trailing edge of each division; in the latter case,
8; is selected at the middle of each division. The scheme that is more desirable will
depend upon the problem under investigation. Many other schemes are available.

In a similar manner. we cun write for the ¢ variations that

b

M

L g(P) dd = Zl AN (2-39)

where {or M unilorm divisions

x|y

Ad, (2-392)
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Again referring 1o Figure 2.15

2 :
¢ = j(ﬁ) j=0L23....M {2-39b)
or
27 , 2w . ]
d)j=5/’+(j_”‘];,‘. j=L23....M (2-39¢)

Combining (2-38). (2-38a), (2-39). and (2-39a) we can write (2-37) as

ar 2 M N
: = —_ _ . 8.} 1 3,
Pr B.,(N) ( M),-Z. {g(aﬁ,)[; f(8,) sin 9]} (2-40)

The double summation of (2-40) is performed by adding for each value of j
G=1.23,....Myall valuesof i (/{ = 1.2,3...., N). In a computer program
flowchart, this can be performed by a loop within a loop. Physically. (2-40) can be
interpreted by referring to Figure 2.15. It simply states that for each value of g(¢) a
the azimuthal angle ¢ = ¢, the values of f{8) sin & are added for all values of 8 =
g: (i = 1,2.3,....N). The values of §; and ¢; can be determined by using either
of the forms as given by (2-38b) or (2-38¢) and (2-39b) or (2-39¢).
Since the # and ¢ variations are separable. (2-40) can also be wrilten as

M N
Prad = B”(/%) (%T) [jzl g(d’j)] [IZI f(al) sin 6«] (2":”)

in which case each summation can be performed separately.
If the § and ¢ variations are not separable, and the radiation intensity is given by

the digital form of the radiated power can be written as
m\ [2m) &[ & ,
Pow = Bol ol E z F (6, d’j) sin 0 (2-43)
NI \M /| = =

6, and ¢; take different forms, two of which were introduced and are shown pictorially
in Figure 2.15. The evaluation and physical interpretation of (2-43) is similar to that
of (2-40).

To examine the accuracy of the technique. two examples will be considered.

Exampie 2.7(a)
The radiation intensity of an antenna is given by

Bysinfsind. 007 0=s¢=s7
0 clsewhere
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Determine the maximum directivity numerically by using (2-41) with ¢, and ¢; of
(2-38b) and (2-39b}, respectively. Compare it with the exact value.

SOLUTION

Let us divide the ¥ and ¢ intervals each inta 18 equals segments (N = M = 138),
Since ) = ¢ = 7, then A, = @/M and (2-41) reduces 10

S ERN

with
o, = '(]Ex) = {100, i=123.... .18
b; = ,(1 =10, j=1,23....18
- 18
Thus
P = (1—7;) (Sin*(10%) + sin’(20°%) + -« - + sin“(180%)}°
TT 2 b ] 772
Prnd = B(D(ﬁ) (9)L = Bll(_I)
and
Al 4
hn, = U = il = E = 5.0029

Pnul 773/4‘ "
The exact value is given by

P, = By L sin® ¢ dd>J sin B df = -;(%T) B, = — B,

and

47l 44 16 .
D, = = = —— = — = 50929
! P /4 T

Which is the same as the value obtained numerically!

Example 2.7(b)

Given the same radiation intensity as that in Example 2.7(a), determine the directivity
using (2-41) with 8, and o; of (2-38¢) and {2-39¢),

SOLUTION

Again using I8 divisions in each interval, we can write (2-41) as

Prg = Bu( ) [2 sin” d),][é sin Hi]
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with

=+ (i~ D=5 46— I  i=1,23...,18

36 18
d,j:%ﬂj_l)%:swg-nwﬂ J=123..... 18

Because of the symmetry of the divisions about the 8 = 7/2 and ¢ = 7/2 angles,
we can wrile

2 9 9
Pos = Bol =) [2 S sin o, [[2 S sin® 6,
18 J=\ i=1
P = B, % 4sin® (5°) + sin® (15°) + - - + sin? (85
2 2 3
T T W i
Py = By T8 4(4.5)7 = Bn(ﬁ) (81) = Bn(?)

which is identical to that of the previous example. Thus

477U|na.'c _ A _ E
P w4 @

which again is equal to the exact value!

D, =

= 5.0929

It is interesting to note that decreasing the number of divisions (M and/or N) 10 9, 6.
4, and even 2 leads to the same answer, which also happens to be the exact value!
To demonstrate as to why the number of divisions does not affect the answer for this
pattern, let us refer to Figure 2.16 where we have plotted the sin® ¢ function and
divided the 0° = ¢ =< 180° interval into six divisions. The exact value of the directivity
uses the area under the solid curve. Doing the problem numerically. we find the area
under the rectangles, which is shown shaded. Because of the symmetrical nature of
the function, il can be shown that the shaded area in section #1 (included in the
numerical evaluation) is equal to the blank area in section #1' (left out by the
numerical method). The same is true for the areas in sections #2 and #2', and #3
and #3’. Thus, there is a one-lo-one compensation. Similar justification is applicable
for the other number of divisions.

It should be emphasized that all functions, even though they may contain some
symmetry, do not give the same answers independent of the number of divisions. As
a matter of fact, in most cases the answer only approaches the exact value as the
number of divisions is increased to a large number.

A FORTRAN computer program called DIRECTIVITY has been developed to
compute the maximum directivity of any antenna whose radiation intensity is U =
F(8. ¢) based on the formulation of (2-43). The intensity function F does not have
to be a function of both # and ¢. The numerical evaluations are made at the trailing
edge. as defined by (2-38b) and (2-39b). The program is included at the end of this
chapter. It contains a SUBROUTINE for which the intensity factor U = F(6, ¢) for
the required application must be specitied by the user. As an illustration, the antenna
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Figure 2.16 Digitized form of sin® ¢ function,

intensity {/ = sin @ sin” ¢ has been inserted in the subroutine. In addition. the up-
per and lower limits of # and ¢ must be specified for each application of the same
pattern.

2.7 GAIN

Another useful measure describing the performance of an antenna is the gain. Al-
though the gain of the antenna is closely related 1o the directivity. it is a measure that
takes into account the efficiency of the antenna as well as its directional capabilities.
Remember that directivity is a measure that describes only the directional properties
of the antenna, and it is therefore controlled only by the pattern.

Absolute gain of an antenna (in a given direction) is defined as *‘the ratio of the
intensity, in a given direction. to the radiation intensity that would be obtained if the
power accepted by the antenna were radiated isotropically. The radiation intensity
corresponding to the isotropically radiated power is equal to the power accepted
(input) by the antenna divided by 47."" In equation form this can be expressed as

) radiation intensity U, o)
gain = 4 = 4m————

: (dimensionless)  (2-44)
total input (accepted) power P

In most cases we deal with relarive gain, which is defined as *‘the ratio of the
power gain in a given direction to the power gain of a reference antenna in its
referenced direction.”” The power input must be the same lfor both antennas. The
reference antenna is usually a dipole, horn, or any other antenna whose gain can be
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Figure 2.17 Recference terminals and losses of
an antenna.

calculated or it is known. In most cases, however, the reference antenna is a lossless
isotropic source. Thus

B 47U, &)
P,, (lossless isotropic source)

(dimensionless) (2-44a)

When the direction is not stated, the power gain is usually taken in the direction
of maximum radiation.

Referring to Figure 2.17(a). we can wrile that the total radiated power (P,q) is
related to the total input power (P;,) by

Prnd = €y Pln (2"45)

where ¢, is the antenna radiation efficiency (dimensionless) which is defined in
Section 2.14 by (2-90). According to the IEEE Standards, “gain does not include
losses arising from impedance mismatches (reflection losses) and polarization mis-
matches (losses).’” In this edition of the book. we will adhere, in terms of standardi-
zation. lo this definition. Bul in the earlier edition we included both impedance
(reflection) and polarization losses in the definition of the gain. These two losses are
defined, respectively, by the reflection (mismatch) efficiency in (2-51) and (2-52), and
by the polarization loss factor (PLF) in (2-71). Both are very important losses and
they need to be included in the link calculations of a communication system to
determine the received or radiated power. even if they are not included in the present
definition of gain. Using (2-45) reduces (2-44a) to

U(e. d>)]

2-4
P rad ( 6)

G( 0, (,)) = (".J[47T
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which is related to the directivity of (2-21) by

G(6, &) = ey D(B, D) (2-47)

In a similar manner. the maximum value of the gain is related to the maximum
directivity by

G(l = G(B' d))lmux = €ey D(ﬁ» (b)lmux = €y D{) (2'474)

As was done with the directivity, we can define the partial gain of an antenna
for a given polarization in u given direction as *‘that part of the radiation intensity
corresponding to a given polarization divided by the total radiation intensity that
would be obtained if the power accepted by the antenna were radiated isotropically.”
With this definition for the partial directivity. then, in a given direction, *‘the total
gain is the sum of the partial gains for any two orthogonal polarizations.”” For a
spherical coordinate system. the total maximum gain G, for the orthogonal 8 and ¢
components of an antenna can be written, in a similar form as was the maximum
directivity in (2-17)—(2-17b), as

Go = Gp+ Gy (2-48)
while the partial gains G, and G, are expressed as
47U
Gy = —* (2-48a)
Piu
47U,
Gy = 7’: b (2-48b)

U, = radiation intensity in a given direction contained in E, field component
U, = radiation intensity in a given direction contained in E, field component
P;, = total input (accepted) power

For many practical antennas an approximate formula for the gain. corresponding
to {(2-27) or (2-27a) for the directivity. is

30,000 (2-49)

Gop=——"—""
0, O

In practice, whenever the term ‘‘gain’’ is vused, it usually refers to the maximum
gain as defined by (2-47a).

Usually the gain is given in terms of decibels instead of the dimensionless quantity
of (2-47a). The conversion formula is given by

Gy(dB) = 10 log ofe, Dy (dimensionless)] (2-50)

2.8 ANTENNA EFFICIENCY

The total antenna efficiency ¢, is used to take into account losses at the input terminals
and within the structure of the antenna. Such losses may be due, referring to Figure
2.17(b), to
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1. reflections because of the mismatch between the transmission line and the antenna
2. I°R losses (conduction and dielectric)

[n general, the overall efficiency can be written as

Co = €plo€y (2'5')

e, = total efficiency (dimensionless)

e, = reflection (mismatch) efficiency = (I — |T]) (dimensionless)

e, = conduction efficiency (dimensionless)

e, = dielectric efficiency (dimensionless)

I = voltage reflection coefficient at the input terminals of the antenna [T =
(Ziy — Zo(Z, + Z,) where Z;, = antenna input impedance, Z, = char-
acteristic impedance of the transmission line|

Usuully ¢, and ¢, are very diflicult 1o compute. but they can be determined
experimentally. Even by measurements they cannot be separated. and it is usually
more convenient Lo write (2-51) as

n
e, = e, = ey (1 — |TF) (2-52)

where ¢, = e.e, = antenna radiation efficiency. which is used to relate the gain and
directivity.

Example 2.8

A lossless resonant haif-wavelength dipole antenna. with input impedance of 73 ohms,
is to be connected 1o a transmission line whose characteristic impedance is 50 ohms.
Assuming that the pattern of the anlenna is given approximately by

U= B() Siﬂ" /)

find the overall maximum gain of this antenna.

SOLUTION

Let us first compute the maximum dircctivity of the antenna. For this
U[mux = Uumx = Bll

r W . 3 >
Py = f" L U(B. ¢) sin 0 d8d¢p = 27B, L sin’ 9d0 = B, (%)

U, 16
Dy = 47— = — = 1,697
! i Pmd 377

Since the antenna was stated to be lossless. then the radiation efficiency

Cod = I
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Thus, the otal maximum gain, as defined in this edition and by IEEE, is equal to
Gy = e Dy = 1(1.697) = 1.697
GydB)Y = 10 log,(1.697) = 2.297

which is identical to the directivity because the antenna is lossless,

There is another loss Tactor which is not taken into account in the gain. That is
the loss due to reflection or mismatch losses between the antenna (load) and the
trunsmission line, This loss is accounted for by the reflection efficiency of (2-51) or
(2-52). and it is equal 1o

I ’ — “)y = [ _- | = 0.965
e, = (1 i) ( 7+ 50 )

Thus. the overall efficiency is
o = ey = 0,965
ey (dB) = — 0155
Thus, the overall losses are equal to {).155 dB.

The gain in dB can also be obtained by converting the directivity and radiation
efficiency in dB and then adding them. Thus,

e dBY = 101og,, (1.0) = 0
DydB) = 10 logy, (1.697) = 2.297
GydB) = ¢,(dB) + Dy (dB) = 2.297

which is the same as obtained previously.

2.9 HALF-POWER BEAMWIDTH

The half~power beannvidh is defined as; *‘In a plane containing the direction of the
maximum of a beam, the angle between the two directions in which the radiation
intensity is one-half the maximum value of the beam.”” Often the term beamwidth is
used to describe the angle between any two points on the pattern, such as the angle
between the 10-dB points. In this case the specific points on the pattern must bhe
described to aveid confusion. However the term beamwidih by itself is usually re-
versed Lo describe the 3-dB beamwidth.

The beamwidth of the antenna is a very important figure-of-merit, and it often
used 1o as a tradeoff between it and the sidelobe level: that is. ay the beamwidth
decreases the sidelobe increases and vice versa. In addition, the beamwidth of the
antenna is also used to describe the resolution capabilities of the antenna to distinguish
between two adjacent radiating sources or radar targets. The most common resolution
criterion states that the resolution capability of an antenna to distinguish berween rwo
sources is equal to half the first null beamwidth (FNBW/2), which is usually used 1o
approximate the half-power beamwidth (HPBW) [7], [12]. That is. two sources sep-
arated by angular distances equal or greater than FNBW/2 = HPBW of an antenna
with a uniform distribution can be resolved. If the separation is smaller, then the
antenna will tend to smoaoth the angular separation distance.
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2.10 BEAM EFFICIENCY

Another parameter that is frequently used to judge the quality of transmitting and
receiving antennas is the beum efficiency. For an antenna with its major lobe directed
along the z-axis (8 = (). as shown in Figure 2.4(a), the beam efficiency (BE) is
defined by

_ power transmitted (received) within cone angle 6,
power transmitted (reccived) by the antenna

BE (dimensionless) (2-53)

where 8, is the half-angle of the cone within which the percentage of the total power
is to be found. Equation (2-53) can be written as

2 [0
J f“ UL6. o) sin 0dO do
{}
BE =

2o 4 (2-54)
J:’ L U0. @) sin 0 d8 do

If 6, is chosen as the angle where the first null or minimum occurs (see Figure 2.4),
then the beam efticiency will indicate the amount of power in the major lobe compared
lo the total power. A very high beam efliciency (between the nulls or minimums),
usually in the high 90s. is necessary for antennas used in radiometry. astronomy.
radar, and other applications where received signals through the minor lobes must be
minimized. The beam clficiencies of some typical circular and rectangular aperture
antennas will be discussed in Chapter 12.

2.11 BANDWIDTH

The handwidth of an antenna is defined as “‘the range of [requencies within which
the performance of the antenna, with respect to some characteristic, conforms to a
specified standard.” The bandwidth can be considered to be the range of frequencies.
on either side of a center frequency (usually the resonance frequency for a dipole).
where the antenna characteristics (such as input impedance, pattern, beamwidth, po-
larization, side lobe level. gain. beam direction, radiation efficiency) are within an
acceptable value of those at the center [requency. For broadband antennas, the band-
width is usually expressed as the ratio of the upper-to-lower frequencies of accepiable
operation. For example, a 10 : 1 bandwidth indicates that the upper frequency is 10
times greater than the lower. For narrowband antennas, the bandwidth is expressed
as a percentage of the frequency difference (upper minus lower) over the center
frequency of the bandwidth. For example. a 5% bandwidth indicates that the frequency
difference of acceptable operation is 5% of the center frequency of the bandwidth.
Because the characteristics (input impedance, pattern. gain, polarization. ctc.) of
an antenna do not necessarily vary in the same manner or are even critically affected
by the frequency. there is no unique characterization of the bandwidth. The specifi-
cations are set in each case 1o meet the needs of the particular application. Usually
there is a distinction made between pattern and input impedance variations. Accord-
ingly pattern bandwidth and impedance bandwidih are used 1 emphasize Lhis dis-
tinction. Associated with pattern bandwidth are gain. side lobe level. beamwidth,
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polarization, und beam direction while input impedance and radiation efficiency are
related to impedance bandwidth, For example, the pattern of a linear dipole with
overall length less than a half-wavelength (/ < A/2) 1s insensitive to frequency. The
limiting factor for this antenna is its impedance. and its bandwidth can be formulated
in terms of the Q. The @ of antennas or arrays with dimensions large compared to
the wavelength, excluding superdirective designs, is near unity. Therefore the band-
width is usually formulated in terms of beamwidth, side lobe level. and pattern
characteristics. For intermediate length antennas, the bundwidth may be limited by
either pattern or impedance variations, depending upon the particular application. For
these antennas. a 2 : 1 bandwidth indicates a good design. For others, lurge bandwidths
are needed. Antennas with very large bandwidths (like 40 : 1 or greater) have been
designed in recent years. These are known as frequency independent antennas, and
they are discussed in Chapter 11.

The above discussion presumes that the coupling networks (transformers, baluns,
ete.) and/or the dimensions of the antenna are not altered in any manner as the
frequency is changed. It is possible to increase the acceptable frequency range of a
narrowband antenna if proper adjustments can be made on the critical dimensions of
the antenna and/or on the coupling networks as the frequency is changed. Although
not an easy or possible task in general, there are applications where this can be
accomplished. The most common examples are the amtenna of a car radio and the
*‘rabbit ears'" of a television. Both usually have adjustable lengths which can be used
to tune the antenna for better reception.

2.12 POLARIZATION

Polarization of an antenna in a given direction is defined as *‘the polarization ol the
wave transmitted (radiated) by the antenna. Note: When the direction is not stated,
the polarization is taken 1o be the polarization in the direction of maximum gain.”” In
practice, polarization of the radiated energy varies with the direction from the center
of the antenna. so that different parts of the pattern may have different polarizations.

Polarization of a radiated wave is delined as *‘that property of an electromagnetic
wave describing the time varying direction and relative magnitude of the electric-field
vector: specifically. the figure traced as a function of time by the extremity of the
vector at a fixed location in space, and the sense in which it is traced, as observed
along the direction of propagation.”” Polarization then is the curve traced by the end
point of the arrow representing the instantaneous electric field. The field must be
observed along the direction of propagation. A typical trace as a function of time is
shown in Figures 2.18(a) and (b).

The polarization of a wave can be defined in terms of a wave radiated (trans-
mitted) or received by an antenna in a given direction. The polarization of a wave
radiated by an antenna in a specified direction at a point in the far field is defined as
**the polarization of the (locally) plane wave which is used to represent the radiated
wave at that point. At any point in the lar field of an antenna the rudiated wave can
be represented by a plane wave whose electrie field strength is the same as that of the
wave and whose direction of propagation is in the radial direction from the antenna.
As the radial distance approaches infinity, the radius of curvature of the radiated
wave's phase front also approaches infinity and thus in any specified direction the
wave appears locally as a plane wave.'” This is a far-field characteristic of waves
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Major axis Minor axis

(b) Polarization ¢llipsc
Figure 2.18 Rotation of a plane electromagnetic
wave and its polarization ellipse at z = 0 as a function
of time.

radiated by all practical antennas. and it is illustrated analytically in Section 3.6 of
Chapter 3. The polarization of a wave received by an antenna is defined as the
“*polarization of a plane wave. incident from a given dircction and having a given
power flux density. which results in maximum available power at the antenna termin-
als.”

Polarization may be classified as linear. circular. or elliptical. If the vector that
describes the electric field at a point in space as a function of time is always directed
along a line, the field is said to be linearly polarized. In general. however, the figure
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that the electric field traces is an ellipse, and the field is said to be elliptically polarized.
Linear and circular polarizations are special cases of elliptical, and they can be
obtained when the ellipse becomes 2 straight line or a circle. respectively. The figure
of the electric field is traced in a clockwise (CW) or counterclockwise (CCW) sense.
Clockwise rotation of the electric field vector is designated as righr-hand polarization
and counterclockwise as lefi-hand polarization.

In general. the polarization characteristics of an antenna can be represented by
its polarization pattern whose one definition is ‘‘the spatial distribution of the polar-
izations of a field vector excited (radiated) by an antenna taken over its radiation
sphere. When describing the polarizations over the radiation sphere, or portion of it.
reference lines shall be specified over the sphere. in order to measure the tilt angles
(see tilt angle) of the polarization ellipses and the direction of polarization for linear
polarizations. An obvious choice. though by no means the only one, is a family of
lines tangent at each point on the sphere to either the # or ¢ coordinate line associated
with a spherical coordinate system of the radiation sphere. At each point on the
radiation sphere Lhe polarization is usually resolved into a pair of orthogonal polari-
zations, the co-polarization and cross polarization. To accomplish this, the co-polar-
ization must be specified at each point on the radiation sphere.”’

“*For certain linearly polarized antennas. it is common practice to define the co-
polarization in the following manner: First specify the orientation of the co-polar
electric field vector at a pole of the radiation sphere. Then, for all other directions of
interest (points on the radiation sphere). require that the angle that the co-polar electric
field vector makes with each great circle line through the pole remain constant over
that circle, the angle being that at the pole.™

“‘In practice, the axis of the antenna’s main beam should be directed along the
polar axis of the radiation sphere. The antenna is then appropriately oriented about
this axis to align the direction of its polarization with that of the defined co-polarization
at the pole.”” **This manner of defining co-polarization can be exlended to the case
of elliptical polarization by defining the constant angles using the major axes of the
polarization ellipses rather than the co-polar electric field vector. The sense of polar-
ization (rotation) must also be specified.”’

The polarization of the wave radiated by Lhe antenna can also be represented on
the Poincaré sphere [7], [13]-[16]. Each point on the Poincaré sphere represents a
unique polarization. The north pole represents left circular polarization, the south pole
represents right circular, and points along the equator represent linear polarization of
different tilt angles. All other points on the Poincaré sphere represent elliptical polar-
ization. For details, see Figure 16.24 of Chapter 16.

The polarization of an antenna is measured using techniques described in Chapter
16.

2.12.1 Linear, Circular, and Elliptical Polarizations

The instantancous field of a plane wave, traveling in the negative ; direction, can be
written as

o = 4% 0 + 48 (2-55)

According to (2-5), the instantaneous components are related to their complex counter-
parts by
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‘éj‘,(:; 1 = REIE\ - ejlmH kr)l - RelE‘_“(,_i(uu-n— k7 +..|-,‘)|

= Ecos(wr + kz + o)) (2-56)
‘:6"(:: 1) = REIﬁ\ ~ej(mr + Is:)} = Releeﬂml-kk:+4{\-)l
= E,cos(wl + k2 + ) (2-57)

where E,, and E,, are, respectively. the maximum magnitudes of the v and v com-
ponents.
A. Linear Polarization

For the wave to have linear polarization. the time-phase difterence between the two
components must be

Ap=d¢d, —p,=nm  n=0.1.23... (2-58)

B. Circular Polarization

Circular polarization can be achieved onlv when the magnitudes of the two compo-
nents are the same and the time-phase difference between them is odd multiples of
7/2. That is.

|k'élll = Irg)'[ - E\'ﬂ = E\'u (2-59)
+E+2mmn=0.1.2,... for CW (2-60)
A= o = ¢ = - +2mmon=0.12... for CCW (2-61)

If the direction of wave propagation is reversed (i.e.. +z direction), the phases in
(2-60) and (2-61) for CW and CCW rotation must be interchanged.

C. Elliptical Polarization

Elliptical polarization can be autained onl/v when the time-phase ditference between
the two components is odd multiples of 7/2 and their magnitudes are not the same

or when the time-phase difference between the two components is not equal to
multiples of /2 (irrespective of their magnitudes). That is.

[€.,| # [&,] = E,, #E,,

when Ad = ¢, — b, = [+ (} + 2Zm7m  for CW (2-62a)
n=0.1.2...1- ¢+ 2m7m for CCW (2-62b)
or
H
Ab=d — b #LST= (>0 forCW (2-63)
n=201223... <0 forCCW (2-64)

For elliptical polarization, the curve traced at a given position as a function of
time is, in general, a tilted ellipse. as shown in Figure 2.18(b). The ratio of the major
axis to the minor axis is referred to as the axial ratio (AR). and it is equal to

major axis  OA

AR = — — = —,
minor axis OB

|l =AR=x (2-65)
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where

OA = |{E, + EX, + |E, + B, + 2E, E}, cosQAd)"}]'?  (2-66)
OB = [MEL, + E5, — |ElW + B, + 2E;, E5, cosQCAM'H'"™ (2-67)

The tilt of the ellipse. relative to the v axis. is represented by the angle 7 given by

l | 2Em£wr

= — — —1 ————5 cos(A 2-68
R R (=68

When the ellipse is aligned with the principal axes [T = n/2.n = 0. 1,2, . . ],

the major (minor) axis is equal to £, (E,,) or E,(E,,) and the axial ratio is equal to
E.\'u/Em or E\'ulr

b
pR I

SUMMARY

We will summarize the preceding discussion on polarization by stating the general
characteristics, and the necessary and sufficient conditions that the wave must have
in order to possess linear, circular or elliptical polarization.

Linear Polarization A time-harmonic wave is linearly polarized at a given point in
space if the electric field (or magnetic field} vector at that point is always oriented
along the same straight line ar every instant of time. This is accomplished if the field
vector (electric or magnetic) possesses:

a. Only one component, or

b. Two orthogonal linear components that are in time phase or 180° (or multiples
of 180°) out of phase.

Circular Polarization A time-harmonic wave is circularly polarized ut a given point
in space if the electric (or magnetic) field vector at that point traces a circle as a
Junction of time,

The necessary and sufficient conditions to accomplish this are it the tield vector
{clectric or magnetic) possesses all of the following:

a. The field must have two orthogonal linear components, and
b. The two components must have the same magnitude, and
¢. The two components must have a time-phase difference of odd multiples of 90°,

The sense of rotation is always determined by rotating the phase-leading component
toward the phase-lagging component and observing the field rotation as the wave is
viewed as it travels away from the observer. If the rotation is clockwise, the wave is
right-hand (or clockwise) circularly polarized: if the rotation is counterclockwise, the
wave is left-hand tor counterclockwise) circularly polarized. The rotation of the phase-
leading component toward the phase-lagging component should he done along the
angular separation between the two components that is less than 180°. Phases equal
to or greater than O° and less than 180° should be considered leading whereas those
equal to or greater than 180° and less than 360° shouwld be considered lugging.

Elliptical Polarization A time-harmonic wave is elliptically polarized if the tip of the
field vector (electric or magnetic) traces an elliptical locus in space. At various
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instants of time the field vector changes continuously with time at such a manner as
to describe an elliptical locus. It is right-hand (clockwise) elliptically polarized if the
field vector rotates clockwise, uand it is left-hand (counterclockwise) elliptically po-
larized if the field vector of the ellipse rotates counterclockwise [13]. The sense of
rotation is determined using the same rules as for the circular polarization. In addition
to the sense of rotation, elliptically polarized waves are also specified by their axial
ratio whose magnitude is the ratio of the major to the minor axis.

A wave is elliptically polarized if it is not linearly or circularly polarized. Although
linear and circular polarizations are special cases ol elliptical. usually in practice
elliptical polarization refers to other than linear or circular. The necessary and suffi-
cient conditions o accomplish this are if the field vector (electric or magnetic) pos-
sesses all of the following:

a. The field must have two orthogonal linear components. and
b. The two components can be of the same or different magnitude.

c. (1) If the two components are not of the same magnitude, the time-phase differ-
ence between the two components musi not be 0° or multiples of 180° (because
it will then be linear). (2) If the two components are of the same magnitude. the
time-phase difference between the two components must not be odd multiples of
90° (because it will then be circular).

If the wave is elliptically polarized with two components not of the same mag-
nitude but with odd multiples of 90° time-phase difference. the polarization ellipse
will not be tilted but it will be aligned with the principal axes of the field components.
The major axis of the ellipse will align with the axis of the field component which is
larger of the two. while the minor axis of the ellipse will align with the axis of the
field component which is smaller of the two,

2.12.2 Polarization Loss Factor and Efficiency

In general, the polarization of the receiving antenna will not be the same as the
polarization of the incoming (incident) wave. This is commonly stated as **polarization
mismatch.”” The amount of power extracted by the antenna from the incoming signal
will not be maximum because of the polarization loss. Assuming that the electric field
of the incoming wave can be written as

Ei = ﬁ\r Ei (2-69)

where §,, is the unit vector of the wave, and the polarization of the electric field of
the receiving antenna can be expressed as

E, =P, E, (2-70)

where f,, is its unil vector (polarization vector), the polarization loss can be taken into
account by introducing a polarization loss fuctor (PLF). It is defined, based on the
polarization of the antenna in ils transmitting mode. as

PLF = |r)u ) "iu'l2 =

cos Jp,|* (dimensionless) (2-71)

where s, is the angle between the two unit vectors. The relative alignment of the
polarization of the incoming wave and of the antenna is shown in Figure 2.19. If' the
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A
Pu

Figure 2.19 Polarization unit vectors of incident wave (p,,)
» and antenna (f,), and polarization loss factor (PLF).

-

antenna is polarization matched, its PLF will be unity and the antenna will extract
maximum power from the incoming wave.

Another figure-of-merit that is used to describe the polarization characteristics of
a wave and that of an antenna is the pelarization efficiency (polarization mismatch or
loss fuctor) which is defined as *“the ratio of the power received by an antenna from
a given plane wave of arbitrary polarization to the power that would be received by
the same antenna from a plane wave of the same power flux density and direction of
propagation. whose state of polarization has been adjusted for a maximum received
power."" This is similar to the PLF and it is expressed as

€ - Einc'l
= ¢ - '
Pe = l({elllEinc‘E

(2-71a)

where

€, = vector effective length of the antenna
E* = incident electric field

The vector effective length €, of the antenna has not yet been defined, and 1t is
introduced in Section 2.15, It is a vector that describes the polarization characteristics
of the antenna. Both the PLF and p, lead to the same answers.

The conjugate (*) is not used in (2-71) or (2-71a) so that a right-hand circularly
polarized incident wave (when viewed in its direction ol propagation) is matched 1o
right-hand circularly polarized receiving antenna (when its polarization is determined
in the transmitting mode). Similarly, a left-hand circularly polarized wave will be
matched to a left-hand circularly polarized antenna.

To illustrate the principle of polarization mismatch, two examples will be consid-
ered.

Example 2.9
The ¢lectric field of a linearly polarized electromagnetic wave given by
E, = &.Ex. ve %

is incident upon a linearly polarized antenna whose electric field polarization can be
expressed as

E, = (4, + 4,)E(r, 8. ¢)

Find the polarization loss factor (PLF).
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SOLUTION
For the incident wave
b, = 4,

and for the antenna

-

I
- = (él + ﬁv)

p(f = VE

The PLF is then equal Lo

T oh—

i oA o_a
PLF = Ipw : puln = Ia.l '—_2'(3.\ + a,\-)l- =

\/_

which in dB is equal to
PLF(dB) = 10 log,y PLF{dimensionless) = 10 log, (0.5) = —3

Even though in Example 2.9 both the incoming wave and the antenna are lincarly
polarized, there is a 3-dB loss in extracted power because the polarization of the
incoming wave is not aligned with the polarization of the antenna. If the polarization
of the incoming wave is orthogonal to the polarization of the antenna. then there will
be no power extracted by the antenna from the incoming wave and the PLF will be
zero or — > dB. In Figures 2.20(a,b) we illustrate the polarization loss factors (PLF)
of two types of antennas: wires and apertures.

We now want to consider an example where the polarization of the antenna and
the incoming wave are described in terms of complex polarization vectors.

Example 2.10

A wave radiated by an antenna is traveling in the outward radial direction along the
+ ¢ axis. Its radiated field in the far-zone region is described by its spherical com-
ponents, and its polarization is right-hand (clockwise) circularly polarized. This ra-
diated field is impinging upon a receiving antenna whose polarization (in the trans-
mitting mode, which is the mode the antenna polarization should always be specified
according to the definition of IEEE) is also right-handed (clockwise) circularly polar-
ized and whose polarization unit vector is represented by

E, = (3, — jﬁ,,,)E(r. 0. &)

Determine the polarization loss factor (PLF).

SOLUTION

The polarization of the right-hand circularly polarized wave traveling along the +:
axis is described by the unit vector
"i = (éll + Jﬁgi)

2
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Figure 2.20 Polarization loss factors (PLF) for aperture and linear wire antennas.

while that of the antenna is represented by the unit vector
P, = (ﬁt? — jﬁnﬁ)
i VE
Therefore the polarization loss factor is
y 1
PLE = [py* ' = ZI1 + 1P =1 =0dB
Since the polarization of the incoming wave matches (including the sense of rotation)

the polarization of the receiving antenna, there should not be any losses. Obviously
the answer matches the expectation.

Based upon the definitions of the wave transmitted and received by an antenna,
the polarization of an antenna in the receiving mode is related to that in the trans-
mitting mode as follows:

1. “‘In the same plane of polarization, the polarization ellipses have the same axial
ratio, the same sense ol polarization (rotation) and the same spatial orientation.
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2. “'Since their senses of polarization and spatial orientation are specitied by viewing
their polarization ellipses in the respective directions in which they are propagat-
ing. one should note that:

a. Although their senses of polarization are the same. they would appear to be
opposite i’ both waves were viewed in the same direction.

b. Their tilt angles are such that they are the negative of one another with
respect to a common reference.”

Since the polarization of an antenna will almost always be defined in its trans-
mitting mode, according to the IEEE Std 145-1983, **the receiving polarization may
be used o specity the polarization characteristic of a nonreciprocal antenna which
may transmit and receive arbitrarily different polarizations.”

The polarization loss must always be taken into account in the link calculations
design of a communication system because in some cases it may be a very critical
factor. Link calculations of communication systems for outer space explorations are
very stringent because of limitations in spacecrall weight. In such cases. power is a
limiting consideration. The design must properly take into account all loss lactors 1o
ensure a successful operation of the system.

2.13 INPUT IMPEDANCE

Input impedunce is defined as **the impedance presented by an antenna at its terminals
or the ratio of the voltage to current at a pair of terminals or the ratio of the appropriate
components of the electric to magnetic fields at a point.”” In this section we are
primarily interested in the input impedance at a pair of terminals which are the input
terminals of the antenna. In Figure 2.21(a) these terminals are designated as a—b. The
ratio of the voltage to current at these terminals, with no load attached. defines the
impedance of the antenna as

Zy = Ry + jX, (2-72)

where

Z, = antenna impedance at terminals a-b  (ohms)
R, = antenna resistance at terminals a—b (ohms)
X1 = antenna reactance at terminals - (ohms)

In general the resistive part of (2-72) consists of two components; Lhat is

Ry, =R, + R, (2-73)

where
R, = radiation resistance of the antenna
R; = loss resistance of the antenna

The radiation resistance will be considered in more detail in later chapters, and it will
be illustrated with examples.
If we assume that the antenna is attached to a generator with internal impedance

Z, = R, + jX, (2-74)
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Antenna /

I a
Gelnl:mtn'r Radiated
(Zy) wave
| b

ta) Antenna in transmitting mode

-

Ry

. i |
{b) Thevenin equivalent

28 . G O B

f¢) Norton equivalent

Figure 2.21 Transmitting antenna and its equivalent cir-
cuits,

where

R, = resistance of generator impedance  (ohms)
X, = reactance ol generator impedance  (ohms)

and the antenna is used in the transmitting mode, we can represent the antenna and
generator by an equivalent circuit® shown in Figure 2.21(b). To find the amount of
power delivered to R, for radiation and the amount dissipated in R, as heal (I*R,/2).
we first find the current developed within the loop which is given by

V, v v,

13 Iy :
- _ - : (A (2-75
Z Zy+Z, (R + R+ R+ J&K + X5 } !

FThis circnit can be used 1o represent small and simple amennas, 1L cannot be used lor antennas with
lossy dielectric or antennas over lossy ground because their [oss resistance cannot be represented in serics
with the radiation resistance.
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and its magnitude by
Vv
[V (2-754a)

1) = . -
1 LR, + R + R + (X4 + X022

where V, is the peak generator voltage. The power delivered to the antenna for
radiation is given by

P, =

2y _ Vil R,
] ~R = : 3 . ) W 2'
VR, 2 LR+ R+ R + (Xq + X W) (2-76)

| -

and that dissipated as heal by

l Al lv"'z R’
Po=SlII'R, = = )
L= 5 | .kl L 3 [(Rr + R, + Rg)z + (X, + Xg)z

<

] (W) (2-77)

The remaining power is dissipated as heat on the internal resistance R, of the generator,
and it is given by

VA5 R,
= £ . 2-78
Py 2 (R + R+ R + (X4 + X)) (W) ( )

The maximum power delivered (o the antenna occurs when we have conjugate
matching; that is when

R+ R, =R, (2-79)
Xy = —X, (2-80)
For this case
| R, v, .
p, = % r | =l R,__ 2-81)
2 | 4R, + R 8 (R, + Ry
V2 R, |
P = - - B 2'
=% R R (2-82)
12 vl 125 ,
3 = g = v = - 3
P 8 | (R + R, 8 |R + R, 8R, (2-83)

From (2-81)—(2-83), it is clear that
|V.I* R, VP R + R,
P,=P + P = =] =~ - 3 2-84
) . 8§ [(R.+ R 8 LR+ RN ( )
The power supplied by the generator during conjugate matching is

| I v, |V, J2 | _
Po= VI =V oo—t—0o| =& W) (285
S IR T [Z(R, + R,_)] 4 [R,- + R,.] W)

Of the power that is provided by the generator. half is dissipated as heat in the internal
resistance (Ry) of the generator and the other half is delivered to the antenna. This
only happens when we have conjugate matching. Of the power that is delivered to
the antenna. part is radiated through the mechanism provided by the radiation resis-
tance and the other is dissipated as heat which influences part of the overall efficiency
of the antenna. If the antenna is lossless (¢, = 1). then half of the total power supplied
by the generator is radiated by the antenna during conjugate matching. and the other
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half 1s dissipated as heat in the generator. Thus, to radiate hall of the available power
through R, you must dissipate the other hall as heat in the generator through R,.. These
two powers are. respectively. analogous to the power transferred to the load and the
power scattered by the antenna in the receiving mode. In Figure 2.21 it is assumed
that the generator is directly connected to the antenna. If there is a a transmission line
between the two, which is usually the case, then Z, represents the equivalent impe-
dance of the generator transferred to the input terminals of the antenna using the
impedance transfer equation. If. in addition, the transmission line is lossy, then the
available power to be radiated by the antenna will be reduced by the losses of the
transmission line. Figure 2.21(c) illustrates the Norton equivalent of the antenna and
its source in the transmitting mode.

The use of the antenna in the receiving mode is shown in Figure 2.22(a). The
incident wave impinges upon the antenna, and it induces a voltage V¢ which is
analogous o V, of the transmitting mode. The Thevenin equivalent circuil of the
antenna and its load is shown in Figure 2.22(b) and the Norton equivalent in Figure
2.22(¢). The discussion for the antenna and its load in the receiving mode parallels
that for the transmitting mode, and it will not be repeated here in detail. Some of the
results will be summarized in order to discuss some subtle points. Following a pro-
cedure similar to that for the antenna in the transmitting mode, it can be shown using
Figure 2.22 that in the receiving mode under conjugate matching (R, + R, = Ry and

X, = —Xy) the powers delivered to Ry, R,. and R, are given, respectively, by
v, Ry Vil I Vv, |?
P, = Vi r__ _ ( )=| i (2-86)
8 [ (R, + R 8 \R, + R, 8Ry
viF? R, Val* R,
P, = = | = 3 2-87
2 | AR, + R $ |(R + R (-87)
\Zs R |
P, = 5 2-
T8 LR+ R (2-58)

while the induced (collected or captured ) is

L Vi |v,43( |
P =-ViIi=-V|————| = 2-89
= 27T '[2(R,. + R,_):l 4 \R, + R, (2-89)

These are analogous, respectively, to (2-81)—(2-83) and (2-85). The power P, of
(2-87) delivered to R, is referred to as scatrered (or reradicied) power. It is clear
through (2-86)—(2-89) that under conjugate matching of the total power collected or
captured [P, of {2-89)] half is delivered to the load Ry | Py of (2-86)] and the other
half is scatiered or reradiated through R, [P, of (2-87)] and dissipated as heat through
R, [P of (2-88)]. If the losses are zero (R, = 0) then half of the captured power is
delivered to the load and the other half is scattered. This indicates that in order to
deliver half of the power to the load you must scatter the other half. This becomes
important when discussing etfective equivalent areas and aperture efficiencies. espe-
cially for high directivity aperture antennas such as wave guides, horns, and reflectors
with aperture efficiencies as high as 80 to Y0%. Aperture efficiency (e,,) is defined
by (2-100}) and is the ratio of the maximum effective area to the physical area. The
effective area is used to determine the power delivered to the load, which under
conjugate matching is only one half of that intercepted; the other hall is scattered and
dissipated as heat. For a lossless antenna (R, = ) under conjugate matching. the
maximum value of the effective area is equal to the physical area (g,, = 1) and the
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Figure 2.22 Antenna and its equivalent circuits in the
receiving mode.

scattering area is also equal to the physical area. Thus half of the power is delivered
to the load and the other hall is scattered. Using (2-86) to (2-89) we conclude that
even though the aperture efficiencies are higher than 50% (they can be as large as
100%) all of the power that is captured by the antenna is not delivered 1o the load but
it includes that which 1s scattered plus dissipated as heat by the antenna. The most
that can be delivered to the load is only half of that captured and that is only under
conjugate matching and lossless transmission line.

The input impedance of an antenna is generally a function of frequency. Thus the
antenna will be matched to the interconnecting transmission line and other associated
equipment only within a bandwidth. In addition, the input impedance of the antenna
depends on many factors including its geometry, its method of excitation, and its
proximity (o surrounding objects. Because of their complex geometries. only a limited
number of practical antennas have been investigated analytically. For many others,
the inpul impedance has been determined experimentally.
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2,14 ANTENNA RADIATION EFFICIENCY

The antenna efficiency that takes into account the reflection, conduction, and dielectric
losses was discussed in Section 2.8. The conduction and dielectric losses of an antenna
are very difficult to compute and in most cases they are measured. Even with meas-
urements. they are ditficult to separate and they are usually lumped together (o form
the ¢, efficiency. The resistance R, is used to represent the conduction-dielectric
losses.

The conduction-dielectric efficiency e, is defined as the ratio of the power deliv-
ered 1o the radiation resistance R, to the power delivered to R, and R,. Using (2-76)
and (2-77). the radiation efficiency can be written as

o .,_EL._. (dimensionless) (2-90)
e R[_ + R,-

For a metal rod of length / and unilorm cross-sectional area A. the dc resistance
is given by

11

Ry, = ——

de o A

If the skin depth 8|8 = \/2/(wuewr)| of the metal is very small compared to the

smallest diagonal of the cross section of the rod. the current is contined to a thin layer

near the conductor surface. Therefore the high-frequency resistance can be written,
based on a uniform current distribution, as

! I o
R — —R = — e h 5 -
= pf =g f o (ohms) (2-90b)

where P is the perimeter of the cross section of the rod (P = € = 2wh for a circular
wire of radius bj. R, is the conductor surface resistance, w is the angular frequency,
Wy is the permeability of [ree-space. and o is the conductivity of the metal.

(ohms) (2-904a)

Example 2.11

A resonant half-wavelength dipole is made out of copper (o0 = 5.7 X 107 $/m) wire.
Determine the conduction-diclectric (radiation) efficiency of the dipole antenna at
f = 100 MHz if the radius of the wire b is 3 X 10 *A, and the radiation resistance
of the A/2 dipole is 73 ohms.

SOLUTION
Atf = 10* Hz

3 x 10
TS

f
!
3

(S FR¥S]

m

R S Y O -

3

=273 X 107H A =67 X 1074A
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For a A/2 dipole with a sinusoidal current distribution R, = § Ry where Ry is given
by (2-90b). Sce Problem 2.44. Therefore.

R -7
fi = % W b ?;270 3 \/ mms?(fz To’!o ' = 0349 ohms
Thus.
. . 73
¢.q (dimensionless) = 73+ 0349 = (.9952 = 99.52%

e.q (dB) = 10 log,,(0.9905) = -0.02

2.15 ANTENNA VECTOR EFFECTIVE LENGTH
AND EQUIVALENT AREAS

An antenna in the receiving mode. whether itis in the form of a wire, horn. aperture.
array. dielectric rod. etc., is used to capture (collect) electromagnetic waves and to
extract power from them, as shown in Figures 2.23(a) and (b). For each antenna. an
equivalent length and a number of equivalent areas can then be deflined.

These equivalent quantities are used to describe the receiving characteristics of
an antenna, whether it be a linear or an aperture type. when a wave is incident upon
the antenna.

2.15.1 Vector Effective Length

The effective iength of un antenna, whether it be a lineuar or an aperture antenna, is o
quantity that is used to determine the voltage induced on the open-circuit terminals
of the antenna when a wave impinges upon it. The vector effective length €, for an
antenna is usually a complex vector quantity represented by

(:.(6‘ d)) = ﬁu{”(uv ¢) + ﬁd,ld,(o.. ‘b) (2'91)

It should be noted that it is also referred to as the ¢ffective height. It is a far-field
quantity and it is related to the fur-zone ticld E, radiated by the antenna. with current
I, in its terminals, by [13]-[18]

. klin . —jkr
Eu = ﬁﬂE'ﬂ + ﬁ.f;Ech = —..In 4‘".'_ c(,(' ik (2'92)

The effective length represents the anienna in its transmitting and receiving modes,
and it is particularly useful in relating the open-circuit voltage V,, of receiving anten-
nas. This relation can be expressed as

V,

e = E - {, (2-93)
where

V.. = open-circuit voltage at antenna terminals

E' = incident electric field

¢,

vector etfective length
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E-field of
plane wave

Direction of
prapagation

() Dipole anteana in receiving mode

E-ficld of
plane wave

Direction of
propagition

Recerver

(b) Aperture antenna in receiving mode

Figure 2.23 Uniform plane wave incident upon dipole and aperture an-
tennas.

In (2-93) V,,. can be thought of as the voltage induced in a linear antenna of length
1 = € when €, and E' are linearly polarized |19],[20]. From the relation of
(2-93) the effective length of a linearly polarized antenna receiving a plane wave in
a given direction is defined as ‘‘the ratio of the magnitude of the open-circuit voltage
developed at the terminals of the antenna to the magnitude of the electric field strength
in the direction of the antenna polarization. Alternatively. the effective length is the
length of a thin straight conductor oriented perpendicular to the given direction and
parallel to the antenna polarization. having a uniform current equal to that at the
antenna terminals and producing the same fur-field strength as the antenna in that
direction.™

In addition. as shown in Section 2.12.2, the antenna vector effective length is
used to determine the polarization efficiency of the antenna. To illustrate the usefulness
of the vector eftective length, let us consider an example.
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Example 2.12

The far-zone field radiated by a small dipole of length / < A/10 and with a triangular
current distribution, as shown in Figure 4.3, is derived in Section 4.3 of Chapter 4
and it is given by (4-36a), or

E, = &, Klile” sin @
@ = ﬂ]n 87Tr ¢
Determine the vector effective length of the antenna.

SOLUTION
According to (2-92). the vector effective length is

/

This indicates. as it should, that the effective length is a function of the direction
angle 6, and its maximum occurs when 8 = 90° This tells us that the maximum
open-circuit voltage at the dipole terminals occurs when the incident direction of the
wave of Figure 2.23(a) impinging upon the small dipole antenna is normal to the axis
(length) of the dipole (8 = 90°). This is expected since the dipole has a radiation
pattern whose maximum is in the # = 90°. In addition, the effective length of the
dipole to produce the same output open-circuit voltage is only half (50%) of its
physical length if it were replaced by a thin conductor having a uniform current
distribution (it can be shown that the maximum effective length of an element with
an ideal uniform current distribution is equal to its physical length).

2.15.2 Antenna Equivalent Areas

With each antenna, we can associate a number of equivalent areas. These are used to
describe the power capturing characteristics of the antenna when a wave impinges on
it. One of these equivalent areas is the effective area (aperture}, which ia a given
direction is defined as *“the ratio of the available power at the terminals of a receiving
antenna to the power flux density of a plane wave incident on the antenna from that
direction, the wave being polarization matched to the antenna. If the direction is not
specified, the direction of maximum radiation intensity is implied."’ In equation form
it is written as

[17* Ry/2

2.
W, (2-94)

Py
Ae= 3 =

A, = effective area (effective aperture) (m?)
P; = power delivered to the load (W)
W, = power density of incident wave (W/m®)
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The effective aperture is the area which when multiplied by the incident power
density gives the power delivered to the load. Using the cquivalent of Figure 2.22,
we can write (2-94) as

Vi R
A = i : 3 (2-95)
2W, [(R, + R, + Ry + (X, + Xy)
Under conditions of maximum power transfer (conjugate matching), R, + R, = Ry
and X, = — Xy, the effective area of (2-95) reduces to the maximum effective aperture
given by
V12 Ry V,I? 1
Ay = |- W (2-96)
8W, | (R, + R) 8W, | R. + R,

When (2-96) is multiplied by the incident power density, it leads to the maximum
power delivered to the load of (2-86).

All of the power that is intercepted, collected, or captured by an antenna is not
delivered to the load, as we have seen using the equivalent circuit of Figure 2.22. In
fact. under conjugate matching only half of the captured power is delivered Lo the
load: the other half is scattered and dissipated as heat. Therefore to account for the
scattered and dissipated power we need to define. in addition to the elfective area. the
scattering, losy and capture equivalent areas. In equation form these can be defined
similarly to (2-94)—(2-96) for the effective area.

The scattering area is delined as the equivalent area when multiplied by the
incident power density is equal to the scattered or reradiated power. Under conjugate
matching this is written. similar to (2-96), as

A_\=”"‘"[ al ] (2-97)

8W, | (R, + R,

which when multiplied by the incident power density gives the scattering power of
(2-87).

The loss areu is defined as the cquivalent area. which when multiplied by the
incident power density leads to the power dissipated as heat through R;. Under
conjugate matching this is wrilten, similar to (2-96), as

l le L
L Re 2-98
LTO8W, | (R + R (2-25)

which whem multiplied by the incident power density gives the dissipated power of
(2-88).

Finally the capture areu is defined as the equivalent area, which when multiplied
by the incident power density leads 10 the total power captured. collected, or inter-
cepted by the antenna. Under conjugate malching this is written. similar to (2-96), as

A = |V} [Rr + R, + Rt]

- : 2.99
8W. | (R, + R (=-59)

When (2-99) is multiplied by the incident power density. il leads to the captured
power of (2-89). In general, the total capture area is equal to the sum of the other
three. or

Capture Area = Effective Area + Scattering Area + Loss Area
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This is apparent under conjugate matching using (2-96)—(2-99). However, it holds
even under nonconjugate matching conditions.

Now that the equivalent areas have been defined, let us introduce the aperture
efficiency €,, of an antenna, which is defined as the ratio of the maximum effective
area A,,, of the antenna to its physical area A, or

A,, maximum effective area

ap = T T . 2-100
“ A, physical area ( )

For aperture type antennas, such as waveguides, horns, and reflectors, the maximum
effective area cannot exceed the physical area but it can equal it (A,,, = A, or 0 =
€., = 1). Therefore the maximum value of the aperture efficiency cannot exceed unity
(100 %). For a lossless antenna (R; = 0) the maximum value of the scattering area
is also equal to the physical area. Therefore even though the aperture efficiency is
greater than 50%. for a lossless antenna under conjugate matching only half of the
captured power is delivered to the load and the other half is scattered.

We can also introduce a partial effective area of an antenna for a given polari-
zation in a given direction, which is defined as ‘‘the ratio of the available power at
the terminals of a receiving antenna to the power flux density of a plane wave incident
on the antenna from that direction and with a specified polarization differing from the
receiving polarization of the antenna.”

The effective area of an antenna is not necessarily the same as the physical
aperture. It will be shown in later chapters that aperture antennas with constant
amplitude and phase field distributions have maximum effective areas equal to the
physical areas; they are smaller for nonconstant field distributions. In addition, the
maximum effective area of wire antennas is greater than the physical area (if taken
as the area of a cross section of the wire when split lengthwise along its diameter).
Thus the wire antenna can capture much more power than is intercepted by its physical
size! This should not come as a surprise. If the wire antenna would only capture the
power incident on its physical size, it would be almost useless. So electrically, the
wire antenna looks much bigger than its physical stature.

To illustrate the concept of effective area, especially as applied to a wire antenna,
let us consider an example. In later chapters, we will consider examples of aperture
antennas.

Example 2.13

A uniform plane wave is incident upon a very short lossless dipole (/ << A), as shown
in Figure 2.23(a). Find the maximum effective area assuming that the radiation resis-
tance of the dipole is R, = 80(7l/A). and the incident field is linearly polarized along
the axis of the dipole.

SOLUTION

For R, = 0, the maximum effective area of (2-96) reduces to

A, < WL
W, | R,
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Since the dipole is very short, the induced current can be assumed to be constant and
of uniform phase. The induced voltuge is

V',- = EI
where

Vy = induced voltage on the dipole
E = electric ficld ol incident wave
! = length of dipole
For a uniform plane wave. the incident power density can be written as

EJ
Wi = —
27

where 7 is the intrinsic impedance of the medium (=120 ochms for a free-space
medium). Thus
(El A

Ay = — — = = 0.119A°
RERqN80m=1-/A") 8w

The above value is only valid for a lossless antenna (the losses of a short dipole are
usually significant). If the loss resistance is equal to the radiation resistance (R, = R,)
and the sum of the two is equal to the load (receiver) resistance (R = R, + R, = 2R,).
then the effective area is only one-half of the maximum effective area given above.

Let us now examine the significance of the effective area. From Example 2.13.
the maximum effective area of a short dipole with / << A was equal 10 A,,, = 0.119 A,
Typical antennas that fall under this category are dipoles whose lengths are / =< A/30.
For the purpose of demonstration, let us assume that /| = A/50. Because A,,, =
0.119A* = lw, = (M50)w,. the maximum cffective electrical width of this dipole is
w, = 5.95A. Typical physical diameters (widths) of wires used for dipoles may be
about w, = A/300. Thus the maximum effective width w, is about 1785 times larger
than its physical width.

2.16 MAXIMUM DIRECTIVITY AND MAXIMUM
EFFECTIVE AREA

To derive the relationship between directivity and maximum effective area. the geo-
metrical arrangement of Figure 2.24 is chosen. Antenna 1 is used as a transmitter and
2 as a receiver. The effective areas and directivities of each are designated as A,. A,
and D, D,. I untenna 1 were isotropic, its radiated power density at a distance R
would be

W, = il
" gaRr?

(2-101)

where P, is the total radiated power. Because of the directive properties of the antenna,
its actual density is
P.D,

W, = WD, = AR

(2-102)
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Figure 2.24 Two antennas separated by a distance R.

The power collected (received) by the antenna and transferred to the load would be

P.D,A,
P.= WA, = — 2-103
Br = AR L 1i)
Qr
Bl s o
DA, = 5 (47R) (2-103a)

If antenna 2 is used as a transmitter, 1 as a receiver, and the intervening medium
is linear, passive, and isotropic, we can write that

P .
D.A, = — (4R (2-104)
P,
Equating (2-103a) and (2-104) reduces to
D, D, _
— = — 2-105
A A ( )

Increasing the directivity of an antenna increases its effective area in direct
&=
proportion. Thus, (2-105) can be wrilten as

_Dﬁ = . DEJ;'

AIHF AI’HI
where A, and A,,, (D, and Dy,) are the maximum effective areas (directivities) of
antennas | and 2, respectively.

If antenna | is isotropic, then Dy, = | and its maximum effective area can be
expressed as

(2-106)

Apm = — (2-107)

Equation (2-107) states that the maximum effective area of an isotropic source is
equal to the ratio of the maximum effective area to the maximum directivity of any
other source. For example, let the other antenna be a very short (/ << A) dipole whose
effective area (0.119A% from Example 2.13) and maximum directivity (1.5) are known.
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The maximum effective area of the isotropic source is then equal to

Apy 011927 A°

A,=—"—=—"7"T"=— 2-108
" Dy, 1.5 47 ( )
Using (2-108), we can write (2-107) as
A° ‘
Arm = ’)ﬂl'Arm = D()l (__) (2"()9)
447

In general then, the maximum effective aperture (A,,,) of any antenna is related to its
maximum directivity (Dy) by

Thus, when (2-110) is multiplied by the power density of the incident wave il leads
to the maximum power that can be delivered to the load. This assumes that there are
no conduction diclectric losses (radiation efficiency e, is unity), the antenna is
matched to the load (reflection efficiency e, is unity), and the polarization of the
impinging wave matches that of the antenna (polarization loss factor PLF and polar-
ization efficiency p, are unity), If there arc losses associated with an antenna, its
maximum effective aperture of (2-110) must be moditied o account for conduction-
dielectric losses (radiation efficiency). Thus,

}\2

Ac'm = O (—) Dy (2-111 )
47

The maximum value of (2-111) assumes that the antenna is matched to the load and

the incoming wave is polarization-matched 10 the antenna. If reflection and polari-

zation losses are also included, then the maximum effective area of (2-111) is repre-

sented by

"

A:‘. ~ -~
Avm = ¢ (411_) I)t)lpw ) pu
(2-112)

b

2 [ A A
= € (l - Iri~) (4—) D(llpw ¢ pulﬁ

m

2.17 FRIIS TRANSMISSION EQUATION AND
RADAR RANGE EQUATION

The analysis and design of radar and communications systems often require the use
of the Friis Transmission Equation and the Radar Range Equation. Because of the
importance [21] of the two cquations, a few pages will be devoted for their derivation.

2.17.1 Friis Transmission Equation

The Friis Transmission Equation relates the power received to the power transmitted
between two antennas separated by a distance R > 2D%A, where D is the largest
dimension of either untenna. Referring to Figure 2.25, let uy assume that the trans-
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Figure 2.25 Geometrical orientation of transmitting and receiving
antennas for Friis transmission equation.

milting antenna is initially isotropic. If the input power at the terminals of the trans-
mitting antenna is P, then its isotropic power density W, at distance R from the
antenny is
P
Wy = e,—= 2-113
0 ‘47TR2 ( )
where e, is the radiation efficiency of the transmitting antenna. For a nonisotropic
transmitting antenna, the power density of (2-113) in the direction 6,. ¢, can be written
as
W — P!GI(OH¢I) = e P!DI(BI’¢I)
' AmR? " 4nR?
where G,(6,. ¢,) is the gain and D,(8,, ¢,) is the directivity of the transmitting antenna

in the direction 6, ¢, Since the effective area A, of the antenna is related to its
efficiency ¢, and directivity D, by

(2-114)

AZ
Ar = erDr(ghqbr) ( ) (2'| !5)

4m
the amount of power P, collected by the receiving antenna can be written, using
(2-114) and (2-115) as

A? A’D,(8,.4)D,(6.4.) P, 2
=D, LW =ee > b, b2 (2-11
Pr = e D) W, = ee, @mRY .- B0 (2-116)
or the ratio of the received to the input power as
P, A’D(8,. $dD,(6¢:)
= 2-117
P, T (@aRy (2-117)

The power received based on (2-117) assumes that the transmitting and receiving
antennas are matched to their respective lines or loads (reflection efficiencies are
unity) and the polarization of the receiving antenna is polarization-matched to the
impinging wave (polarization loss factor and polarization efficiency are unity). If these
two factors are also included. then the ratio of the received to the input power of
(2-117) is represented by

|

~

] NES% . an
= Coqeear(l — |l—‘r|”)(i - [Frlu)(m) D,(G,,(b,)D,(B,,qb,)'p, ' prl- (2-118)
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For rcflection and polarization-matched antennas aligned for maximum directional
radiation and reception, (2-118) reduces to

P, AV . 2.
o (_) Gy G, (2-119)
1Y

Equations (2-117), (2-118), or (2-119) are known as the Friis Transmission Equa-
rion, and it relates the power P, (delivered to the receiver load) to the input power of
the transmitting antenna P,. The term (A/47R)* is called the free-space loss factor,
and it takes into account the losses due to the spherical spreading of the energy by
the antenna,

2.17.2 Radar Range Equation

Now let us assume that the transmitted power is incident upon a target, as shown in
Figure 2.26. We now introduce a quantity known as the radar cross section or echo
areu (o) of a larget which is defined as the ureu intercepting that umount of power
which, when scattered isotropically, produces at the receiver a density which is equal
to that scattered by the actual target [13]. In equation form

oW
Ii | = W, 2-120
o [477R“] (2120
or
2 W, ) [EYf 2 BF (24120
o= lim |[47R" = | = lim | 47R" ‘=5 | = lim |{47R" —53 =Ua)
A »= [ W,:I K-> [ F:'l"] R - [ ]H‘lh
where

a = radar cross section or echo arca  (m?)

R = observation distance from target  (m)

W, = incidem power density (W/m?)

W, = scattercd power density (W/m?)
E'(E') = incident (scattered) electric field  (V/m)
H' (H') = incident (scattered) magnetic field (A/m)

Any of the definitions in (2-120a) can be used to derive the radar cross section of any
antenna or target. For some polarization one of the definitions based either on the
power density, electric field, or magnetic field may simplify the derivation, although
all should give the same answers |13].

Using the definition of radar cross section, we can consider that the transmitted
power incident upon the target is initially captured and then it is reradiated isotropi-
cally. insolar as the receiver is concerned. The amount of captured power P, is
obtained by mulliplying the incident power density of (2-114) by the radar cross
section o, or

P,G(6.¢d) P.D/(6,.¢d,)

P.=oW =« AR = er py

(2-121)
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Incident wave
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Transmitting antenna

. A
0F, Gn Dy T py) Scattered wave
A

K5 (Py)

Receiving antenna
PG D e . TP

Figure 2.26 Geometrical arrangement of transmitter, target, and
receiver for radar range equation,

The power captured by the target is reradiated isotropically. and the scattered
power density can be written as

.Ipt PlfD.F{ﬂhd)!)
W, = —— = eo 0 Bk
4wk T (TRR) i
The amount of power delivered to the receiver load is given by
P,D(6,.d)D,(8,.b) [ A\ |
- i 2-123
P, =AW, = e .00 o 47R Rs ( )

where A, is the effective area of the receiving antenna as defined by (2-115).
Equation (2-123) can be writlen as the ratio of the received power to the input
power, or

J‘ + Gy r ‘*r' (i ’ . .
P D, (6,.¢p) D, (¢ qﬁ;( A ) . 19

— = € T
ey 4 4R R
Tie

P,
Expression (2-124) is used to relate the received power to the input power, and it
takes into account only conduction-dielectric losses (radiation efficiency) of the trans-
mitting and receiving antennas. It does not include reflection losses (reflection effi-
ciency) and polarization losses (polarization loss factor or polarization efficiency). If
these two losses are also included, then (2-124) must be expressed as

D.(6,.¢,) D,(6,,b,)
dar

=26, o
amRiR,) PP

P,. i 2
F = sl — lrf|u}l: | == |1—‘r|ﬂ:| a
r (2-125)

where
P, = polarization unit vector of the scattered waves
f, = polarization unit vector of the receiving antenna
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For polarization-matched antennas aligned for maximum directional radiation and
reception, (2-125) reduces to

P "_Gme- A i (2-126)
P, am | 47R R,

Equation (2-124), or (2-125) or (2-126) is known as the Radar Range Eguation. 1l
relutes the power P, (delivered to the receiver load) to the input power P, transmitted
by an antenna, after it has been scattered by a target with a radar cross section (echo
area) of o,

Example 2.14

Two lossless X-band (8.2-12.4 GHz) horn antennas are separated by a distance of
100A. The reflection coefficients at the terminals of the transmitting and receiving
antennas are 0.1 and .2, respectively. The maximum directivities of the transmitting
and receiving antennas (over isotropic) are 16 dB and 20 dB, respectively. Assuming
that the input power in the lossless transmission line connected to the transmitting
antenna is 2 W, and the antennas are aligned tor maximum radiation between them
and are polarization matched. find the power delivered to the load of the receiver.

SOLUTION
For this problem

e = €. = | because antennas are lossless.

P+ p,)° = 1 because antennas are polarization matched
D, = Dy, because antennas are aligned for
D, = Dy, maximum radiation between them

2y, = 16dB = 39.81 (dimensionless)
Dy, = 20dB = 100 (dimensionless)
Using (2-125). we can write
P, = [1 — (0.1 = (0.2Y1(AM47(100A))*(39.81)(100)2)
= 4777 mW

2.17.3 Antenna Radar Cross Section

The radar cross section, usually referred to as RCS, is a far-field parameter, which is
used to characterize the scattering properties of a radar target. For a target. there is
monostatic or backscattering RCS when the transmitter and receiver of Figure 2.26
are at the same location, and a bistatic RCS when the transmitter and receiver are not
at the same location. In designing low-observable or low-profile (stealth) targets, it is
the parameter that you attempt to minimize. For complex largets (such as aircraft,
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spacecraft, missiles, ships. tanks. automobiles) it is a complex parameter to derive. In
general, the RCS of a target is a function of the polarization of the incident wave, the
angle of incidence, the angle of observation. the geometry of the target, the electrical
properties of the target, and the frequency of operation. The units of RCS of three-
dimensional targets are meters squared (n*) or for normalized values decibels per
squared meter (dBsm) or RCS per squared wavelength in decibels (RCS/A* in dB).
Representative values of some typical targets are shown in Table 2.2 [22]. Although
the frequency was not stated, these numbers could be representative at X-band.

The RCS of a target can be controlled using primarily two basic methods: shaping
and the use of materials. Shaping is used to attempt to direct the scattered energy
toward directions other than the desired. However, for many targets shaping has to
be compromised in order to meet other requirements, such as aerodynamic specifi-
cations for flying targets. Materials is used to trap the incident energy within the target
and to dissipate part of the energy as heat or to direct it toward directions other than
the desired. Usually both methods, shaping and materials, are used together in order
to optimize the performance of a radar target. One of the ‘‘golden rules’’ to observe
in order to achieve low RCS is to '‘round corners, avoid flat and concave surfaces.
and use material treatment in flare spots.’’

There are many methods of analysis to predict the RCS of a target {13], [22]-
[33]. Some of them are full-wave methods, others are designated as asymptotic meth-
ods, either low-frequency or high-frequency, and some are considered as numerical
methods. The methods of analysis are often contingent upon the shape, size, and
material composition of the target. Some targets, because of their geometrical com-
plexity, are often simplified and are decomposed into a number of basic shapes (such
as strips. plates. cylinders, cones, wedges) which when put together represent a very
good replica of the actual target. This has been used extensively and proved to be a
very good approach. The topic is very extensive to be treated here in any detail, and
the reader is referred 1o the literature [13], [22]-{33]. There is a plethora of references
but because of space limitations, only a limited number is included here to get the
reader started on the subject.

Table 2.2 RCS OF SOME TYPICAL TARGETS
Typical RCSs [22]

Object RCS (m?) RCS (dBsm)

Pickup truck 200 23
Automobile 100 20
Jumbo jet airliner 100 20
Large bomber or

commercial jet 40 16
Cabin cruiser boat 10 10
Large fighter aircrafi 6 7.78
Small fighter aircraft or

four-passenger jet 2 3
Adult male | 0
Conventional winged

missile 0.5 -3
Bird 0.01 -20
Insect 0.00001 -50

Advanced tactical fighter 0.000001 - 60
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Antennas individually are radar targets which many exhibit large radar cross
section. In many applications, antennas are mounted on the surface of other complex
targets (such as aircraft, spacecraft, satellites. missiles, automobiles) and become part
of the overall radar target. In such configurations, many antennas, especially aperture
types (such as waveguides, hornsj become {arge contributors to the total RCS, mon-
ostatic or bistatic. of the target. Therefore in designing low-observable targets. the
antenna type. location and contributions become an important consideration of the
overall design.

The scattering and transmitting (radiation) characteristics of an antenna are related
|34]-136]. There are various methods which can be used to analyze the fields scattered
by an antenna. The presentation here parallels that in [23]. [37]-[40]. In general the
electric field scattered by an antenna with a load impedance Z,; can be expressed by

1. Z
E Z,) = E'(0) — 2 —=%

——FE -127
1,2, + 2, (2 :

where

E*(Z;) = electric field scattered by antenna with a load Z,
E*(0) = electric field scattered by short-circuited antenna (Z, = 0)

1, = short-circuited current induced by the incident field on the antenna
with Z(_ =0

/, = antenna current in transmitting mode
Zy = R,y + X, = antenna input impedance
E' = electric field radiated by the antenna in transmitting mode

By defining an antenna reflection coefficient of

ZL - ZA
r, =>4 _
A 7+ 2, (2-128)
the scattered field of (2-127) can be written as
i1
EY(Z,) = E'(0) — 75(1 + FA)E’ (2-129)
]

Therefore according to (2-129) the scattered fiefld by an antenna with a load Z; is
equal to the scattered field when the antenna is short-circuited (Z, = 0) minus a term
related to the reflection coefficient and the field transmitted by the antenna.

Green has expressed the field scattered by an antenna terminated with a load Z,
in a more convenient form which allows it to be separated into the structural and
antenna mode scattering terms [23). [37]-]40). This is accomplished by assuming that
the antenna is loaded with a conjugate-matched impedance (Z, = Z%). Doing this
generates using (2-127) another equation for the field scattered by the antenna with a
load Z;, = Z%. When this new equation is suburacted from (2-127) it eliminates the
short-circuited scattered field, and we can write that the field scattered by the antenna
with a load Z;is

8§ —_ Wirs I.\' I‘*ZA 1
E'(Z,) = E'(Z%) — TEE;E (2-130)
Z, — 7%

T* (2-130a)

T 7+ 2z,
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where

E'(Z,) = electric field scattered by the antenna with load Z,
E*(Z%) = electric field scattered by the antenna with a conjugate-matched load

I(Z%) = current induced by the incident wave at the terminals matched with a
conjugate impedance load

I'* = conjugate-matched reflection coefficient
Z; = load impedance attached to antenna terminals

For the short-circuited case and the conjugate-matched transmitting (radiating)
case, the product of their currents and antenna impedance are related by [34]

LZy, = I¥(Zy + Z%) = 2R, I%, (2-131)

where /%, is the scattering current when the antenna is conjugate-matched (Z; = Z¥%).
Substituting (2-131) into (2-130) for /, reduces (2-130) to

]*
E(Z,) = E(Z%) — —I’EF*E’ (2-132)
!

It can also be shown that if the antenna is matched with a load Z, (instead of Z%),
then (2-132) can be written as

E"I(ZL) = ET(ZA) - %FAE‘ (2-]33)
!

Therefore the field scattered by an antenna loaded with an impedance Z; is related
to the field radiated by the antenna in the transmitting mode in three different ways,
as shown by (2-129). (2-132), and (2-133). According to (2-129) the field scattered
by an antenna when it is loaded with an impedance Z; is equal to the field scattered
by the antenna when it is short-circuited (Z; = 0) minus a term related to the antenna
reflection coefficient and the field transmitted by the antenna. In addition, according
to (2-132) the field scattered by an antenna when it is terminated with an impedance
Z, is equal to the field scattered by the antenna when it is conjugate matched with an
impedance Z% minus the field transmitted (radiated) times the conjugate reflection
coefficient. The second term is weighted by the two currents. Alternatively, according
to (2-133). the field scattered by the antenna when it is terminated with an impedance
Z, is equal to the field scattered by the antenna when it is matched with an impedance
Z, minus the field transmitted (radiated) times the reflection coefficient weighted by

the two currents. .
In (2-132) the first term consists of the structural scattering term and the second

of the antenna mode scattering term. The structural scattering term is introduced by
the currents induced on the surface of the antenna by the incident field when the
antenna is conjugate-matched, and it is independent of the load impedance. The
antenna mode scattering term is only a function of the radiation characteristics of the
antenna. and its scattering pattern is the square of the antenna radiation pattern. The
antenna mode depends on the power absorbed in the load of a lossless antenna and
the power which is radiated by the antenna due to a load mismatch. This term vanishes
when the antenna is conjugate-matched.

From the scattered field expression of (2-129), it can be shown that the total radar
cross section of the antenna terminated with a load Z; can be written as [40]

o = [\ — (1 + T\ (2-134)
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where

o = total RCS with antenna terminated with Z;

' = RCS due to structural term

= RCS due to antenna mode term

¢, = relative phase between the structural and antenna mode terms

If the antenna is short-circuited (I'y = — 1), then according to (2-134)
Tion = O (2-135)
If the antenna is open-circuited (I'y = + 1), then according to (2-134)
Topen = [NVT = 20" = 0reppiun (2-136)
Lastly. if the antenna is matched Z, = Z, (I'y = 0), then according to (2-134)
Tt = (Vo' =\l (2-137)

Therefore under matched conditions. according to (2-137), the range of values
(minimum to maximum) of the radar cross section is

IU_.\' _ U,nl < g =< Ia--" + a—”l (2*]38)

The minimum value occurring when the two RCSs are in-phase while the maximum
accurs when they are out-of-phase.

Example 2.15

The structural RCS of « resonant wire dipole is in-phase and in magnitude slightly
greater than four times that of the antenna mode. Relate the short-circuited, open-
circuited and matched RCSs to that of the antenna mode.

SOLUTION
Using (2-135)
Tsnon = 4T antenna
Using (2-136)
Gopen = 20,menna(0) = 0 or very small
The matched value is obtained using (2-137), or

Unimeh = Fantenna

To produce a zero RCS, (2-134) must vanish. This is accomplished if
Re(I'y) = — 1 + cos o/ o’lo” (2-139a)
() = —sin N/ o'l (2-139b)
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Assuming positive values of resistances, the real value of I'y cannot be greater than
unity. Therefore there are some cases where the RCS cannot be reduced to zero
by choosing Z,. Because Z, can be complex, there is no limit on the imaginary part
of T,\.

In general, the structural and antenna mode scattering terms are very difficult to
predict and usually require that the antenna is solved as a boundary-value problem.
However, these two terms have been obtained experimentally utilizing the Smith chart
[371-[39]. The total radar cross section a;; of the antenna for any i,j receiver-trans-
mitter polarization combination can be represented by

A ”
o, = ﬁrGoerPin | A — [ (2-140)

Gy, = gain of the receiving antenna
Gy = gain of the transmitting antenna
P, = polarization efficiency of the receiving antenna
P; = polarization efficiency of the transmitting antenna
A,, = complex paramelter independent of the load Z,

A;; and T'* can be plotted on the Smith chart for any polarization combination, and
the changes of the phasor |A;, — I'*| can be easily examined. Thus by measuring
g;, for several values of T'*, then A;, can be determined using the Smith chart
[371-[39].

Depending on the location of A on the Smith chart, any arbitrary antenna can be
classified into one of three possible classes, as follows:

a. |A| > 1. For this class, A lies outside the boundary of the Smith chart, and it is
not possible to reduce the scattered field to zero using any passive load. However,
using a purely reactive load, a maximum or a minimum in the scattered field can
be obtained. Antennas which fall into this class usually have a large structural
scattering term due cither to their construction or strongly excited antenna modes
which do not couple 1o the terminals of interest.

b. |A| = 1. For this class, the values of A lie along the periphery of the Smith chart,
and a reactive load can be found which will reduce the scattered field 1o zero.
Thin linear dipole antennas with lengths equal or less than half a wavelength
(I < Ay/2) fall into this class.

¢. |A| < 1. For this class, the values of A lie within the Smith chart, and a complex
load can be found to reduce to zero the scattered field. However maximum
scattering is obtained using a reactive load. Well designed parabolic reflectors
fall into this class.

For a monostatic system the receiving and transmitting antennas are collocated.
In addition, if the antennas are identical (G,, = Gy, = Gj) and are polarization-
matched (P, = P, = 1), then (2-140) for backscaltering reduces to

o= ﬁc?,lA — T*? (2-141)
47
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If the antenna is a thin dipole. then A = | and (2-141) reduces to

/\(2) - -5 A(3) ] ZL. - ZK
= 2GHl — M = 22G3lp — == =4
7= 700 | an 0 7, + Zy
Ao 2R, I |
— Aol LR 2-142
ar |z, + Z, ( )

If in addition we assume that the dipole length is / = A2 and is short-circuited
(Z, = 0), then the normalized radar cross section of (2-142) is equal to

oGy _ (1.643)

= = 0.8593 = (.86 (2-143)
Ay m ™

which agrees with experimental monostatic values reported in the literature [41], [42].

Shown in Figure 2.27 is the measured E-plane monostatic RCS of a half-
wavelength dipole when it is matched to a load. short-circuited (straight wire) and
open-circuited (gap at the feed). The aspect angle is measured from the normal to the
wire. As expected. the RCS is a function of the observation (aspect) angle. Also it is
apparent that there are appreciable differences between the three responses. Similar
responses for the monostatic RCS of a pyramidal horn are shown in Figure 2.28(a)
for the E-plane and in Figure 2.28(b) for the H-plane. The antenna is a commercial
X-band (8.2-12.4 GHz) 20-dB standard gain horn with apcrture dimension of 9.2 cm
by 12.4 cm. The length of the hom is 25.6 cm. As for the dipole, there are differences
between the three responses for each plane. It is seen that the short-circuited response
exhibits the largest return.

— Matched-lond Half-wavelength dipole
B ——— Short-circuited 3.7465 cm long x 1.2362 cm diameter
""""" Open-circuited Frequency = 4.02 GHz

-30

-40)

=50

RCS (dBsm)

-1

TN S U N N BN
=3 0 30

Incidence angle (degrees)

L-planc
Figure 2.27 E-plane monostatic RCS (g versus incidence angle for a half-
wavelength dipole.
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Antenna RCS from model measurements [43] and microstrip patches [44]. [45]
have been reported.

2.18 ANTENNA TEMPERATURE

Every object with a physical lemperature above absolute zero (0 K = —273°C)
radiates energy |46]. The amount of energy radiated is usually represented by an
equivalent temperature Tg, better known as brightness temperature, and it is defined
as

Tli(.(’v d)) = E(ﬂ, ‘b)Tm = “ - lrll)Tm (2'144)
where

Ty = brightness temperature (equivalent temperature: K)
€ = emissivity (dimensionless)
T,, = molecular (physical) temperature (K)
I'(8, ¢) = reflection coefficient of the surface for the polarization of the wave

Since the values of emissivity are 0 = € = |. the maximum value the brightness
temperature can achieve is equal to the molecular temperature. Usually the emissivity
is a function of the frequency of operation, polarization of the emitted energy, and
molecular structure of the object. Some of the better natural emitters of energy at
microwave frequencies are (a) the ground with equivalent temperature of about 300
K and (b) the sky with equivalent temperature of about 5 K when looking toward
zenith and about 100-150 K toward the horizon.

The brightness temperature emitted by the different sources is intercepted by
antennas, and it appears at their terminals as an antenna temperature. The temperature
appearing at the terminals of an antenna is that given by (2-144), after it is weighted
by the gain pattern of the antenna. In equation form, this can be written as

L L Tu(8. &) G (B. ) sin 8dB d

AT T (7 (2-145)
f( L G(8, ¢) sin 8dO d¢

)
where

T, = antenna temperature (effective noise tlemperature of the

antenna radiation resistance: K)
G(0, ¢) = gain (power) pattern of the antenna

Assuming no losses or other contributions between the antenna and the receiver, the
noise power transferred to the receiver is given by

P, = kT\Af (2-146)
where

P, = uantenna noise power (W)
k = Boltzmann’s constant  (1.38 X 10" * J/K)
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T, = antenna temperature (K)
Af = bandwidth (Hz)

If the antenna and transmission line are maintained at certain physical tempera-
tures. und the transmission line between the antenna and receiver is lossy, the antenna
temperature 74 as seen by the receiver through (2-146) must be modified to include
the other contributions and the line losses. If the antenna itself is maintained at a
certain physical temperature 7, and a transmission line of length /, constant physical
temperature T, throughout its length, and uniform attenuation of a (Np/unit length)
is used to connect an antenna to a receiver, as shown in Figure 2.29, the effective
antenna temperature at the receiver terminals is given by

T, = Tae 2 + Tape 2 + Ty(1 — e (2-147)
where
l
TAI’ = (— - l) TF (2-1473)
€A

T, = antenna temperature at the receiver terminals  (K)
T, = antenna noise temperature at the antenna terminals (2-145) (K)

T,p = antenna temperature at the antenna terminals due to
physical temperature (2-147a) (K)

T, = antenna physical temperature (K)
a = attenuation coefficient of transmission line (Np/m)
¢4 = thermal efficiency of antenna (dimensionless)
{ = length of transmission line (m)
Ty = physical temperature of the transmission line (K)

The antenna noise power of (2-146) must also be modified and written as
P, = kT ,Af (2-148)

where 7, is the antenna temperature at the receiver input as given by (2-147).
If the receiver itself has a certain noise temperature 7, (due to thermal noise in
the recciver components), the system noise power at the receiver terminals is given

P, = k(T, + T)Af = kTAf (2-149)

P, = system noise power (at receiver terminals)

T, = antenna noise temperature (at receiver terminals)

T, = receiver noise temperature (at receiver terminals)

T, = T, + T, = effective system noise temperature (at receiver terminals)

A graphical relation of all the parameters is shown in Figure 2.29. The effective

system noise temperature T, of radio astronomy antennas and receivers varies from
very few degrees (typically = 10 K) to thousands of Kelvins depending upon the type
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, Tyt Tap Ty

f= Receiver —=t+—— "Transmission line

fe— Antennig —=|
Figure 2.29 Antenna, transmission line. and receiver arrangement for
system noise power calculation.

of antenna, receiver, and frequency of operation. Antenna temperature changes at the
antenna terminals, due to variations in the target emissions, may be as small as a
fraction of one degree. To detect such changes, the receiver must be very sensitive
and be able to differentiate changes of a fraction of a degree.

Example 2.16

The effective antenna temperature of a target at the input terminals of the antenna is
150 K. Assuming that the antenna is maintained at a thermal temperature of 300 K
and has a thermal efficiency of 99% and il is connected to a receiver through an
X-band (8.2-12.4 GHz) rectangular waveguide of 10 m (loss of waveguide = 0.13
dB/m) and at a temperature of 300 K, find the effective antenna temperature at the
receiver terminals.

SOLUTION

We first convert the attenuation coefficient from dB to Np by a(dB/m) = 20(log,, ¢)
a(Np/m) = 2000.434)c(Np/m) = 8.68c(Np/m). Thus a(Np/m) = a(dB/m)/8.68 =
0.13/8.68 = 0.0149. The effective antenna temperature at the receiver terminals can
be written, using (2-147) and (2-147a), as

|
Typ = 300l—= — 1] = 3.03
Al (0.99 )

-T” = ]5("£?—U.|-W(3I + 3.{]3(*-(3.14':113] -+ 300[1 _ (,—IJ.N-'J[J.)]
= 111345 + 2.249 + 77.31

190.904 K

The results of the above example illustrate that the antenna temperature at the
input terminals of the antenna and at the terminals ol the receiver can differ by quite
a few degrees. For a smaller transmission line or a transmission line with much smaller
losses. the difference can be reduced appreciably and can be as small as a {raction of
a degree.
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PROBLEMS

2.1, Derive (2-7) given the definitions of (2-5) and (2-6)

2.2

2.3,

A hypothetical isotropic antenna is radiating in free space. Al a distance of 100 m from
the antenna. the total electric field (Eg) is measured to be 5§ V/m. Find

(a) the power density (W)

(b) the power radiated (Pq)

The maximum radiation intensity of a 90% efficiency antenna is 200 mW/unit solid
angle. Find the directivity and gain (dimensionless and in dB) when the

(a) input power iy 125.66 mW

(b) radiated power is 125.66 mW
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29,

2.10.

2.11.

Problems 103

The power radiated by a lossless antenna is 10 Watts, The directional characteristics of
the antenna are represented by the radiation intensity of

U = B, cos*d (W/unit solid angle) O<=f8=m2 0=¢=<2y

Find the

(a) maximum power density (in watts per square meter) at a distance of 1000 m (assume
far field distance). Specify the angle where this occurs.

(b) directivity of the antenna (dimensionless and in dB)

(¢) gain of the antenna (dimensionless and in dB)

In target-search ground-mapping radars it is desirable to have echo power received

from a target, of constant cross seclion. to be independent of its range. For one such

application, the desirable radiation intensity of the antenna is given by

I =< 200
Ul, ) = £ 0342csc(f)  20°=<8< 60° » 0° < ¢ =< 360°
0 60° < ¢ < 180°

Find the directivity (in dB) using the exact formula.

A beam antenna has half-power beamwidths of 30° and 35° in perpendicular plancs
intersecting at the maximum of the mainbeam. Find its approximate maximum effective
aperture (in A%) using (a) Kraus’ and (b) Tai and Pereira’s formulas. The minor lobes
are very small and can be neglected,

The normalized radiation intensily of a given antenna is given by

(a) U = sin Osin @ (b) U = sin @sin® ¢

(¢) U = sin @sin® ¢ (d) U = sin® 6sin ¢

(e) U = sin® Bsin® ¢ () U = sin® @ sin” ¢

The intensity exists only inthe 0 = ¢ < 7, 0 = ¢ = mrregion. and it is zero clsewhere.
Find the

(a) exact directivity (dimensionless and in dB).

(b) azimuthal and clevation plane half-power beamwidths (in degrees).

Find the directivity (dimensionless and in dB) for the antenna of Problem 2.7 using
(a) Kraus' approximate formula (2-26)

(b) Tai and Pereira’s approximate formula (2-30a}

For Problem 2.5, determine the approximate directivity (in dB) using

(a) Kraus' formula

(b) Tai and Pereira’s formula.

The normalized radiation intensity of an antenna is rotationally symmetric in ¢, and it
is represented by

] 0°=< @< 3°

0.5 0= 0 < 60°
U=1o01 60°<6<90°

0 90° = ¢ < I8(F

(a) What is the directivity (above isotropic) of the antenna (in dB)?
(b) What is the directivity (above an infinitesimal dipole) of the antenna (in dB)?
The radiation intensity of an antenna is given by

Ui, &y = cos® §sin® ¢
for0 < 0= 72 and 0 =< ¢ < 27 (i.c.. in the upper half-space). It is zero in the lower
half-space.
Find the

(a) exact directivity (dimensionless and in dB)
(b) elevation plane half-power beamwidth (in degrees)
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2.12. The normalized radiation intensity of an antenna is symmetric, and it can be approxi-

mated by
| 0° = < 30°
cos( )
= ° = < YP
U =1 5366

0 90° = 0 < 180°

and it is independent of ¢. Find the
(a) exact directivity by integrating the function
(b) approximate directivity using Kraus' formula
2.13. The maximum gain of a horn antenna is + 20 dB, while the gain of its first sidelobe is
— 15 dB. What is the difference in gain between the maximum and first sidelobe:
{a) in dB
{b) as a ratio of the field intensities.
2.14.  The normalized radiation intensity of an antenna is approximated by

U=siné#

where 0 = 8 = 7, und O = ¢ = 2. Determine the directivily using the
(a) exact formula
{b) formulas of (2-33a) by McDonauld and (2-33b) by Pozar
{c) computer program DIRECTIVITY at the end of the chapter
2.15.  Repeat Problem 2.14 for a A/2 dipole whose normalized intensity is approximated by

U =sin*6

Compitre the value with that of (4-91) or 1.643 (2.156 dB).
2.16. The radiation intensity of a circular loop of radius and ¢ of constamt current is given by

U=Jitkusin®), O0=s8#=7 and 0=¢=<2m

where J,(x) is the Bessel function of order 1. For a loop with radii of ¢ = A/10 and
A/20. determine the directivity using the:

(a) formulas (2-33a) by McDonald and (2-33b) by Pozar.

(b) computer program DIRECTIVITY at the end of the chapter.

A subroutine to compute the Bessel function can be found in the computer program at
the end of Chapter 5. Compare the answers with that of a very small loop represented
by 1.5 or 1.76 «B.

2.17. Find the directivity (dimensionless and in dB) for the antenna of Problem 2.7 using
numerical techniques with 10° uniform divisions and with the field evaluated a the
(a) midpoint
(b) trailing edge of each division

2.18. Compute the directivity values of Problem 2.7 using the directivity computer program
at the end of this chapter.
2.19. The far-zone electric field intensity (array lactor) of an end-fire two-element array
antenna, placed along the z-axis and radiating into lree-space, is given by
T e K
E=cos[z(cosﬁ—l)] Pt O=l8=w
Find the directivity using
(2) Kraus' approximate formula
(b} the DIRECTIVITY computer program at the end of this chapter
2.20. Repeat Problem 2.19 when

- jkr

E=c0s[§(cosﬂ+l)]e . OD=0=<mnw
r
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Problems 105
The radiation intensity is represented by

U = Uy sin (7 sin 6). 0=80=72 and 0= op=<2w
0 elsewhere

Find the directivity

(a) exactly

(b) using the computer program DIRECTIVITY at the end of the chapter.,

The radiation intensity of an aperture antenna. mounted on an infinite ground plane
with z perpendicular to the aperture. is rotationally symmetric (not a function of ¢),
and it is given by

U - [sin (7 sin 6,)]2

T sin 0

Find the approximate directivity (dimensionless and in dB) using

(a) numecrical integration. Use the DIRECTIVITY computer program at the end of this
chapter.

(b) Kraus' formula

{c) Tai and Pereira’s formula

The normalized far-zone field pattern of an antenna is given by

(sinfcos* M) O0<d=w and 0= ¢ < 7/
E = M2 =d=27w
0 elsewhere

Find the directivity using

{(a) the exact expression

(b) Kraus' approximate formula

(¢) Tai and Percira’s approximate formula

(d) the computer program DIRECTIVITY at the end of this chapter

The normalized field pattern of the main beam of a conical horn antenna, mounted on
an infinite ground plane with z perpendicular to the aperture, is given by

J\(ka sin 6)
sin 8

where « is its radius at the aperture. Assuming that o = A, find the

(a) hall-power beamwidth

{b) directivity using Kraus™ approximate formula

A uniform plane wave, of a form similar to (2-55), is traveling in the positive z-axis.
Find the polarization (linear, circular, or elliptical), sense of rotation (CW or CCW),
axial ratio (AR), and tilt angle 7 (in degrees) when

() E, = E. A = "’,\ — ¢, =0 (b) E, #E. Ad = <b,\' - ¢, =0
k=L, Ad=d, — b, = @ () E, =E. A&b=¢, — ¢, = —72
(e) ’::l = h._r' Ad) = ‘b) - ¢q = ”/4 (r) El = E\-- Ad’ = (b\- - d’_; = _'17/4

(g) £, = 05 E. Ad = o, — ¢, = #2 (h) E,
In afl cases, justify the answer.

Derive (2-66), (2-67). and (2-68).

Write a gencral expression for the polarization loss factor (PLF) of two linearly polar-
ized antennas if

(a) both lie in the same plane

(b) both do not lie in the same plane

A linearly polarized wave traveling in the positive z-direction is incident upon a cir-
cularly polarized antenna. Find the polarization loss factor PLF (dimensionless and in
dB) when the antenna is (based upon its transmission mode operation)

(a) right-handed (CW) (b) left-handed (CCW)

0SE, Ap = &b, — ¢, = — 72
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2.29.

2.30.

2.31.

2.32.

2.33.

2.34,

1o
[9%)
batl

A circularly polarized wave, traveling in the positive z-direction, is incident upon a
circularly polarized antenna. Find the polarization loss factor PLF (dimensioniess and
in dB) for right-hand (CW) and left-hand (CCW) wave and antenna.

The electric field radiated by a rectangular aperture, mounted on an infinite ground
plane with z perpendicular to the aperture, is given by

E = [&,cos ¢ — &, sin ¢ cos 0] f(r. 6, @)

where f(r, 8, ¢) is a scalar function which describes the field variation of the antenna.
Assuming that the receiving antenna is linearly polarized along the x-axis, find the
polarization loss factor (PLF).

A circularly polarized wave, traveling in the + z-direction, is received by an elliptically
polarized antenna whose reception characteristics near the main lobe are given approx-
imately by

E,= (24, + jA]f(r. 6, &)

Find the polarization loss factor PLF (dimensionless and in dB) when the incident wave
is

{(a) right-hand (CW)

(b) left-hand (CCW)

circularly polarized. Repeat the problem when

Eﬂ = [24, - Jﬁ\] f(r, 6, &)

In each case, what is the polarization of the antenna? How does it match with that of
the wave?

A linearly polarized wave traveling in the negative z direction has a tilt angle (1) of
45°. It is incident upon an antenna whose polarization characteristics are given by

a~ — 45,( + jﬁv
pu \/ﬁ
Find the polarization loss factor PLF (dimensionless and db).
An elliptically polarized wave traveling in the negative z-direction is received by a

circularly polarized antenna whose main lobe is along the # = 0 direction. The unit
vector describing the polarization of the incident wave is given by

. _ 28, + i
bo=—"7"

Find the polarization loss factor PLF (dimensionless and in dB) when the wave that

would be transmitted by the antenna is

(a) right-hand CP

(b) left-hand CP

A CW circularly polarized uniform plane wave is traveling in the +z direction. Find

the polarization loss factor PLF (dimensionless and in dB) assuming the receiving

antenna (in its transmitting mode) is

(a) CW circularly polarized

(b) CCW circularly polarized

A linearly polarized uniform plane wave traveling in the +z direction, with a power

density of 10 milliwatts per square meter, is incident upon a CW circularly polarized

antenna whose gain is 10 dB at 10 GHz. Find the

(a) maximum effective area of the antenna (in square meters)

(b) power (in watts) that will be delivered to a load attached directly to the terminals
of the antenna

A linearly polarized plane wave traveling along the negative z-axis is incident upon an

elliptically polarized antenna (either CW or CCW). The axial ratio of the antenna
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polarization ellipse is 2:]1 and its major axis coincides with the principal x-axis. Find
the polarization loss factor (PLF) assuming the incident wave is linearly polarized in
the

(a) x-direction

(b) v-direction

A wave traveling normally outward tfrom the page (toward the reader) is the resultant
of two elliptically polarized waves. onc with components of E given by:

€., = 3cos wf

Y

™
€ =7 cos(wi + —)
2
and the other with components given by:

L]

€, = 2cos w
. T
€, = Jcos|lewt — =
. L()s(wt 2)

(a) What is the axial ratio of the resultant wave?

(b} Does the resultant vector E rotate clockwise or counterclockwise?

A linearly polarized antenna lying in the x-y plane is used to determine the polarization
axial ratio of incoming plane waves traveling in the negative z-direction. The polari-
zation of the antenna is described by the unit vector

f

P, = &, cos i + ji, sin ¢

| T T T T j T T I T T ] T T T T
09 . 09 -
08 . 0.8
0.7 -1 0.7
6 - w 0.6
0.5 g 05
U o 1 04
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where i is an angle describing the orientation in the x-y plane of the receiving antenna.
Below are the polarization loss factor (PLF) versus receiving antenna orientation curves
obtained for three different incident plane waves. For each curve determine the axial
ratio of the incident plane wave.

A A2 dipole, with a total loss resistance of 1 ohm, is connected to a generator whose
internal impedance is 50 + j25 ohms. Assuming that the peak voltage of the generator
is 2 V and the impedance of the dipole, excluding the loss resistance, is 73 + j42.5
ohms, find the power
(a) supplied by the source (real)
(b) radiated by the antenna
(c) dissipated by the antenna
The antenna and generator of Problem 2.39 are connected via a 50-ohm A/2-long lossless
transmission line. Find the power
{a) supplied by the source (real)
{b) radiated by the antenna
{c) dissipated by the antenna
An antenna with a radiation resistance of 48 ohms, a loss resistance of 2 ohms, and a
reactance of 50 ohms is connected to a generator with open-circuit voltage of 10 V and
internal impedance of 50 ohms via a A/d4-long transmission linc with characteristic
impedance of 100 ochms.
(a) Draw the equivalent circuit
(b) Determine the power supplied by the generator
(c) Determine the power radiated by the antenna
A transmitter, with an intemnal impedance Z, (real), is connecied to an antenna through
a lossless transmission line of length / and characteristic impedance Z,. Find a simple
expression for the ratio between the antenna gain and its realized gain.
2, | / |
| |
T I
I I
Vs : z, : Vix) = A [e 7% 4 T(D)et4)
] { 1= £ e popeti
Transmiter Transmission line { Anicnna A
l |
x=() —r
V, = strength of voltage source
Zin = Rin + jX,, = input impedance of the antenna
Zy = Ry = characteristic impedance of the line
Pccemcs = power accepted by the antenna {Paccepca = Re[VIO)*(0)]}
Povainbie = power delivered to a matched load [ie.. Z,, = Z§ = Z,]
The input reactance of an infinitesimal linear dipole of length A/60 and radius a = A/200

is given by

[In(€/a) — 1]
tan(k€)

Assuming the wire of the dipole is copper with a conductivityof 5.7 X 107 S/m,
determine at f = | GHz the

(a) loss resistance

(b} radiation resistance

(c) radiation efficiency

(d) VSWR when the antenna is connected to a 50-ohm line

X, = —120
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A dipole antenna consists of a circular wire of length /. Assuming the current distribution
on the wire is cosinusoidal. i.e.,

1iz) = I C()S("Ff_') -n=;=in

where £, is a constant, derive an cxpression for the loss resistance R;. which is one-
half of (2-90b).
The E-ficld pattern of an antenna, independent of ¢, varies as follows:
1 0°=6g= 45°
E=1{0 45° < B= 90°
oo < g=180°

(a) What is the directivity of this antenna?

(b) What is the radiation resistance of the antenna at 200 m from it if the field is equal
to 10 V/im (rms) for & = 0° at that distance and the terminal current is 5 A (rms)?

A |-m long dipole antenna is driven by a 150 MHz source having a source resistunce

of 50 ohms and a voltage of 100 V. If the ohmic resistance of the antennas is given by

R, = 0.625 ohms, lind:

(a) The current going into the antenna (/,,,)

{b) The average power dissipated by the antenna

(c) The average power radiated by the antenna

(d) The radiation elficiency of the antenna

Show that the effective length of a linear antenna can be written as

A, and A, represent. respectively. the effective and maximum effective apertures of
the antenna while 7 is the intrinsic impedance of the medium.

An antenna has a maximum etfective aperture of 2.147 m~ at its operating frequency
of 100 MHz. It has no conduction or dielectric losses. The input impedance of the
antenna itself is 75 ohms, and it is connected to a 50-ohm transmission line. Find the
directivity of the antenna system (**system”’ meaning includes any effects of’ connection
to the transmission line). Assume no polarization losses.

An incoming wave. with a uniform power density equal to 107* W/in® is incident
normally upon a lossless horn antenna whose directivity is 20 dB. At a frequency of
100 GHz, determine the very muximum possible power that can be expected to be
delivered to a receiver or a load connected 10 the horn antenna. There are no losses
between the antenna und the receiver or load.

For an X-band (8.2-12.4 GHz) rectangular horn. with aperture dimensions of 5.5 cm
and 7.4 cm, find its maximum effective aperture (in cm®) when its gain (over isotropic)
is

(a) 14.8 dB at 8.2 GHz

(b) 16.5 dB at 100.3 GHz

(c) 18.0dB at 12.4 GHz

A 30-dB. night-circularly polarized antenna in a radio link radiates 5 W of power at 2
GHz. The receiving antenna has an impedance mismatch at its teroninals, which leads
to a VSWR of 2. The receiving antenna is about Y5% efficient and has a fickl pattern
near the beam maximum given by E, = (28, + i} Fr(f. ). The distance between
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the two antennas is 4,000 km, and the receiving antenna is required to defiver 10~
W 10 the receiver, Determine the maximum effective aperture of the receiving antenna.
The radiation intensity of an antenna can be approximated by

cos}(8) 0° < 6 < 9°
ul. &) = with 0° < ¢ =< 360°
() 90° = A = |180°

Determine the maximum effective aperture (in m*) of the antenna if ils frequency of

operation is f = 10 GHz.

A communication satellite is in stationary (synchronous) orbit about the earch (assume

altitude of 22,300 statule miles). Its transmitter generates 8.0 W. Assumne the transmit-

ting antenna is isotropic. Its signal is received by the 210-ft diameter tracking parabo-

loidal untenna on the earth at the NASA tracking station at Goldstone, Calitornia. Also

assume no resistive loss in either antenna, perfect polarization match, and perfect

impedance match at both antennas. At a frequency of 2 GHz, determine the:

(a) power density (in watts/m”) incident on the receiving antenna.

(b) power received by the ground-based antenna whose gain is 60 dB.

A lossless (¢, = 1) antenna is operating at 100 MHz and its maximum effective

aperiure is 0.7162 m® at this frequency. The input impedence of this antenna is 75

vhms, and it is attached to a 50-ohm transmission line. Find the directivity (dimension-

less) ol this antenna if it is polarization matched.

A resonant, lossless (e, = 1.0) half-wavelength dipole antenna. having a directivity

of 2.156 dB, has an input impedance of 73 ohms and is connected to a lossless, 50

ohms transntission line. A wave. having the same polarization as the antenna. is incident

upon the antenna with a power density of 5 W/m? at a frequency of 10 MHz. Find the

received power available at the end of the transmission line,

Two X-band (8.2-12.4 GHz) rectangular horns, with aperture dimensions of 5.5 cm

and 7.4 ¢m and each with a gain of 16.3 dB (over isotropic) at 10 GHz, are used as

rransimitting and recciving antennas. Assuming that the input power is 200 mW, the

VSWR of each is 1.1, the conduction-dielectric efficiency is 100%, and the antennas

are polarization-matched, find the maximum received power when the horns are sepa-

rated in air by

(@) 5m

{(b) 50m

{c) 500 m

Transmilting and receiving antennas operating at | GHz with gains (over isotropic) of

20 and 15 dB. respectively. are separated by a distance of 1 km. Find the maximum

power delivered to the load when the input power is 150 W. Assume that the

() amennays are polarization-matched

(b) transmilting antenna is circularly polarized (either right- or left-hand) and the
receiving antenna is linearly polarized.

Twao lossless. polarization matched antennas are aligned for maximum radiation be-

tween them, and are separated by a distance of 50A. The antennas are matched to their

transmission lines and have directivities of 20 dB. Assuming that the power at the input

terminals of the transmitting antenna is 10 W, find the power at the terminals of the

receiving antenna,

Repeat Problem 2.58 for two antennas with 30 dB directivities and separated by 100A.

The power at the input terminals is 20 W.

Transmitting and receiving antennas operating at | GHz with gains of 20 and 15 dB,

respectively, are separated by a distance of | km. Find the power delivered to the load

when the input power is 150 W. Assume the PLF = 1,

A series of microwave repeater links operating at 10 GHz are used to relay television

signals into a valley that is surrounded by steep mountain ranges. Each repeater consists

of a receiver, transmitter, antennas and associated equipment. The transmitting and
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receiving antennas are identical horns, each having gain over isotropic of L5 dB. The
repeaters are separated in distance by 10 km. For acceptable signal-to-noise ratio, the
power received ut each repeater must be greater than 10 nW. Loss due to polarization
mismatch is not expected to exceed 3 dB. Assume matched loads and free space
propagation conditions, Determine the minimum transmitter power that should be used.
A one-way communication system, operating at 100 MHz. uses two identical A/2
vertical. resonant, and lossless dipole antennas as transmitting and receiving elements
separated by 10 km. In order for the signal to be detected by the receiver, the power
level at the receiver lerminals must be at least 1 uW. Each antenna is connected to the
transmitter and receiver by a lossless 50-£) transmission line. Assuming the antennas
are polarization-matched and are aligned so that the maximum intensity of one is
direcied toward the maximum radiation intensity of the other. determine the minimum
power that must be generated by the transmitter so that the signal will be detected by
the receiver. Account for the proper losses from the transmitler to the receiver.
In a long-range microwave communication system operating at 9 GHz, the transmitting
and receiving antennas arc identical, and they are separated by 10.000 m. To meet the
signal-to-noise ratio of the receiver. the received power must be at least 10 uW.
Assuming the two antennas are aligned for maximum reception to each other, including
being polarization matched. what should the gains (in dB) of the transmitting and
receiving antennas be when the input power to the transmitting antenna is 10 W?
A rectangular X-band horn. with aperture dimensions of 5.5 cm and 7.4 cm and a gain
of 16.3 dB (over isotropic) at 10 GHz, is vsed to transmit and receive energy scattered
from a perfectly conducting sphere of radius ¢ = 5A. Find the maximum scattered
power delivered to the load when the distance between the horn and the sphere is
(a) 200A
{b) S00A
Assume that the input power is 200 mW, and the radar cross section is equal to the
geometrical cross section.
A radur antenna, used for both transmitting and receiving, has a gain of 150 (dimen-
sionless) at its operating frequency of 5 GHz. It transmits 100 kW, and is aligned for
maximum directional radiation and reception to a target 1 km away having a radar
cross section of 3 m’. The received signal matches the polarization of the transmitted
signal. Find the received power.
In an experiment o determine the radar cross-section of a Tomahawk cruise missle, a
1000 W, 300 MHz signal was transmitted toward the target. and the received power
was measured to be 0.1425 mW. The same antenna, whose gain was 75, was used for
both transmitting and receiving. The polarizations of both signals were identical
(PLF = 1), and the distance between the antenna and missile was 500 m. What is the
radar cross section of the cruise missile?
Repeat Problem 2.66 for a radar system with 1,000 W, 100 MHz transmitted signal,
0.01 W received signal, an antenna with a gain of 75, and separation between the
antenna and target of 7({) m.
Transmitting and receiving antennas operating at 1 GHz with gains (over isotropic) of
20 and 15 dB, respectively. are separated hy a distance of | km. Find the maximum
power delivered to the load when the input power is 150 W, Assume that the
(a) antennas are polarization-matched
(b) transmitting antenna is circularly polarized (either right- or left-hand) and the
receiving antenna is linearly polarized.
The maximum radar cross section of a resonant linear A/2 dipole is approximately
0.86A°. For a monostatic system (i.e., transmitter and receiver at the same location),
find the received power (in W) if the transmitted power is 100 W, the distance of the
dipole from the transmitting and receiving antennas is 1(0{) m. the gain of the transmitting
and receiving antennas is 15 dB each, and the frequency of operation is 3 GHz. Assume
a polarization loss factor of — 1 dB.
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2.70. The effective antenna temperature of an antenna looking toward zenith is approximately

2.71.

5 K. Assuming that the temperature of the transmission line (waveguide) is 72°F, find
the effective temperature at the receiver terminals when the attenuation of the trans-
mission line is 4 dB/100 ft and its length is

{a) 2ft

(b) 100 ft

Compare it to a receiver noise temperature of about 54 K.

Derive (2-147). Begin with an expression that assumes that the physical temperature
and the attenuation of the transmission line are not constant.
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THIS PROGRAM IS COPYRIGHTED BY

Copyright (c) 1995
Atef Z. Elsherbeni and Clayborne D. Taylor, Jr.
Electrical Engineering Department
The University of Mississippi, University, MS 38677

C PERMISSION IS GRANTED, FOR THE EXECUTABLE PART OF THE
C PROGRAM, TO THE AUTHOR OF THIS BOOK BY THE AUTHORS

C OF THE PROGRAM, TO BE USED IN CONJUNCTION WITH THIS

C BOOK AND NOT FOR ANY OTHER PURPOSE.

THIS PROGRAM IS A GENERAL PURPOSE 2D RECTANGULAR
AND POLAR PATTERN PLOTTER. THE USER INTERFACE FOR
DOS MAKES THE PROGRAM EASY TO USE. HOWEVER, THERE
ARE FEW THINGS THE USER SHOULD KNOW TO USE THE
PROGRAM EFFECTIVELY,
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C THE FORMAT FOR A DATA FILE MUST CONTAIN 2-COLUMN DATA.

C BASICALLY, THE FILED IS READ THROUGH A FORTRAN FREE-FORMAT

C SPECIFICATION. IF ANY ERRORS OCCUR DURING THE READ PROCESS,
C ITIS ABORTED WITH NO PLOT GIVEN. THE FIRST COLUMN MUST BE THE
C ANGLE (in degrees). THE SECOND COLUMN SHOULD BE THE FIELD VALUE
C THE MAXIMUM NUMBER OF POINTS THAT MAY BE READ IS CURRENTLY
C 2048 POINTS. IF THE FILED IS LONGER, ONLY THE FIRST 2048 POINTS

g WILL BE PLOTTED.

C WHEN IN THE PLOT WINDOW "ON TOP", A PULL-DOWN MENU IS

C ACCESSIBLE BY HOLDING THE LEFT MOUSE BUTTON DOWN ON THE

C SMALL BOX IN THE TOP LEFT CORNER OF THE WINDOW. FROM THERE,
C THE TYPE OF PLOT OR THE PLOT OPTIONS MAY BE SELECTED. WHEN

C EDITING THE LABEL TEXT, GREEK CHARACTERS ARE AVAILABLE BY

C FIRST TYPING THE \' KEY AND FOLLOW BY TYPING 'A-'Z' OR 'a'-'z'.

C A POSTSCRIPT FILE NAMED 'FONTLIST.PS' CONTAINING THE GREEK

C FONT KEY EQUIVALENTS MAY BE PRINTED FOR REFERENCE. ALSO NOTE
C THAT THE ~ SYMBOL FROM THE KEYBOARD HAS BEEN REPLACED BY

g THE DEGREE SYMBOL.

C HARD COPY OUTPUT IS ONLY AVAILABLE FOR POSTSCRIPT

C DEVICES. BEFORE PRINTING A PLOT, MAKE SURE THE

C PRINTER OPTIONS ARE ON THE DESIRED SETTINGS. THIS IS

C DONE BY SELECTION OF THE 'PRINTER SETUP' OPTION.

C OUTPUT IS WRITTEN TO A FILE BY DEFAULT. PRESSING ANY

C OF THE PORT BUTTONS WILL CHANGE THE OUTPUT TO THAT

C PORT. NOTE THAT THE SERIAL PRINTERS CONNECTED

C THROUGH THE COM PORTS MUST BE PROPERLY CONFIGURE

C THROUGH DOS BEFORE RUNNING THE PROGRAM. ALSO NOTE

C THAT COLOR POSTSCRIPT IS SUPPORTED BY SELECTING THE

g "COLOR" BUTTON.

C (continued on next page)
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(continued)

DISCLAIMER
THE INFORMATION AND CODE IS PROVIDED AS DESCRIBED
ABOVE WITHOUT WARRANTY OF ANY KIND. THE AUTHORS
WILL NOT BE LIABLE FOR ANY DAMAGES WHATSOEVER
INCLUDING DIRECT, INDIRECYT, INCIDENTAL, CONSEQUENTIAL,
LOSS OF BUSINESS PROFITS OR SPECIAL DAMAGES DIRECTLY
OR INDIRECTLY RELATED TO THE USE OF THIS SOFTWARE.

* THE PROTECTED MODE RUN-TIME DOS-EXTENDER IS THE
PROPERTY OF RATIONAL SYSTEMS, INC.

** THE FONTS USED BY THIS SOFTWARE PACKAGE ARE THE
PROPERTY OF ADOBE SYSTEMS, INC.

FOR ADDITIONAL INFORMATION CONCERNING THIS CODE,
CONTACT THE AUTHORS OF THE CODE AT THE ABOVE ADDRESS
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COMPUTER PROGRAM - DIRECTIVITY

CrEs 22222 a0 R A NN AR R R AR R A RIS REER RSB IERA R AR RAE RN KRRk Rk

C
C THIS IS A FORTRAN PROGRAM THAT COMPUTES THE:

C
C I. RADIATED POWER
(C: II. MAXIMUM DIRECTIVITY

C OF ANY ANTENNA. THE MAXIMUM DIRECTIVITY IS CALCULATED
C USING THE TRAILING EDGE METHOD IN INCREMENTS OF I1°IN

)
=
3
>
?
z
2

**INPUT PARAMETERS

1. TL, TU: LOWER AND UPPER LIMITS IN THETA (in degrees)
2. PL, PU: LOWER AND UPPER LIMITS IN PHI (in degrees)

3. F(THETA, PHI): THE RADIATION INTENSITY FUNCTION

**NOTE

THE RADIATION INTENSITY FUNCTION F MUST BE PROVIDED
FOR A GIVEN ANTENNA, AND SHOULD BE INSERTED INTO
THE SUBROUTINE U.

**EXAMPLE

IF THE ANTENNA IS RADIATING ONLY IN THE UPPER
HEMISPHERE, THE LIMITS ON THETA ARE 0 AND 90 (degrees)
AND THE LIMITS IN PHI ARE 0 AND 360 (degrees)
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P AL RIS EE IR RS EE SRR RS R BRI R a2t R s R
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CHAPTER

RADIATION INTEGRALS AND
AUXILIARY POTENTIAL
FUNCTIONS

3.1 INTRODUCTION

In the analysis of radiation problems. the usual procedure is to specify the sources
and then require the fields radiated by the sources. This is in contrast to the synthesis
problem where the radiated fields are specified, and we are required to find the sources.

It is a very common practice in the analysis procedure to introduce auxiliary
functions, known as vector potentials, which will aid in the solution of the problems.
The most common vector potential functions are the A (magnetic vector potential)
and F (electric vector potential). Another pair is the Hertz potentials II, and TII,,.
Although the electric and magnetic field intensities (E and H) represent physically
measurable quantities, among most engineers the potentiuls are strictly mathematical
tools. The introduction of the potentials often simplifies the solution even though it
may require determination of additional functions. While it is possible to calculate
the E and H fields directly from the source-current densities J and M, as shown in
Figure 3.1, it is usuvally much simpler to calculate the auxiliary potential functions
first and then determine the E and H. This two-step procedure is also shown in Figure
3

The one-step procedure. through path 1, relates the E and H fields to J and M
by integral relations. The two-step procedure, through path 2, relates the A and F (or
1, and I1,) potentials to J and M by integral relations. The E and H are then
determined simply by differentiating A and F (or I1, and I1,). Although the two-step
procedure requires both integration and differentiation, where path [ requires only
integration, the integrands in the two-step procedure are much simpler.

The most difficult operation in the two-step procedure is the integration to deter-
mine A and F (or [1, and I1,). Once the vector potentials are known, then E and H
can always be determined because any well-behaved function, no matter how complex,
can always be differentiated.

116



3.2 The Vector Potential A for an Electric Current SourceJ 117

Integration
M E.H

Integration Differentiation
Path 2 Path 2

Veator potentials
A F
or

nﬂfrrﬂ

Figure 3.1 Block diagram for computing radiated fields from electric and
magnetic sources.

The integration required to determine the potential functions is restricted over the
bounds of the sources J and M. This will result in the A and F (or I1, and I1,) to be
functions of the observation point coordinates: the differentiation to determine E and
H must be done in terms of the observation point coordinates. The integration in the
one-step procedure also requires that its limits be determined by the bounds of the
sources.

The vector Hertz potential I1, is analogous to A and II, is analogous to F. The
functional relation between them is a proportionality constant which is a function of
the frequency and the constitutive parameters of the medium. In the solution of a
problem. only one set, A and F or Il and I1,,. is required. The author prefers the use
of A and F. which will be used throughout the book. The derivation of the functional
relations between A and I1,, and F and IT, are assigned at the end of the chapter as
problems. (Problems 3.1 and 3.2),

3.2 THE VECTOR POTENTIAL A FOR AN
ELECTRIC CURRENT SOURCE J

The vector potential A is useful in solving for the EM field generated by a given
harmonic electric current J. The magnetic flux B is always solenoidal; that is,
VB = 0. Therefore, it can be represented as the curl of another vector because it
obeys the vector wdentity

V-VxA=0 (3-1)
where A is an arbitrary vector. Thus we define
By = uHy = Vx A (3-2)
or
H, = L] VxA (3-2a)
i

where subscript A indicates the field due to the A potential. Substituting (3-2a) into
Maxwell’s curl equation

V X E."p = _‘J.w#HA (3'3]
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reduces it to

VxE, = —jouH, = —joV x A (3-4)
which can also be written as
V x [E4 + jwA]l = 0 (3-5)
From the vector identity
Vx(-Vé)=0 (3-6)
and (3-5), it follows that
E, + jwA = =V ¢, 3-7)
or
E,= -V¢, — jwA (3-7a)

The scalar function ¢, represents an arbilrary efectric scalar potential which is a
function of position.
Taking the curl of both sides of (3-2) and using the vector identity

VxVxA=VV-A)-V2A {3-8)
reduces it to
Vx(uH,) =VV-:-A) - VA (3-8a)
For a homogeneous medium, {3-8a) reduces to
wV x H, = V(V-A) - V3A (3-9)
Equating Maxwell’s equation
VxH, =]+ jweE, (3-10)
to (3-9) leads to
pl + joueE, = V(V-A) — VA (3-11)

Substituting (3-7a) into (3-11) reduces it to

VA + A = =] + V(V+ A) + V(joued,)

(3-12)
= —pJ + V(U A + joped,)

where & = w’ue.
In (3-2), the curl of A was defined. Now we are at liberty to define the divergence
of A. which is independent of its curl. In order to simplify (3-12), let

]
VA = —jueud. 2, = ——— V- A (3-13)

which is known as the Lorentz condition. Substituting (3-13) into (3-12) leads to

VA + PA = —pud (3-14)
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In addition. (3-7a) reduces 10

I
E, = —Vdé, — joA = —jwA — j— V(V-A) (3-15)
WILE

Once A is known, H, can be found from (3-2a) and E, from (3-15). E, can just
as easily be found from Maxwell’s equation (3-10) with J = 0. It will be shown later
how to find A in terms of the carrent density J. It will be a solution to the inhomo-
gencous Helmholtz equation of (3-14).

3.3 THE VECTOR POTENTIAL F FOR A
MAGNETIC CURRENT SOURCE M

Although magnetic currents appear to be physically unrealizable, equivalent magnetic
currents arise when we use the volume or the surface equivalence theorems. The fields
generated by a harmonic magnetic current in a homogeneous region, with J = 0 but
M # (. must satisfy V + D = 0. Therefore, E, can be expressed as the curl of the
vector potential F by

E, = -»lev x F (3-16)

Substituting (3-16) into Maxwell's curl equation
V x H;: = jweE,. (3-17)
reduces it to
V x (Hf + joF) =0 (3-18)

From the vector identity of (3-6), it follows that

HI;' = _V(bm - _i(l)F (3']9)

where ¢, represents an arbilrary magnetic scalar potential which is a function of
position. Taking the curl of (3-16)

VxEF=—leVxF=—1€[VV-F—VZF] (3-20)
€
and equating it to Maxwell’s equation
VxE:= -M — jwuHf (3-21)
leads to
VF + jwoueHr = VV-F — eM (3-22)

Substituting (3-19) into (3-22) reduces il to

VF+KF = —eM + YV F) + V(wued,) (3-23)
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By letting
V'F = —jowped, = ¢, = —- V-F (3-24)
Jw€
reduces (3-23) to
VF+KF=-eM (3-25)
and (3-19) 10
H, = —joF ~ - 9V-F) (3-26)
WUE

Once F is known, Er can be found from (3-16) and Hy from (3-26) or (3-21) with
M = 0. Tt will be shown later how to find F once M is known. It will be a solution
to the inhomogenecus Helmholtz equation of (3-25).

3.4 ELECTRIC AND MAGNETIC FIELDS FOR
ELECTRIC (J) AND MAGNETIC (M) CURRENT
SOURCES

In the previous two sections we have developed equations that can be used to find
the electric and magnetic fields generated by an electric current source J and a
magnetic current source M. The procedure requires that the auxiliary potential func-
tions A and F generated, respectively, by J and M are found first. In turn, the
corresponding electric and magnetic fields are then determined (E,, H, due to A and
Er. Hy due to F). The total fields are then obtained by the superposition of the
individual fields due to A and F (J and M).

In summary form, the procedure that can be used to find the fields is as follows:

Summary

1. Specify J and M (electric and magnetic current density sources).
2. a. Find A (due to J) using

[l e
A= Z;‘_LU-J R dv (3-27)
which is a solution of the inhomogeneous vector wave equation of (3-14),

b. Find F (due to M) using

€ e MR
= E,ﬂfM ikl (3-28)
v

which is a solution of the inhomogeneous vector wave equation of (3-25). In
(3-27) and (3-28), ¥* = w’ue and R is the distance from any point in the
source to the observation point. In a latter section, we will demonstrate that
(3-27) is a solution to (3-14) as (3-28) is to (3-25).
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3. a. Find H, using (3-2a) and E, using (3-15). E4 can also be found using Max-
well's equation of (3-10) with J = 0,
b. Find E, using (3-16) and H using (3-26). H, can also be found using Max-
well's equation of (3-21) with M = 0.
4. The total tields are then given by

|
E=E, +E = —jowA - j——I—V(V ‘A)--VxF (3-29)
(WULE €
or
|
E = EA + EI;‘ = ‘_‘V X H_/\ - lV x F (3"293)
Jwe €
and
! |
H=H,+H,=~-VxA - joF — j—V(V-F) (3-30)
“ WHLE
or
1 |
H=H,+H,=-VxA - —VxE; (3-30a)
m jop

Whether (3-15) or (3-10) is used to find E,; and (3-26) or (3-21) to find H,
depends largely upon the problem. In many instances one may be more complex than
the other or vice versa. In computing fHelds in the far-zone, it will be casier to use
(3-15) for E, and (3-26) for H, because, as it will be shown. the second term in each
expression becomes negligible in that region.

3.5 SOLUTION OF THE INHOMOGENEOUS
VECTOR POTENTIAL WAVE EQUATION

In the previous section we indicated that the solution of the inhomogeneous vector
wave equation of (3-14) is (3-27),

To derive it, let us assume that a source with current density J.. which in the limit
is an infinitesimal source, is placed at the origin of a x, ¥, z coordinate system, as
shown in Figure 3.2(a). Since the current density is directed along the z-axis (J.), only
an A. component will exist. Thus we can write (3-14) as

V2A. + KA. = — ud. (3-31)
At points removed from the source (J. = 0), the wave equation reduces o
VA, + K°A. = 0 (3-32)

Since in the limit the source is a point, it requires that A. is not a function of direction

(6 and ¢): in a spherical coordinate system. A. = A.(r) where r 1s the radial distance.
Thus (3-32) can be written as

2 M I o i

VAW + KA = =s—|r

r-or

dA.(r)

or

] + KAL) =0 (3-33)
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(x.y.z)

x,y.z" R (x.y.2)

Lo

X

(b) Source not at origin
Figure 3.2 Coordinate systems for computing radiating fields.

vhich when expanded reduces to
d’ALn) | 2dALn)
dr rodr
Fhe partial derivative has been replaced by the ordinary derivative since A is only a

unction of the radial coordinate.
The differential equation of (3-34) has two independent solutions

+ KA =0 (3-34)

e—jkr'

A:l = Cl r (3-35)
e v jkr

As = G, (3-36)

iquation (3-35) represents an outwardly (in the radial direction) traveling wave and
3-30) describes an inwardly traveling wave (assuming an e/ time variation). For
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this problem. the source is placed at the origin with the radiated fields traveling in the
outward radial direction. Therefore, we choose the solution of (3-35). or

e—jl\'r
A_- = A:| = C| , (3“37)
In the static case (w = 0, k = 0), (3-37) simplifies to
A, = G (3-38)
r

which is a solution to the wave equation of (3-32), (3-33), or (3-34) when k = (.
Thus at points removed from the source, the time-varying and the static solutions of
(3-37) and (3-38) ditTer only by the ¢ " factor; or the time-varying solution of (3-
37) can be obtained by multiplying the static solution of (3-38) by ¢ /",

In the presence of the source (J. # () and & = 0 the wave equation of (3-31)
reduces to

VA, = —pl. (3-39)

This equation is recognized 1o be Poisson’s equation whose solution is widely docu-
mented. The most familiar equation with Poisson’s form is thut relating the scalar
electric potential ¢ to the electric charge density p. This is given by

Vig = —= (3-40)

whose solution is

¢=LJ’H’—’W (3-41)
4qre ’ r

where r is the distance from any point on the charge density to the observation point.
Since (3-39) is similar in form to (3-40). its solution is similar to (3-41), or

J.
A= f f f = gy (3-42)
47 o

Equation (3-42) represents the solution to (3-31) when & = 0 (static case). Using the
comparative analogy between (3-37) and (3-38). the t'une-varyingl solution of (3-31)
can be obtained by multiplying the static solution of (3-42) by ¢ ~*", Thus

u e
Sy
/

which is a solution to (3-31).
If the current densities were in the v- and y-directions (J/, and J,), the wave
equation for each would reduce 10

VA, + KA, = —ud, (3-44)
ViA, + KA, = —ud, (3-45)
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with corresponding solutions similar in form to (3-43), or

Py
Ac= oo ) S v (3-46)
I e
Ay == fﬂ S (3-47)
v

The solutions of (3-43), (3-46). and (3-47) allow us to write the solution to the
vector wave equation of (3-14) as

m e—jl(r ,
A= aﬂf =& (3-48)
Vv

If the source is removed from the origin and placed at a position represented by
the primed coordinates (x, y’, z'), as shown in Figure 3.2(b), (3-48) can be written as

n e ¥
A, v, 2) = ry ﬂ f Jix', y'. ') R av’ (3-49)
1’4

where the primed coordinates represent the source, the unprimed the observation
point, and R the distance from any point on the source to the observation point. In a
similar fashion we can show that the solution of (3-25) is given by

e IR

Fix,v,.2) = '51 ﬂ] M@, v, Z')—R— dv’ (3-50)
v

[f J and M represent linear densities (m ™ 1}, (3-49) and (3-50) reduce to surface
integrals, or

"L L) [} [ e—JkR !
A=4_ﬂ_fj-]s(x g,V,Z)_R"-dS (3'51)
S
€ ] t ] e—ij !
F = ;rﬂ M, ', 2") R ds (3-52)
s

For electric and magnetic currents I, and L, they in turn reduce to line integrals of
the form

~jkR

R

e

A=EL f L',y 2)—dI (3-53)
4ar Jc
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.~ ikR

€
F=— f L. v,z dr’ 3-54
ypl) SR ZE R R (3-54)

3.6 FAR-FIELD RADIATION

The fields radiated by antennas of finite dimensions are spherical waves. For these
radiators. a general solution to the vector wave equation of (3-14) in spherical com-
ponents, ecach as a function of r, 8, ¢, takes the general form of

A= 8,A.(r 6. ¢) + 8,A)r 0. D) + a4Aur. 0, B) (3-55)

The amplitude variations of r in each component of (3-55) are of the form 1/r",
n = 1,2....[1]. Neglecting higher order terms of 1/r" (1/r" = 0, n = 2,3,..))
reduces (3-55) to

e—jkr

A = [4,A/(0. ) + 8pA0, d) + A,4AL0. B)] r—so  (3-56)

r L)
The r variations are separable from those of 8 and ¢. This will be demonstrated in

the chapters that follow by many examples.
Substituting (3-56) into (3-15) reduces it to

1 .
E = ~{—jwe "[8(0) + 8)AL0. ) + 8,Au0 SN} + ,—lj{- R R )

The radial E-field component has no 1/r terms, because its contributions from the first
and second terms of (3-15) cancel each other.
Similarly, by using (3-56), we can write (3-2a) as

| ) I .
H = ;{jge'-f"[ﬁr(m + 8,A4(0, ) — 8,AK0, cb)]} sl O I (3-57a)

where 7 = \/w/e is the intrinsic impedance of the medium.
Neglecting higher order terms of 1/r". the radiated E- and H-fields have only 6
and ¢ components. They can be expressed as

Far-Field Region

E. =0
E,= —jwA, | o Ei= —jowA (3-58a)
Ey= —johy | (for the @ and ¢ components only
since E, = ()
H, =
W Ey
Hy=+j—A, = —— A,
v n¢ n o |Hy= ZxE = —j%43 xA | (3-580)
w E n L)
H,= —j—A,= +—
¢ gt n (for the # and ¢ components only since H, = 0)

Radial field components exist only for higher order terms of 1/r".
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In a similar manner, the far-zone fields due to a magnetic source M (potential F)
can be written as

Far-Field Region
H =0
Hy= —joFy } =|H,=—jwF (3-59a)
H,= —jwF, -
(for the # and ¢ components only
since H, = ()
E, =0
Ey= —jonFy=nH, | o|E.= —73, x H, = joni, x F | (3-59b)
= - PR
E Jonky H, ) (for the @ and ¢ components only since E, = ()

Simply stated, the corresponding far-zone E- and H-field components are or-
thogonal to each other and form TEM ( to r) mode fields. This is a very useful relation,
and it will be adopted in the chapters that follow for the solution of the far-zone
radiated fields. The far-zone (far-field) region for a radiator is defined in Figure 2.5.
Its smallest radial distance is 2D*A where D is the largest dimension of the radiator.

3.7 DUALITY THEOREM

When two equations that describe the behavior of two different variables are of the
same mathematical form. their solutions will also be identical. The variables in the
two equations that occupy identical positions are known as dual quantities and a
solution of one can be formed by a systematic interchange of symbols to the other.
This concept is known as the duality theorem.

Comparing Equations (3-2a), (3-3), (3-10), (3-14), and (3-15) 10 (3-16), (3-17),
(3-21), (3-25), and (3-26), respectively, it is evident that they are to each other dual
equations and their variables dual quantities. Thus knowing the solutions to one set
(i.e., J # 0. M = 0), the solution to the other set (J = 0. M % 0) can be formed by
a proper interchange of quantities. The dual equations and their dual quantities are
listed in Tables 3.1 and 3.2 for electric and magnetic sources, respectively. Duality

Table 3.1 DUAL EQUATIONS FOR ELECTRIC (J) AND MAGNETIC

(M) CURRENT SOURCES
Electric Sources (J # 0, M = 0) Magnetic Sources (J = O, M # 0)
vV x E4 = -jwp.HA ¥V x Hp = j(DEEF
VXH,\=J+jw€EA -VXE,‘=M+ij.LHr
VA + IPA = — ] VF + k'F = —eM
—JkR —JkR
s s ln e
= i 1) F=— M '
A 47 .[U" R v 41 R d
v v
HA=leA Ef-=—leF
I €

1 1
E, —ij—jw—M;V(V'A) HI.-=—_[.€UF“_,‘"(‘IEV(V'F)
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Table 3.2 DUAL QUANTITIES FOR ELECTRIC (J) AND MAGNETIC
(M) CURRENT SOURCES

Electric Sources (J # 0. M = () Magnetic Sources (J = 0. M = ()

E, H,
H, -E
J M
A F
€ Iz
M €
k k
Ui I/
i/m n

only serves as a guide to form mathematical solutions. [t can be used in an abstract
manner to explain the motion of magnetic charges giving rise t0 magnetic currents,
when compared to their dual quantities of moving electric charges creating electric
currents. 1t must, however, be emphasized that this is purely mathematical in nature
since it is known as of today. that there are no magnetic charges or currents in nature.

3.8 RECIPROCITY AND REACTION THEOREMS

We are all well familiar with the reciprocity theorem, as applied to circuits, which
states that **in any network composed of linear, bilateral. lumped elements. if one
places a constant current (voltage) generator between two nodes (in any branch) and
places a voltage (current) meter between any other two nodes (in any other branch),
makes observation of the meter reading, then interchanges the locations of the source
and the meter, the meter reading will be unchanged™ [2]. We want now 0 discuss
the reciprocity theorem as it applies to electromagnetic theory. This is done best by
the use of Maxwell’s equations.

Let us assume that within a linear and isotropic medium. but not necessarily
homogeneous. there exist two sets of sources J;. M, and J.. M, which are allowed
to radiate simultaneously or individually inside the same medium at the frequency
and produce fields Ey, H; and E,, Ha, respectively. It can be shown [1]. [3] that the
sources and ficlds satisfy

-V-(E;xH, ~E;xH)=E-J,+ H.-M, - E;-J, - H-M, (3-60)

which is called the Lorentz Reciprocity Theorem in differential form.
Taking a volume integral of both sides of (3-60) and using the divergence theorem
on the left side, we can write it as

—ﬁ (E] X H_:: - Eg X H|)'dS'
5

= J-ﬂ (E| '.lg + Hz' M| - E2°J1 - H| 'Mz) v’ (3-61)

which is designated as the Lorentz Reciprocity Theorem in integral form.
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For 4 source-free (J, = J» = M, = M; = 0) region, (3-60) and (3-61) reduce,
respectively, to

V-(E,xH; — E.xH)) =0 (3-62)

and

@ (E| X Hg - Eg X H|) eds' =0 (3'63)
k)

Equations (3-62) and (3-63) are special cases of the Lorentz Reciprocity Theorem
and must be satisfied in source-free regions.

As an example of where (3-62) and (3-63) may be applied and what they would
represent, consider a section of a waveguide where two different modes exist with
fields E,, H, and E,, H.. For the expressions of the fields for the two modes to be
valid, they must satisfy (3-62) and/or (3-63).

Another useful form of (3-61) is to consider that the fields (E,, H,, E,, H,) and
the sources (J,, M. Jo. M,) are within a medium that is enclosed by a sphere of
infinite radius. Assume that the sources are positioned within a finite region and that
the ficlds are observed in the far field (ideally at infinity). Then the left side of (3-61)
is equal to zero, or

@ (E| b 4 H;l_ - Ez X H}) «ds’ =0 (3-64)
h

which reduces (3-61) to

ff (Ei*bh + H,»M ~Ex;- Jy ~ H - Mp)dv' =0 (3-65)
ot

Equation 3-65 can also be written as

ﬂ (Eq+Jo — Hi-Mp) v = H (E;+J, — Hy- M) ov' (3-66)
v v

The reciprocity theorem, as expressed by (3-66), is the most useful form.

A close observation of (3-61) will reveal that it does not, in general. represent
relations of power because no conjugates appear, The same is true for the special
cases represented by (3-63) and (3-66). Each of the integrals in (3-66) can be inter-
preted as a coupling between a set of fields and a set of sources, which produce
another set of lields. This coupling has been defined as Reaction [4] and each of the
integrals in (3-66) are denoted by

(1.2) = J] (Ey+J; — H - M;) dv (3-67)
V

(2. l) = J’ff (Eg 'J| - H2 . Ml) dv (3-68)
V
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The relation (1. 2) of (3-67) relates the reaction (coupling) of fields (E,, H,),
which are produced by sources J,, M, to sources (J., M,), which produce fields E,,
H,; (2, 1) relates the reaction (coupling) of fields (E,, H») to sources (J,, M,). For
reciprocity to hold. it requires that the reaction (coupling) of one set of sources with
the corresponding fields of another set of sources must be equal to the reaction
(coupling) of the second set of sources with the corresponding fields of the first set
of sources, and vice versa. In equation form, it is written as

(1.2) = 2. ) (3-69)

3.8.1 Reciprocity for Two Antennas

There are many applications of the reciprocity theorem. To demonstrate its potential,
an antenna example will be considered. Two antennas, whose input impedances are
Z, and Z,, are separated by a linear and isotropic (but not necessarily homogeneous)
medium, as shown in Figure 3.3. One antenna (#1) is used as a transmitter and the
other (#2) as a receiver. The equivalent network of each antenna is given in Figure
3.4. The internal impedance of the generator Z, is assumed to be the conjugate of the
impedance of antenna #1 (Z, = Zf = R, — jX,) while the load impedance Z, is
equal to the conjugate of the impedance of antenna #2 (Z, = Z5 = R, — jX;). These
assumptions are made only for convenience.
The power delivered by the generator to antenna #1 is given by

| 1 V,Z, 1% \Z5
= - R VI = — & & = 4 '70
Py =5 RelVilt] =3 Re[ Z, + z,) @ + z\m] 8R, (3-70)

If the transfer admittance of the combined network consisting of the generator im-
pedance. antennas, and load impedance is Y3, the current through the load is V, Yy,
and the power delivered to the load is

Py = L Re[ZAV, Y2 )(V,Ya))*] = § Ry V3| Y22 (3-71)
The ratio of (3-69) to (3-68) is

P" ]
}7- = 4R \R:|Ya|? (3-72)
|

In a similar manner. we can show that when antenna #2 is transmitting and #1

is receiving, the power ratio of P/P; is given by
P
P—‘ = 4R.R\|Y 1l (3-73)

2

2z, -ﬁ—/\NV\-—
Ve vy #|
T \M"

Figure 3.3 Transmitting and receiving antenna systems.
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A (¢
/..'ﬁTR] = iX) mam O
GD il £ =Ry +iXy £y =Ry +1X2 Zy =Ry —1X,
Fown —C
B D

Figure 3.4 Two antenna systems with conjugate loads.

Under conditions of reciprocity (Y,» = Ya;), the power delivered in either direction
is the same.

3.8.2 Reciprocity for Radiation Patterns

The radiation patlern is a very important antenna characteristic. Although it is usually
most convenient and practical to measure the pattern in the receiving mode, it is
identical, because of reciprocity, to that of the transmitting mode.

Reciprocity for antenna patterns is general provided the materials used for the
antennas and feeds. and the media of wave propagation are linear. Nonlinear devices.
such as diodes, can make the antenna system nonreciprocal. The antennas can be of
any shape or size, and they do not have to be matched to their corresponding feed
lines or loads provided there is a distinct single propagating mode at each port. The
only other restriction for reciprocity to hold is for the antennas in the transmit and
receive modes are polarization matched, including the sense of rotation. This is
necessary so that the antennas can transmit and receive the same field components,
and thus total power. If the antenna that is used as a probe to measure the fields
radiated by the antenna under test is not of the same polarization, then in some
situations the transmit and receive patterns can still be the same. For example. if the
transmit antenna is circularly polarized and the probe antenna is linearly polarized.
then if the linearly polarized probe antenna is used twice and it is oriented one time
o measure the ¢-component and the other the ¢-component, then the sum of the two
components can represent the pattern of the circularly polarized antenna in either the
transmit or receive modes. During this procedure, the power level and sensitivities
must be held constant.

To detail the procedure and foundation of pattern measurements and reciprocity,
let us refer to Figures 3.5(a) and (b). The antenna under test is #1 while the probe
antenna (#2) is oriented to transmit or receive maximum radiation. The voltages and
currents V. /, at terminals 1-1 of antenna #1 and V5, [, at terminals 2-2 of antenna
#2 are related by

Vi =2\ + Zyals (3-74)
Vo = Zoly + Zosls
where

Z,, = self-impedance of antenna # |
self-impedance of antenna #2
Z,s. Z»; = mutual impedances between antennas #1 and #?2

il
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Onservalion
sphere

Test antenna (#1)

(i)

Observation
sphere

!
Test antenna (# 1)

{h)

Figure 3.5 Antenna arrangement for pattern measurements and reciprocity theorem.

If a current /, is applied at the terminals 1-1 and voltage V. (designated as Vs,,.)
is measured at the open (I, = 0) terminals of antenna #2, then an equal voltage V,,
will be measured at the open (I, = 0) terminals of antenna #1 provided the current
I, of antenna #2 is equal to ;. In equation form, we can write

V"-' W ’

Zﬂl = —= {3-753:‘
O
V o

Z, = 2 (3-75b)
Iy {t=0

If the medium between the two antennas is linear, passive, isotropic, and the
waves monochromatic, then because of reciprocity

V"nr Vi:rr -
L .. = — 8 = Z (3-76)
& I |n=0 L [i=0 !
If in addition /, = [, then
"Jlm.' = Vlur_' (3-?7)

The above are valid for any position and any mode of operation between the two
antennas.

Reciprocity will now be reviewed for two modes ol operation. In one mode,
antenna # 1 is held stationary while #2 is allowed to move on the surface of a constant
radius sphere, as shown in Figure 3.5(a). In the other mode. antenna #?2 is maintained
stationary while #1 pivots about a point, as shown in Figure 3.5(b).

In the mode of Figure 3.5(a), antenna #1 can be used either as a transmitter or
receiver. In the transmitting mode, while antenna #2 is moving on the constant radius
sphere surface, the open terminal voltage V., is measured. In the receiving mode, the
open terminal voltage V. is recorded. The three-dimensional plots of V,,, and V.,
as a function of @ and ¢, have been defined in Section 2.2 as freld parterns. Since the
three-dimensional graph of V., is identical to that of V,,. (due to reciprocity), the
transmitting (Vs,,.) and receiving (V) field patterns are also equal. The same con-
clusion can be arrived at if antenna #2 is allowed to remain stationary while #1
rotates, as shown in Figure 3.5(b).
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The conditions of reciprocity hold whether antenna #1 is used as a transmitter
and #2 as a receiver or antenna #2 as a transmitter and #1 as a receiver. In practice,
the most convenient mode of operation is that of Figure 3.5(b) with the test antenna
used as a receiver, Antenna #2 is usually placed in the far-field of the test antenna
(#1), and vice-versa, in order that its radiated fields are plane waves in the vicinity
of #1.

The receiving mode of operation of Figure 3.5(b) for the test antenna is most
widely used to measure antenna patterns. because the transmitting equipment is in
most cases bulky and heavy while the receiver is small and lightweight. In some
cases, the receiver is nothing more than a simple diode detector. The transmitting
equipment usually consists of sources and amplitiers. To make precise measurements,
especially at microwave frequencies, it is necessary 10 have frequency and power
stabilities. Therefore, the equipment must be placed on stable and vibration-free
platforms. This can best be accomplished by allowing the transmitting equipment to
be held stationary and the receiving equipment to rotate.

An excellent manuscript on test procedures for antenna measurements of ampli-
tude, phase, impedance, polarization, gain, directivity, efficiency, and others has been
published by TEEE [5]. A condensed summary of it is found in |6}, and a review is
presented in Chapter 15 of this text.
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PROBLEMS
31, IfH, = jweV x 11, where I, is the electric Hertzian potential. show that
. , N ,
(a) v-I1, + kI, = ";J (b) E, = k11, + WV -1IL)

(cy M. = —j——l—A
WLE

32. WE, = —jouV x 11, where I, is the magnetic Hertzian potential, show that

) . ' 2y
(@) v, + £, = jaM (by H, =&, + v(v-11,)

1
(C) nh = —J—F
WE

3.3, Verify that (3-35) and (3-36) are solulions to (3-34).

3.4. Show that {3-42) is a sotution to (3-39) and (3-43) is a solution to (3-31).
3.5. Verify (3-57) and (3-57a).

3.6. Derive (3-60) and (3-61).



CHAPTER

4

LINEAR WIRE ANTENNAS

4.1 INTRODUCTION

Wire antennas, linear or curved, are some of the oldest. simplest, cheapest. and in
many cases the most versatile for many applications. It should not then come as a
surprise to the reader that we begin our analysis of antennas by considering some of
the oldest. simplest, and most basic configurations. Initially we will try to minimize
the complexity of the antenna structure and geometry to keep the mathematical details
to a minimum.

4.2 INFINITESIMAL DIPOLE

An infinitesimal linear wire (/ <<A) is positioned symmetrically at the origin of the
coordinate system and oriented along the z axis, as shown in Figure 4.1(a). Although
infinitesimal dipoles are not very practical, they are used to represent capacitor-plate
(also referred to as top-hat-loaded) antennas. In addition, they are utilized as build-
ing blocks of more complex geometries. The wire, in addition to being very small
(I < A), is very thin (¢ << A). The current is assumed to be constant and given by

](Z') = ﬁ;]() (4‘”

where /, = constant.

4.2.1 Radiated Fields

To find the fields radiated by the current element, the two-step procedure of Figure
3.1 is used. It will be required to determine first A and F and then find the E and H.
The functional relation between A and the source J is given by (3-49), (3-51). or
(3-53). Similar relations are available for F and M, as given by (3-50), (3-52),
and (3-54).

Since the source only carries an electric current L. 1, and the potential function
F are zero. To find A we write

—jkR

R

Aty 7y = & f L(x',y. 2) —ar (4-2)
41 ..

133
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{b) Electric field orientation

Figure 4.1 Geometrical arrangement of an infinitesimal dipole and its associated electric
field components on a spherical surface.

where (x, v, ) represent the observation point coordinates, (x', v', I') represent the
coordinates of the source, K is the distance from any point on the source to the
observation point. and path C is along the length of the source. For the problem of
Figure 4.1

L'y, 2 = aly (4-3a)
¥ =y =7 =0 (infinitesimal dipole) (4-3b)
R=AVx—=xVP+(v—VvP P+ -2V =VE+ ¥+ 7

= r = constant (4-3¢)

dl' = d7' (4-3d)
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so we can write (4-2) as

Fi2
A“ ¥, 7) = a_ ”10 —jkrj dz' #“,Ole—jkr (4-4)
Trr ~12 “4ar

The next step of the procedure is to find H, using (3-2a} and then E, using (3-15)
or (3-10) with J = 0. To do this, it is often much simpler 1o transform (4-4) from
rectangular to spherical components and then use (3-2a) and (3-15) or (3-10) in
spherical coordinates to find H and E.

The transformation between rectangular and spherical components is given. in
matrix form, by (see Appendix VII)

A, sin fcos ¢ sin fsin¢  cos 8 A,
Ag| = |cos fcos¢p cosfsing —sin @ || A, (4-5)
Ay —sin ¢ cos ¢ 0 A.
For this problem. A, = A, = 0, so (4-5) using (4-4) reduces to
Iole ™
A, =A.cos =52 cosp (4-6a)
A7r
Il —jkr
Ap= —A.sing = —E2C " Gno (4-6b)
47r
A, =0 (4-6¢)

Using the symmetry of the problem (no variations in ¢), (3-2a) can be expanded
in spherical coordinates and written in simplified form as

. 1 0A,
H = 4, o [ (rA ) 89] (4-7)
Substituting (4-6a)—(4-6¢) into (4-7) reduces it to
H =H,=0 (4-8a)
Cklylsin 8 ! .
H,=j—— + — jkr -
o =J dar [l jkr]e (4-8b)

The electric field E can now be found using (3-15) or (3-10) with J = 0. That
is.

1 ]
E=E,= —jwA —j—V(V'A)=—VxH (4-9)
WHLE Jjwe
Substituting (4-6a)—(4-6¢) or (4-8a)—(4-8b) into (4-9) reduces it to
fyl cos 8 N -

_ + — | ot 4-10

Er=m 27 [l jki]e (4-100)
kIl sin 8 1 | e
Ep=jp—— |1 + — — — |ei* -

o = INT oy [1 jkr (kr)z:l ¢ (4-100)
E,=0 (4-10c)
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The E- und H-field components are valid everywhere, except on the source itself,
and they are sketched in Figure 4.1(b) on the surface of a sphere of radius r. It is a
straightforward exercise to verify Equations (4-10a)~(4-10c¢). and this is left as an
exercise to the reader (Prob. 4.9).

4.2.2 Power Density and Radiation Resistance

The input impedance of an antenna. which consists of real and imaginary parts, was
discussed in Section 2.13. For a lossless antenna, the real part of the input impedance
was designated as radiation resistance. It is through the mechanism of the radiation
resistance that power is transferred from the guided wave to the free-space wave. To
find the inpul resistance for a lossless antenna, the Poynting vector is formed in terms
of the E- and H-fields radiated by the antenna. By integrating the Poynting vector
over a closed surface (usually a sphere of constant radius), the total power radiated
by the source is found. The real part of it is related to the input resistance.

For the infinitesimal dipole, the complex Poynling vector can be written using
(4-8a)—(4-8b) and (4-10a)-(4-10c) as

W =1(E x H¥) = 1(@&,E, + &,E,) x (4, HF)
= (@,E\Hz* — 8,EH) (4-11)

whose radial W, and transverse Wy components are given, respectively, by

n |1,1]2 sin® @ o
wo= 2R Ty 4-12;
8 1A re [ I kry (a-12a)
. klIyl|* cos Osin 8 1
W, = - I + 3 -

The complex power moving in the radial direction is obtained by integrating (4-11)-
(4-12b) over a closed sphere of radius . Thus it can be written as

P = #W cds = J“_ L (a,W, + 4,W,) -4, sin 0 d8do (4-13)
s

2 )
[l —j(_k'_):,] (4-14)

The transverse component W, of the power density does not contribute to the
integral. Thus (4-14) does not represent the total complex power radiated by the
antenna. Since W,, as given by (4-12b), is purely imaginary. it will not contribute to
any real radiated power. However, it does contribute to the imaginary (reactive) power
which along with the second term of (4-14) can be used to determine the total reactive
power of the antenna. The reactive power density, which is most dominant for small
values of kr, has both radial and transverse components. It merely changes between
outward and inward directions to form a standing wave at a rate of twice per cycle.
It also moves in the transverse direction as suggested by (4-12b).

which reduces to

N

A

m

2n ru
— W .2 si — —_
P J;) J;’ 4o sin 8dBdd = 7 3
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Equation (4-13), which gives the real and imaginary power that is moving out-
wardly, can also be written as [4]
_IH e {7\ [tl] o1
P-—2 g ExH ds—n(B) 1 J(kr)"
= Pl‘ad + _iZ(U(W,,, - We-) (4'15)

A

-

where

P = power (in radial direction)
P, = lime-average power radiated

W,, = time-average magnetic energy density (in radial direction)

-

W. = time-average electric energy density (in radial direction)
2w(W,, — W,) = time-average imaginary (reactive) power (in radial direction)

From (4-14)
T Inl 2
Pus = 0|z |~ 4-16
T} n(3) A ( )
and
« - A\ L 1 |
2(U(Wm - wl.') = ‘77(3) _‘AL (kl')3 (4-17)

It is clear from (4-17) that the radial electric energy must be larger than the radial
magnetic energy. For large values of kr (kr > 1 or r 2> A), the reactive power
diminishes and vanishes when kr = x.

Since the antenna radiates its real power through the radiation resistance, for the
infinitesimal dipole it is found by equating (4-16) to

™
Prnd = 71(5)

where R, is the radiation resistance. Equation (4-18) reduces to

m=ﬂlﬂq=mfgy (4-19)
YAR A

for a free-space medium (n = 120m). It should be pointed out that the radiation
resistance of (4-19) represents the total radiation resistance since (4-12b) does not
contribute to it.

For a wire antenna to be classified as an infinitesimal dipole. its overall length
must be very small (usually / = A/50).

2

Iyl

A

Lo
= 5 IR, (4+-18)

Example 4.1

Find the radiation resistance of an infinitesimal dipole whose overall length is
[ = A50.
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SOLUTION
Using (4-19)

2 2
R, = 80n> (i) = 807 (L) = 0.316 ohms
A 50
Since the radiation resistance of an infinitesimal dipole is about 0.3 ohms. it will
present a very large mismatch when connected Lo practical transmission lines, many
of which have characteristic impedances of 50 or 75 ohms. The reflection efficiency
(e,) and hence the overall efficiency (e,) will be very small.

The reactance of an infinitesimal dipole is capacitive. This can be illustrated by
considering the dipole as a flared open-circuited transmission line, as discussed in
Section t.4. Since the input impedance of an open-circuited transmission line a
distance 1/2 from its open end is given by Z, = —jZ, cot (BI/2), where Z, is its
characteristic impedance, it will always be negative (capacitive) for / << A,

4.2.3 Radian Distance and Radian Sphere

The E- and H-fields for the infinitesimal dipole, as represented by (4-8a)-(4-8b) and
(4-10a)—(4-10c), are valid everywhere (except on the source itself). An inspection of
these equations reveals the tollowing:

(a) Atadistance r = AM2m (or kr = 1), which is referred to as the radian distance,
the magnitude of the first and second terms within the brackets of (4-8b) and
(4-10a) is the same. Also at the radian distance the magnitude of all three terms
within the brackets of (4-10b) is identical; the only term that contributes to the
total field is the sccond, because the first and third terms cancel each other. This
is illustrated in Figure 4.2.

(b) At distances less than the radian distance » < A/27r (kr < 1), the magnitude of
the second term within the brackets of (4-8b) and (4-10a) is greater than the first
term and begins to dominate as r < A/27. For (4-10b) and r < M2, the
magnitude of the third term within the brackets is greater than the magnitude of
the first and second terms while the magnitude of the second term is greater than
that of the first one: each of these terms begins to dominate as r<< A/27. This
is illustrated in Figure 4.2. The region r < A/27r (kr < 1) is referred to as the
near-field region.

(c) At distances greater than the radian distance r > A/27 (kr > 1), the first term
within the brackets of (4-8b) and (4-10a) is greater than the magnitude of the
second term and begins to dominate as r =>>A2w(kr > 1). For (4-10b) and
r > A2, the first term within the brackets is greater than the magnitude of the
second and third tlerms while the magnitude of the second term is greater than
that of the third; each of these terms begins to dominate as r > A/2#. This is
illustrated in Figure 4.2. The region r > A/27 (kr > |) is referred to as the
intermediate-field region while that for r => A/2 (kr >> 1) is referred to as the
Sar-field region.
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Figure 4.2 Magnitude variation. as a function of the radial distance, of
the field terms radiated by an infinitesimal dipole.

(d) The sphere with radius equal to the radian distance (» = A/2mw) is referred as
the radian sphere, and it defines the region within which the reactive power
density is greater than the radiated power density [1]-[3]. For an antenna, the
radian sphere represents the volume occupied mainly by the stored energy of
the antenna’s electric and magnetic fields. Outside the radian sphere the radiated
power density is greater than the reactive power density and begins to dominate
as r > A2 Therefore the radian sphere can be used as a reference, and it
defines the transition between stored energy pulsating primarily in the 6 direction
[represented by (4-12b)] and energy radiating in the radial (r) direction [repre-
sented by the first term of (4-12a); the second term represents stored energy
pulsating in the radial (r) direction].

4.2.4 Near-Field (kr << 1) Region

An inspection of (4-8a)-(4-8b) and (4-10a)-(4-10c) reveals that for kr << A or
r << M2 they can be reduced in much simpler form and can be approximated by

. [ule_jkr

E,= — 08 (4-20a
nS 3 cos 6 )
. Ioleqjkr B )

E,g = =7 47;‘,()'3 sin 8 kr << | (4'20b)

E,=H =H,=0 (4-20c¢)

Iyle %"
H, = —sin 8 -
b ypo sin {4-20d)

The E-field components, E, and E,. are in time-phase but they are in time phase
quadrature with the H-field component H,,: therefore there is no time-average power
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flow associated with them. This is demonstrated by forming the time-average power
density as

W, =3iRelE x H*| = jRe[&,E,H*; — 8,E H* ] (4-21)

which by using {4-20a)—(4-20d) reduces 10

I”I

4

2sin® @ 1 o] sin 6 cos @ .
L ENP § U] =0 @42
r LT ” (4-22)

1
w;-w = ;Re[_ﬁrjg

The condition of kr <€ | can be satisfied at moderate distances away from the antenna
provided that the frequency of operation is very low. Equations (4-20a) and (4-20b)
are similar to those of a static electric dipole and (4-20d) to that of a static current
element. Thus we usually refer 1o (4-20a)~(4-20d) as the quasistationary fields.

4.2.5 Intermediate-Field (kr > 1) Region

As the values of kr begin to increase and become greater than unity, the terms that
were dominant for kr <€< 1 become smaller and eventually vanish. For moderate
values of &r the E-field components lose their in-phase condition and approach time-
phase quadrature. Since their magnitude is not the same. in general. they form a
rotating vector whose extremity traces an ellipse. This is analogous to the polarization
problem except that the vector rotates in a plane parallel o the direction of propagation
and is usually referred to as the cross field. At these intermediate values of kr, the E,
and H,, components approach time-phase, which is an indication of the formation of
time-uverage power flow in the outward (radial) direction (radiation phenomenon).

As the values of kr become moderate (kr > 1), the field expressions can be
approximated again but in a different form. In contrast to the region where kr << |,
the first term within the brackets in (4-8b) and (4-10a) becomes more dominant and
the second term can be neglected. The same is true for (4-10b) where the second and
third terms become less dominant than the first. Thus we can write for kr > |

I()IL" ke
E, = . S (4-23a)
] Py cos ¢
. k]"le——jh‘ . 9 \
E,,—_mwsm g | > 1 (4-23b)
E(/, = Hr = H() =0 (4-23(3)
klyle *
Hy = j—%sm f (4-23d)
The total electric field is given by
E = ﬁ,.E, + ﬁgEﬂ (4'24)

whose magnitude can be written as

[E| = VIEF + [Ef (4-25)
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4.2.6 Far-Field (kr > 1) Region

Since (4-23a)—(4-23d) are valid only for values of kr > 1 (r > A), then E, will be
smaller than E, because E, is inverscly proportional to r* where E, is inversely
proportional to r. In a region where kr > 1, (4-232)—(4-23d) can be simplified and
approximated by

~jkr
E, ﬁjn%—sin ) (4-26a)
E,=E,=H,=H,=0} kr>| (4-26b)
klple ~*
Hy=j— :rr sin @ (4-26¢)

The ratio of E, to H, is equal to

L= =~ 4-27
Z, H, n (4-27)

where

Z, = wave impedance
m = intrinsic impedance (377 = 1207 ohms for free-space)

The E- and H-field components are perpendicular to each other, transverse to the
radial direction of propagation, and the r variations are separable from those of @ and
¢. The shape of the pattern is not a function of the radial distance r, and the fields
form a Transverse ElectroMagnetic (TEM) wave whose wave impedance is equal to
the intrinsic impedance of the medium. As it will become even more evident in later
chapters, this relationship is applicable in the far-field region of all antennas of finite
dimensions. Equations (4-26a)—{4-26c¢) can also be derived using the procedure out-
lined and relationships developed in Section 3.6. This is left as an exercise to the
reader (Prob. 4.11).

Example 4.2

For an infinitesimal dipole determine and interpret the vector effective length. At what
incidence angle does the open-circuit maximum voltage occurs at the output terminals
of the dipole if the electric field intensity of the incident wave is 10 mvolts/meter?
The length of the dipole is 10 cm.

SOLUTION
Using (4-26u) and the effective length as defined by (2-92). we can write that
. klul(’_'jkr . n . k’of"_"kr . .
E,= sin 8 = — «(—dglsin 6
=M=, sin LK (—a, )
~ . k]oe—!“
= ~dyn— —— ¢
m
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Theretore, the cffective length is
€.

. = —@lsin f

whose maximum value occurs when # = 90°, and it is equal to [. Therefore. Lo achieve
maximum output the wave must be incident upon the dipole at a normal incidence
angle (8 = 90°).

The open-circuit maximum voltage is equal to

VO(' |El : (’/('II'“CL\ = |ﬁ{l l() X l()—3 ‘ (_ﬁ”[ Sin G)Irrmx

nax

=10 x 10 Y% = 10" ? volts

4.2.7 Directivity

The real power P4 radiated by the dipole was found in Section 4.2.2, as given by
(4-16). The same expression can be obtained by first forming the average power
density, using (4-26a)—(4-26¢). That is,

« 3
2sin” 8

kiy!
. 3 (4-28)
2

4

n
"2

1 , . v oa
W, = ERC(E x H*) = a,'z—n IE(,I" = a

Integrating (4-28) over a closed sphere of radius r reduces it to (4-16). This is left as
an exercise to the reader (Prob. 4.10).

Associated with the average power density of (4-28) is a radiation intensity U
which is given by

, n [kl ., ” _ .
U=rWw, = 3 (z%) sin” 6 = 5;) |Ey(r, 6. )| (4-29)

and it conforms with (2-12a). The normalized pattern of (4-29) is shown in Figure
4.3. The maximum value occurs at 8 = 77/2 and it is equal to

_ 1 [kdol)’ |
Upix = 5 (47]_) (4-30)
Using (4-16) and (4-30), the directivity reduces to
Ull'\x 3
D‘) = 4”4‘ = = (4'31)
rud 2
and the maximum effective aperture to
A’ kP
Agp =U—|Dy = — (4-32)
‘ (417) T 