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Preface

* * k& k k& * * *

““Microwayes” is a name popularly given to cleetricity
when itsTrequency of alternation is in billions of cycles per
second. This frequency ratio of millions when compared
with power frequencies and of thousands when compared
even with radio-broadeast frequencies makes microwaves
fascinating and important. It also mecans, however, that
for many whose acquaintance with electricity is with the
lower frequency range only there is a need for further
attention to fundamentals. It is hoped that at least for
such readers this text will prove helpful. Physical pictures
and viewpoints are described that have been found useful
both to those doing active work in this rclatively new
branch of engincering and to others who desire merely a
hetter appreciation of it.

Anyone who has spent the last several years investigating
and trying to apply microwaves has been called upon to
offer simple explanations of the often seemingly mysterious
vet fundamental characteristics of extremely high fre-
queney electricity.  'What makes waves go down the
inside of a hollow conducting pipe at high frequency but
not at low frequency? Do microwaves obey different
laws than do low-frequency waves? How is it that high-
frequency current can be drawn from electrodes of an
clectronic tube when the clectron current in the tube does
not even flow to those electrodes? May we still speak of
impedance?
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Such questions are often asked by commercial men,
executives, and many engineers who specialize in other
phases of electricity and have only a remote interest
in microwaves. These people do not want a long, thorough
explanation but they do desire a connecting link with
their previous background. However, even engineers
concerned with the most technical aspects of microwaves
have a need for simple physical pictures and, indeed, will
ask exactly the same questions during some period of their
learning of the microwave art. Young engineers particu-
larly, forced now to gain design experience rapidly, are
often ‘confused in the application of fundamentals. Their
efficiency can often be materially increased by simple
qualitative discussions that act as catalysts in the orderly
arrangement of their knowledge.

Thus the thought that it might be helpful to write a
nonmathematical discussion on concepts as an introduction
to microwaves grew from observations of the apparent
usefulness of such discussions carried on informally with
the author’s associates. The present book stems more
directly, however, from notes taken during a lecture tour
two years ago. Because of the general interest shown then,
it seemed worth while to set down some important points
in a more or less orderly fashion.

Dangers are recognized in presenting only physical pic-
tures and conceptions unaccompanied by quantitative data
and descriptions of apparatus. In the first place, one
person’s way of looking at a problem is not always sure to
be helpful to another. Then, too, some may think there is
an intention to discount the need for a complete treat-
ment; they may feel that a complex field is being over-
simplified. The present discussion is certainly not aimed
to replace anything. It is merely a preface. For some,
such an introduction may be sufficient. The book is most
certainly a failure if it does gf§ make clear the absolute
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need for further study on the part of those who must do
actual microwave engineering. The hope is that a number
of important points may be cleared up in a few hours’
reading and the way opened for clearer thought on some
of the remaining phases. Some texts suitable for further
study are listed in the appendix.

The author is indebted to J. R. Whinnery both for the
numerous general discussions on microwave theory during
the past several years that have added background for
the text and for criticisms of the text material. Thanks
are also expressed to W. C. White, who read the manuscript
and made many suggestions as to exposition and choice
of material.

Smiox Rawo.
ScHENECTADY, N. Y.
February, 1945,
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INTRODUCTION TO MICROWAVES

CHAPTER 1

Similarities Exist between Microwaves and Lower
Frequency Electricity

It is assumed that the reader’s familiarity with elec-
tricity iz limited to power frequencies or at least to the
lower radio frequencies. This familiarity may be some-
what insecure at present, in view of the fairly recent appear-
ance of apparently new phenomena like wave guides and
resonant cavities, which we learn exist at ultra-high fre-
quency; but the following discussion will attempt to raise
the reader’s understanding of basic principles of ultra-high
frequency to the same level as his understanding of lower
frequencies. It might he guessed that he can hardly
acquire more knowledge about ultra-high-frequency con-
cepts without adding to his appreciation of the lower fre-
quencies. This is indeed the case, because from one point
of view there is no basic difference between the extremely
high and the very lowest frequency electricity.

It should serve the stated objective if it is made clear in
what ways the high frequencies are the same, and in what
other ways different from the lower frequencies. This
chapter states in what ways electricity is the same over the
whole frequency range. The word “‘states’’ is used because
there will be no immediate attempt to justify the similari-
ties, but only to list them; it will require much of the rest
of the book to develop the physical pictures necessary for
understanding this fundamental identity, or unity, of

electricity over the entire power and radio spectrum.
1
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Wave Action.—Thus it might be pointed out, as a begin-
ning, that electricity, at any frequency, can be properly
regarded as wave action. Whether the problem is one
involving circuits, vacuum tubes, transformers, trans-
mission lines, or antennas, the electrical phenomena can all
be attributed, from one point of view, to a series of waves.
That is what the physicists mean when they draw the spec-
trum of electromagnetic energy reproduced in Fig. 1. It
has heen provided with convenient markers to indicate
which regions belong to the power field, which to the ordi-
nary radiobroadcast range, and which to the ultra-high
frequencies or microwaves. Beyond this point, the clectro-
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F1a. 1.- - The electromagnetic spectrum.

magnetic waves are no longer called ‘“ultra-high-frequency
clectricity,” and, instead, the names ‘hecat,” *“light,”
“X rays,” and finally ““cosmic rays” are used.

Basic Similarities.—Each region of the spectrum has its
own descriptive language and its scrics of engineering
applications. But this chapter is concerned with. basic
similarities; it seeks to get under the differences in language
to seek identities, if any exist, in the laws of physics that
apply to the various frequency bands. If this is done, it
will be observed that the laws are the same at least over the
range from zero frequency to well beyond the centimeter
waves. Now it is necessary to qualify this statement
somewhat and to interpret it carefully.

Maxwell, using what are now called the ‘‘laws of classical
electricity and magnetism,” was able to explain the chief
characteristics of light, i.e., its bending, diffraction, and
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propagation. As a matter of fact, this electromagnetic
theory of light furnished a real link between what were
thought to be completely separate branches of physics—-
electricity and light. This association was in itself a good
enough reason to draw out the spectrum of Fig. 1, sug-
gesting that light waves are simply radio waves that happen
to be short in wavelength. With this point of view, it
may be said that heat waves lie between the light and
centimeter-long radio waves; heat rays, and even X rays all
exhibit properties of electromagnetic waves differing in
their respective frequencies of oscillation. Considered as
electromagnetic waves, they are characterized by the same
velocity of propagation. The frequency specification leads
immediately to a knowledge of

|

how far in space the wave would Hevekrgriv

travel in the time it would take /" \ v\ /—>
two successive crests of the wave \

. |
to pass a stationary observer [

(Fig. 2); i.e., because the velocity "¢ 2'}":';’3?1{11;l{f“““““""
is fixed, the wavelength, defined

as the distance between these crests, is known when the
frequency is given.

As for the qualifications mentioned previously, the laws
of classical electricity and magnetism do not explain all
the characteristics of the phenomena whose labels appear
on the spectrum. There are several reservations in the
picture, but they need not concern us, with our rather
limited objectives. Mainly they have to do with atomic
and molecular phenomena. Electrons sometimes act like
light waves or radio or heat rays of extremely short wave-
length, but they have other characteristics as well. For
instance, the very emission of electrons, as well as of
X rays, heat, and light, involves complex physical laws that
are different from, or at least not covered by, those classical
electricity laws. As another example, the detailed nature
of what goes on when electric current, even direct current,
passes through a conductor involves atoms and molecules
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and their relatively complicated and less familiar laws.
These situations are not, however, a reason for withdraw-
ing the statement that titles this chapter. What we want
to do is to understand eclectricity as well at ultra-high
frequency as at the lower frequencies. Thus are ruled out
such things as the emission of electrons from a hot wire in
a vacuum or the theory of matter and its properties like
conductivity and permeability. We simply want to under-
stand the basic over-all concepts such as current, charge,
voltage, impedance, circuits, resonant cavities, and wave
guiding. What takes place inside the atoms and mole-
cules of a conductor to make Ohm’s law a fact ix a matter
not explained by classical electricity and magnetism at any
frequency. This classical theory, which serves the clee-
trical engineer well, simply recites and accepts Ohm’s law
without further explanation.

Laws of Electricity for Whole Frequency Spectrum.—On
this basis, the laws of electricity that will be of interest
are truly the same laws over the whole frequency spectrum.
That is perhaps the first thing to learn about ultra-high
frequency. All apparent differences are differences in
magnitude alone, not in fundamental laws.

Since there is no difference in the true fundamentals over
the frequency range from direct current through the micro-
waves, then there is immediately a second important fact to
learn about ultra-high frequency: If we find we do not
understand its fundamentals, then it must be recognized
that we have not yet fully understood the fundamentals
of low frequency. Certainly, we may comprehend low
frequency or medium frequency well enough to obtain at
all times the correct answer to our problems. But that
may simply mean that the magnitude of any possible error
is too small to notice and is not to he taken as proof that
the particular principles being applied are exactly correct.

Changes in Magnitude.—Let us continue to state the
implications of the point of view that microwaves are not
different from lower frequency electricity. If this is a
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fact, only the change in the magnitudes of various effects
as the frequency is increased need be considered. In the
first place, it is agreed that electrons are still extremely
small compared with the wavelengths of microwaves. This
is to say that any direct effects of the discrete character of
individual electrons will snobbishly continue to regard
microwaves as next door to direct current. Then there
are other effects. For instance, radiation of energy takes
place in general from all electrical systems, circuits, trans-
mission lines, antennas. It is completely negligible for
systems, like low-frequency circuits, that are small com-
pared with wavelength; it is large for antennas, for they are
purposely made comparable in size to the wavelength.
Radiation is simply an effect which growsin importance for
a given configuration of electrical system driven at a fixed
frequency as the physical size of the system grows. Or,
as the frequency is increased on a given system, the radia-
tion accordingly increases. The point is that radiation is
predicted by the same laws as those existing over the entire
frequency band of interest. There is no point of sudden
shift in the basic principles; i.e., the law is nof the following:
Below some point in frequency, radiation is impossible;
above that frequency, radiation is described by a certain
law which takes over authority.

Similarly, there is no fundamentally new effect in trans-
mission-line or wave-guiding theory. With the use of a
given physical size-to wavelength ratio, any kind of wave-
guiding system will be the same at any frequency. (Some
factors, such as ohmic losses, may differ unless a proper
scale factor is also applied to the constants of the material,
such as conductivity; but this does not count as a basic
difference between low and high frequency.)

Skin Effect.—A third example of a characteristic of
clectricity which is fundamentally the same over the fre-
quency range but which varies enormously in magnitude
of its importance is the skin effect. When carrying direct
current, a long conductor has a uniform current distribu-
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tion over its cross section. As the frequency increases, the
ratio of the current that flows near the surface to the
total current smoothly increases. When the wavelength
becomes very small, the penetration of current becomes
vanishingly small. The accent here is on the fact that the
shifting of current density is a continuous one with fre-
quency, and it begins to take place, unnoticed perhaps, as
soon as any variation with time takes place in the current
flow.

A mere statement of the fact that the fundamental laws
are the same for low frequency and microwaves may be
useful as a piece of information alone, but it does not yet
provide the reader with physical pictures of ultra-high fre-
quency. It is necessary to see the how and why of this
statement. But even if the notion is granted, the reader
should have questions. There must be common concepts
that have been accepted because so many have worked so
long at the lower frequencies—concepts that must be
rejected or expanded as frequency increases. What are
those concepts? What are the new ones, or how must the
old ones be broadened? There may well be effects, inter-
esting and important, that may be practical to attainwith
microwaves and that, though fundamentally possible at
lower frequencies, have never been experienced for longer
waves simply because the structure would have to be too
huge for anyone to have contemplated building it.



CHAPTER 11
Microwaves Are Very Different from Lower Frequency Electricity

Onc approach to science is to seek one all-inclusive law
of nature. Then everything that can possibly happen is
a special ease of the same law. There is no fundamental
difference between any two things, all apparent differences
being simply a matter of magnitudes.

The engineer cannot be too happy with this approach.
His situation is somewhat like that of the bass fiddler in the
symphony orchestra who is told that, starting next week,
he must occupy a scat in the first-violin section. To help
him make the transition quickly, he is first of all given the
assurance that there is no fundamental distinetion between
the two instruments, only differences in the magnitude of
the effects. They are both stringed instruments, bowed
or plucked, one hand for stopping the strings, the other for
exciting them. Of course, in one instance the instrument
is held horizontally in the arms of the player, and in the
other the instrument is vertical with essentially all of its
weight resting on the floor. Still, these things simply come
about. because of the differences in the magnitudes of the
physical dimensions and weights of the fiddles.

Now the engineer is the man who makes, sells, strings,
tunes, and plays the instruments. To him it is a basic
distinction that the sizes, weights, variety of effects, and
pitch of the instruments vary. To master either, he
gradually comes upon and uses concepts which, though
perhaps narrow in their application, enable him to think
easily about the possibilities and applications of each nar-
row field. These useful concepts are often the results of
excellent approximations (in the field in which they

originated and for which they were intended).
7
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Circuits at Low Frequencies.—At low frequencies there
are certain good conceptions of circuits that may fail com-
pletely to describe similar effects at ultra-high frequencies.
One of them is that losses take place only in ohmic dis-
sipation; there are no losses through radiation, 7.e., by
propagation of energy away from the circuit in electro-
magnetic waves. If radiation takes place, the circuit is
conceived of as an antenna and not a circuit. Another
conception is that current flows in the conductors of the
circuit and there only. Still another is that an electric
charge on the conducting surfaces of a circuit produces an
electric field that changes in phase with the charge, and
such capacitive fields, or the voltage drops they cause, are
exactly 90 deg. out of time phase with the current flow.
Similarly, a flow of current is thought of 'as being sur-
rounded by a magnetic field in exact phase with the current,
and the rate of change of the magnetic field gives rise to
voltage drops in the conductor that are exactly 90 deg.
out of phase with the current. There are many other
common notions of circuits that are completely valid and
useful when applied to certain regions of the frequency
spectrum but, like those mentioned above, are applied with
risk to the microwave region.

Low-frequency Transmission Line. Even transmission-
line theory at the lower frequencies has associated with it
prevalent notions that are justified, strictly speaking, only
in certain parts of the frequency spectrum. Thus it is
common to think of a two-conductor transmission line as
completely describable in terms of a single series impedance
per unit length (the reactive part of which is an inductance
computable from static field linkages) and a single admit-
tance per unit length. There may be losses in each of
these, ohmic losses, of course, but the narrow concept would
have the energy dissipated only in such losses or in the load
and none straying away by radiation.

This is not to say that radiation from lines, as well as
any other factor mentioned so far, has been overlooked at
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the lower frequencies, and that it remained for the ultra-
high-frequency experts to come along and shatter the illu-
sions. But these factors are most often too small and
unimportant; it is natural, even efficient for most things,
to develop concepts applicable only to the great majority
of situations.

Microwave Band.—Figure 1 shows how the microwave
band is located with respect to the ordinary radiobroad-
casting band on one side and the heat and light waves on
the other. If the relative spacing of these names on the
spectrum is noted, it is difficult to refrain from asking why
it should be expected that microwaves pick up more con-
cepts from the power, or ordinary, radio bands than from
the heat or light bands. Offhand, microwaves would be
expected to act a little like each neighbor. And in con-
nection with relatively narrow but highly useful concepts
that are associated with each region, the great variety in
the common concepts on each side of the microwaves
should be noted. Thus in the electric power and radio-
broadeast regions, the common concepts have to do with
charges, currents, voltages, impedances, circuits, and I*R
losses. In heat we speak of temperature, calories, specific
heats, and entropy. In light some of the common concepts
are index of refraction, mirrors, lenses, prisms, and focal
lengths. From these thoughts the impression ix obtained
that surely the microwave region can be best thought of in
terms of many concepts. Some will resemble the common
ones of lower frequency electricity. Others will be closely
related to those of heat and light; and still others will per-
‘haps be relatively narrow, peculiar to the microwave
region alone. Of course, there will always he a liberal
number of concepts that are the same over the whole range.
These will be concepts that are not better replaced, from the
standpoint of efficiency and understanding of any one band,
by approximate measures applicable only to that band.

Common Microwave Concepts.—If we were to ask a
highly specialized worker who was not familiar with or
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concerned with the waves on either side of the ultra-high
frequencies what electricity was like, he would be justified
in answering as follows: Electricity is a phenomenon of
waves of electromagnetic fields filling the space between
conductors. The conductors and dielectrics serve to guide
or store the energy. In transmission, either of two alterna-
tives is common. It may be guided by a series of metal
pipes inside of which both the source and the load are to be
found. In this way the metal pipes ensure that the waves
either go to the load to he absorbed or are reflected back
to the source; the waves do not pass through the metal.
Or the energy may be transmitted without benefit of
continuous guiding boundaries, except as a starting
mechanism, by creating around the source properly shaped
boundaries that act to draw the waves from the source and
release them into free space for further propagation. Note
the emphasis that this microwave worker places upon the
guiding of waves with boundaries.

Let us press him for more of his physical pictures. What
of current and charge and voltage and impedance? Does
he use these terms at the ultra-high frequencies? What
meaning do they have for him? Current and charge, he
tells us, he conceives of in two rather distinct roles, depend-
ing upon whether or not there are present in the problem
electrons free from conductors. When speaking of micro-
wave current due to an electron beam, hix thoughts scem
to dwell a great deal on the instantaneous distribution of
electrons in space and their various velocities. When we
speak of charges and current flow associated with con-
ductors, he puts those down with finality as boundary
effects and as of great importance. The conductors
that hound a region containing microwaves have surface
phenomena which he describes as currents and charges and
which he appears to know if he knows the space distribution
of the microwave fields and vice versa. He begrudgingly
adds, in an aside, that the surface currents actually are not
entirely on the surface: they penetrate somewhat, but he
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does not seem to consider this phase worth elaboration.
He makes a great deal of the idea of current densities and
talks much of current densities in free space even when
there are no moving charges there.

Voltage? A very important concept, he explains. It
turns out that often the configuration of the region in which
the microwaves flow is such that each point of the space
does not have to be investigated or taken into account.
Certain over-all or integrated effects, like voltage differ-
ences, are sufficient and often yield a superior physical
picture.

At the mention of impedance, a gleam enters his eye; he
scems to apply the impedance concept to everything. He

|C

4B
D|

|
|
|

Fia. 3.

speaks of a point in space as having a certain impedance.
A moment later he has changed the boundariex of the
region slightly, and now he tells us that the same point
has a different impedance. We ask, ‘“What about the
impedance of a two terminal circuit?”’ hecause that was
what we really had in mind. He nods and points to two
points A and B on the inner surface of a metal-enclosed
cavity shown in cross section in Fig. 3 and says there is an
impedance there. But a few mils away from A and B, on
the outside of the shell, at C and D, there exists, he main-
tains, a radically different value of impedance. Appar-
ently his idea of impedance is not exactly identical with
that of a similarly fictitious worker who has known only
low frequency.
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We have looked first at microwaves as being the same as
lower frequency electricity. This was done by observing
that the ultra-high frequencies obey the same fundamental
laws of electricity and magnetism. We have also looked
at microwaves as being much different from lower frequency
electricity by suggesting the relative inability to describe
many microwave phenomena in terms of some narrow con-
cepts so common at- the lower frequencies. We draw
from this the conclusion that, as we take up in successive
chapters the characteristics of microwaves, it will be wise
to examine each concept for its frequency breadth. It
must be clear in the end that some concepts can be plainly
set forth that will serve correctly over the whole region.
We must understand how the pictures of the microwave
and lower frequency engineers merge if both use broad
concepts, and what approximations separate them if their
notions disagree.



CHAPTER I1I
Microwaves Practically Do Not Penetrate Metal

Perhaps the first concept that should be clarified at
any frequency is that of current flow in a conductor. We
will first ~tate what the situation is at the higher frequencies,
then look into the explanation and implications of the result.
Skin effect becomes so important as the frequency reaches
the range of billions of cycles per second, the current comes
so close to flowing entirely on the surface of conductors,
that below a few thousandths of an inch there is hardly
any current density left worth talking about. In other
words, ~kin effect reaches its ultimate, and electric current
in conductors becomes simply a surface phenomenon.
Electric currents then do not flow 7n
conductors in the microwave region;
they flow on conductors for all prac-
tical purposes.

This i~ not the only phase of this
surface tendency. It will shortly
he seen that not only current flow
but all manifestations of electricity
and magnetism will fail to penetrate
into the conductor. (The previous
statement is completely true only for
a truly perfect conductor, one of  ,¢. 4.— A conductor
infinitely great conductivity. But whowe surfuce i part of
. > ligh-frequency gireuit.
in a practical sense, for copper or
brass or xilver, the extent of the actual penetration is so
slight that il does not interfere with the points being
made.) If somehow a good conductor, one whose surface
is exposed to ultra-high-frequency excitation (Fig. 4), could

be probed, then it would be discovered that electric fields
13
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and magnetic fields as well as currents fall off extremely
rapidly.

The implications of these results are broad, but first
an examination of the reasons for these conditions is in
order. For this, the fundamental principles of electricity
and magnetism that will yield the corrcct answer at any
frequency are used. Current flows at any point in a
conductor because there is an electric field as the initiator
of the current. Some readers will not be accustomed to
thinking in terms of electric field as the cause of current
flow at a point in a conductor, but rather of a voltage
difference between two points. It is preferable at this
stage to speak in terms of densities rather than over-all
effects, .e., current densities rather than total current, and
electric field at a point rather than the integrated electric
field or voltage difference between two points. But

knowing the impressed electric field at
every point does not immediately yield
the current strength there. In any
problem, the clectric field at any point
is generally not simply the impressed
field.

Direct current is an exception.

Fie. 5- Du. voltage Here, when a voltage is applied to a
applied to & uniform long  system, the total electric field every-
conductor results in uni- . .
form electric fild ana Where is the voltage drop per unit
uniforin current density Jength, or the gradient. Apply the

d.c. electric field uniformly, as in the
long uniform conductor of Fig. 5, and the current flow will be
uniform. But when the applied voltage and the resultant
electric field vary with time, that field is no longer the total
entire eldctric field, for the alternating current’s magnetic
field gives rise to an additional induced electric field. This
effect, stemming from Faraday’s law,' may be called an
‘“‘internal inductance effect’” in the conductor because it

! Faraday’s law says that voltage is induced in a circuit if the magnetic
flux linking the circuit varies with time.



FAILURE OF MICROWAVES TO PENETRATE CONDUCTORS 15

uses up in a reactance drop some of the applied electric
field, leaving only the balance for the ohmic resistance drop.
We have now the basic principles: The current must dis-
tribute itself in a conductor so that the current density is
given at every point by the conductivity times the net or
total electric field. This total
electric field will consist of one
part applied by some source ex-
ternal to the conductor, and one
part induced by the changing
magnetic flux caused by the
current.

Perfect Conductor.—The proc-
ess discussed above needs to be
illustrated by some examples, and
we choose, first of all, the case of
current flow in a slab of perfeet conductor. For our
purposes a perfect conductor is an easy example; we will
shortly add a small amount of resistance to it as befits
common conductors such as brass or copper. Figure 6

Eleclric field lines
from some source
|

- ———

Conducfor

- —— ———

- —— —

F1a. 6.

|
}
il Emm
/‘I g

7

Fia. 7—A source connected di- F1a. 8.—The source of electric field
rectly to the conducting slab tries to  that produces current in the conductor
produce an electrie field in the con- may be an adjacent current-carrying
ductor. loop.
shows such a slab and a rather general source represented
by the lines of electric field. The source might actually
be connected directly to the slab as in Fig. 7, it might be a
loop as shown in Fig. 8 with the slab as part of another
loop, or it might be the field of a distant antenna. In
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all cases the idea pictured by Fig. 6 is applicable. The
first thing noticed in the detailed analysis of this situation
is that the total electric field tangent to the conductor’s sur-
face must be zero. If it were not zero, then there would he
infinite current flow on its surface, an inescapable con-
clusion since the conductivity is assumed to be perfect,
i.e., infinitely great. Indeed, this must be true for the
entire volume of conductor: the currents that flow in the
conductor must cause just the right magnetic-flux dis-
tribution about them so that there will be induced electric
ficld of exactly the right amount to buck out the applied
field. A failure for the perfect conductor to defend itself
in this way, an attempt on its part to have other than the
correcct current distribution, will
surely result in a slight difference
between the applied and the induced
ficld at some point. That diffcrence
6 will immediately work on the zero
P resistivity to produce an infinite
current. Such is known to be the
WTIong answer, an UNNeeessary answer
Fia. 9.--The current in  ¢crtainly, that will causeinfinite mag-
““‘(')';‘:‘l”:(‘)";:,’(l‘l'g“;;’(flu":“'l“‘:(f netic fields, that will in turn cause
drop equal and opposite o infinite induced electric fields, that
the applied voltage. . . . .
will be even more physically impossi-
ble than the finite field. No, we reject the infinite current
and hold 1o the first suggestion of zcro total electric field.
The reader will recognize in this the same reasoning
that he would apply to the case of a coil of pure inductance
(all resistance assumed zero) driven by an alternating
voltage (Fig. 9). The IR drop is zero since the R is zero.
The current I is that value which will yield a reactance drop,
really the induced voltage, which is just equal and opposite
to the applied voltage. The total or resultant voltage is
zero and is equal to the zero IR drop. What we did with
the electric fields in the slab was precisely the same but on a
differential scale. We examined points in the conductor,

7
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instead of the integrated effects like the voltage across the
reactance coil.

So much for the electric field for the moment. We see
now that no electric field can penetrate a perfect conductor.
What about the magnetic field? And, especially, what
about the distribution of the current? That is the ques-
tion. But the chapter is yet young.

Figure 10 shows a guess at the current distribution in
the conducting slab and, likewise, the magnetic field linking
it. We admit by this guess that we do not vet know how
the current is to be distributed and consider a more or less
uniform distribution as a starting point. Let us give our
attention first to the magnetic flux. In particular, consider
the amount of it that links the dotted rectangular loop
abeda shown in Fig. 10. The rate of change of magnetic
flux linking this loop will result, according to one basic
law of electricity and magnetism,
in an induced electromotive force

around the loop. In other words, 4 _;q; elelc
granted that there is no electric [|*]*]* —'_1|°
field on the surface, this electric | e o lie
field would have to increase with { olefo]s]le
depth into the conductor because L4 1-H---rg
the changing magnetic flux is con-

tained between the surface and the
interior. . For example, in theloop == = i
shown, since the electric field on part of the conductor. The
o . s arrows represent current flow
the surface along ab is zero, there [ Un5 0" Jlane of the
would have to be electric field along  section.  The dots represent
. magnetic flux lines caused by
pa!‘t or a“ Of the I‘emalnder Of the the current, these lines being
loop beda.  Moreover, there would —Perpendicular to the plane.
have to be enough electric field so that when it ix summed
up over beda, it will add up to precisely the induced e.m.f.
that the changing magnetic flux is causing.
But what W have deseribed leads us to an impossible
condition, rz., electric field inside a perfect conductor- -

the situation that, as before, would lead to the absurd
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infinite current. Thus we conclude that the magnetic
flux cannot penctrate a perfect conductor. As soon as
we assume, as we did, that magnetic fields can exist inside
a perfect conductor, we are led by reasoning from correct
fundamental laws to the impossible infinite currents. It is
worth recalling that the magnetic fields we are speaking
of here are those which are varying with time. A d.c. or,
better, a static magnetic field will penetrate a good con-
ductor, for, without the induced
electric field that comes from the
time change in the flux, there is no
means for the conductor to resist
the magnetic field.

Now we can observe almost at
once that no currents that vary
with time can penctrate a perfect
conductor. If the currents were
present throughout the volume,
then (again, according to a funda-
mental law that holds equally well
from direct current through micro-
waves) there would have to be
magnetic fields accompanying
them. It might be argued at first
that, though the currents are each

Fia. 11.—1If there were cur- . . . .
rent flow (indieated by the encircled by magnetic-flux lines,

arrows) inside the conductor, hans » 3 1S
Tnanetio field woald have to Perhaps the correct current dis-

exist around all or part of the tribution might work out to be such

loop efghe which links the

current. that the scparate magnetic fields

of cach current filament oppose
one another and give a total or resultant magnetic field
of zero everywherc in the conductor. Actually, no such
current distribution could be found. This can be seen
by a proper application of the fundamental law. Figure 11
shows again the imagined current distygpuiton in the
slab, and we suppose that the magnetic field is really zero,
as required, at some part of the interior, say along ef.
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But if there is current in the interior of the conductor, the
loop efghe will encircle some current. The law relating
current to magnetic field tells us that some magnetic field
must exist somewhere or everywhere along the remainder
of the loop fghe. There must be enough magnetic field
around this loop so that, when summed up around the loop,
it will yield a magnetomotive force (m.m.f.) that is pro-
portional to the current encircled. This is simply a state-
ment of the basic law, and there is no arguing with it.
Thus, for the changing magnetic field to be zero everywhere
in a perfect conductor, the current density must also be
zero everywhere.

We are left then simply with this picture of a perfect
conductor: When a perfect conductor is subjected to applied
clectric fields or changing magnetic fields, enough current
flows on the surface to produce electric and magnetic
forces of its own that are just sufficient to buck out com-
pletely all effects inside the conductor itself.

Imperfect Conductor.—The slightly imperfect conductor
will tolerate a small net electric field on the surface instead
of insisting on an absolute zero value there, as the perfect
conductor did. Again, this is all determined by a con-
dition of balance predictable by the fundamental laws;
there will be enough electric field left to overcome the
resistivity of the conductor and no more. Figure 12 shows
a plane conductor of great depth subjected to electric field
on its surface. The total electric field does not have to be
zero anywhere; thus a certain distribution, as yet unde-
termined, is allowed throughout the depth of the conductor.
But the total field, and consequently the current, will not
be uniform. If it were, then, according to the argument
used previously, the changing magnetic flux would yield a
continued rise in induced electric field with depth that,
after overcoming the applied field, would nevertheless
keep increasing: Then the current would increase indefi-
nitely the farther away it got from the source. This is the
result of guessing at a uniform current distribution. What
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is more reasonable physically, and in complete agreement
with the basic laws, is that an imperfect conductor will
(1) allow enough current penetration (2) to yield enough
magnetic-flux penetration (3) to cause just enough induced
electric field inside the conductor (4) to overcome gradually
the applied field. As the total field falls off, the current
falls off, its magnetic flux falls off, and the change in induced
field no longer is appreciable. It approaches the applied
field in magnitude but is opposite in sign, the difference
being the total field that approaches zero with increasing
depth.

—_——, e e —— ——
—_— — — . —
—_—— e ———
—_— e — - — -

Fra. 12.—In an imperfect conductor, the electrie field (dotted arrows) does not
have to be zero inside the conductor, but. both the electric field and the current
density (solid arrows) fall off rapidly with penetration into the conductor at very
high frequencies.

Now, how quickly do the currents and fields fall off
in strength as the surface is penetrated? TFor any given
conductor, this depends upon frequency. 1t is the rate
of time change of magnetic flux that is responsible for the
marked change in current distribution with frequency.
A given current filament will produce almost the same
strength of magnetic ficld in its vieinity over the whole
frequency range. Therefore, it is not this factor that
brings in the frequency effect. But if the frequency is
high enough, the magnetic-field change will be easily able
to produce an induced field high enough to buck out the
applied field inside the conductor, and the only current
flow will be near the surface. If the frequency is low
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enough, the effect is so slight that the change in current
distribution from that of direct current may he scarcely
noticeable.

Thus the main findings about skin ceffect may he summed
up:
At low frequency, the current distribution in everyday
conductors is uniform, with modifications to account for
the fact that the current is alternating.

At the ultra-high frequencies, the current i: entirely
on the surface, with modifications (a certain depth is
allowed) to account for the finite resistivity. Furthermore,
ficlds fail to penetrate a good conductor for all practical
purposes. And, finally, the surface under consideration is
not necessarily the outside surface of a conductor but
simply that surface exposed to the source.

These conditions have a very important cffect upon the
engineer’s thinking. Almost the first facts we want to
know about centimeter waves are where they are, where
the energy is being stored, and toward where the power is
being guided. If practically nothing goes on inside con-
ductors, if only conductor surfaces take part in the action,
then the conductors become simply boundaries, enclosing
regions in which the centimeter waves really do their
propagating and existing. Accordingly, it will readily be
understood why the microwave engineer in his thinking
uses pictures of electric and magnetic fields a good deal of
the time instead of working entirely with current and
charges or voltages of the system.

This does not mean at all that the concepts of current
and charge and voltage have become obsolete. Rather,
these concepts share the limelight with fields in situations
where previously the field concepts have been more in the
background. That sharing often brings a broader instead
of a narrower appreciation of the current and voltage
concepts.

Of course, at any frequency, when circuit impedances,
inductances, and capacitances are dealt with, somewhere
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back in the analysis there must have bheen a consideration
of the electric- and magnetic-field distribution; <.e., the
familiar picture of the relations between current, voltage,
and charges of electrical systems ultimately depends upon
linkages between those systems that come ahout because
of their fields. In the usual low-frequency physical picture,
the electric and magnetic fields are feelers that emanate
from the centers of electromagnetic effects and are useful in
accounting for the interaction between different conducting
systems. But, in the physical picture of the engineer,
the center of the problem at the lower frequencies is
generally in the conductors and the current flow in those
conductors. Two common examples in the microwave
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Fi6. 13.—If the frequency is high enough, currents, charges, and electro-
magnetic fields can be made to propagate down the inside of a hollow conducting
cylinder.

frequency bands illustrate how the center of the problem
expands from the conductors’ voltages and currents and
charges to the region surrounded by these charges and
currents in which electric and magnetic fields exist.

In Fig. 13 is shown a system that might be used for trans-
mitting electromagnetic energy in the microwave region—
a long cyclindrical conducting tube with a source of centi-
meter waves near one end. A small probe is charged by
the high-frequency generator so that lines of electric flux
from that probe end on the cylinder’s inner walls. If the
frequency is high enough, electromagnetic fields will
propagate down the inside of the tube. This example
will be expanded in a later chapter, but for the time being
it is noted that what goes on in the tube may, of course, be
studied with the spotlight on the current flow and the
charges on the inner surface of the cylinder. Electric
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currents flow, however, only on that boundary; no electro-
magnetic effects are able to penetrate the cylinder to the
outside. Thus it is understandable that the situation
pictured may be looked upon as one in which the setting
of the problem is no longer in the conductor, but rather
in the space surrounded by the conductor. The cylinder
is looked upon as a wave guide. x Figure 14 shows a hollow
conducting box which is in some ways typical of resonant
circuits at ultra-high frequencies. Again, thix example
will be studied more carefully under microwave circuits;
but at this time it is assumed that there is a source of
centimeter-wave energy inside the box and that as a result
there is current flow on the inside surface. The top and
bottom of the box become oppo-
sitely charged, and currents con- H
neeting these charged top and @
bottom plates flow up and down
the walls of the box between those
plates. Again, since no effect ex-  Fis. 14.—At high cnough
ists outside the box, because of the ;’:'é‘“;i‘ﬁ;ﬁ“,;;:?(;:.::::Lm:)
negligible penetration of current at exist on the inside of a cavity
. . bounded by a conductor.
these frequencies, and since the hox
walls are boundaries of the problem, the focal point of the
problem appears to a great extent to he the space enclosed
by the box rather than the conductor itsclf.

In a much broader sense than that to which engincers
who have not worked with centimeter waves will have
become accustomed, current flow becomes a boundary
condition—not the central core in the picture. This
begins to make electric effects in the centimeter-wave
region allied closely with light waves, which are usually
considered as passing through a medium with the bound-
aries acting as absorbers or reflectors but, nevertheless,
boundaries only. Light is ordinarily thought of as a
phenomenon that takes place in a medium that will trans-
mit it—not as something that takes place along mirrors
or along other boundary surfaces.

]
é
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This picture of centimeter-wave current flow along
conductors will be discussed later when circuits and trans-
mission lines are considered. For the present it will be
sufficient to give free rein to the idea that at these extremely
high frequencies there is practically no such thing as current
flow in conductors. The charges and currents of a con-
duetor sit and flow on the conductor surfaces.



CHAPTER 1V

Electrons Travel Slowly; Thus Transit Time Becomes an
Important Concept

It has been stated that this text is not concerned with
anything but basic fundamentals and physical pictures.
Yet the workings of an electronic tube are to he dixcussed
next. The reader is justified in asking why what takes
place in an electronic tube, presumably a ‘‘device,” should
be introduced here as a fundamental concept. The answer
brings out certain important characteristics of microwave
electricity.

At the lower frequencies the vacuum tube is perhaps well
described as a device. It is something which can be
inserted into a circuit and made to perform many unusual
jobs not possible with simple circuit elements such as R,
L, and C. The electronic tube is, however, the heginning
and the end to the centimeter-wave engineer, and tubes
are so closely tied in with circuits or wave guide~ that any
concept of current flow is poor unless it correetly pictures
microwave current flow from conductors into electron
streams and back to conductors again. A large portion
of the time, the current of the system is in raw electron
streams in vacuum rather than in current flow along con-
ductors. So it can be said that it is not as a device that
the electronic tube is being discussed ; rather, what is heing
considered is the other basic type of current flow: micro-
wave currents in a stream of free clectrons. The question,
however, is even broader than that.

At low frequencies, or power frequencies, to be exact, two
very fundamental principles are those dealing with (1) the
production of mechanical forces on current-carrving con-

25
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ductors and (2) the generation of voltage by mechanical
motion. These two principles are behind the motor and
generator, which are two important, if not the very most
important, devices of the power-frequency range. In the
microwave field, it can probably be said again that almost
everything starts or ends with transfer from or to mechani-
cal forces. Moving electrons, however, and not rotating
machines, are the object of these forces. By proper
utilization of the mechanical energy in the moving elec-
trons, the high frequency is generated. By properly
affecting the motion of electrons with forces produced by
electric or magnetic fields, the high frequency is utilized
to accomplish the purpose for which it was gencrated and
transmitted.

In this input and output process in which electrons are
concerned, it is not always so important to be concerned
with mechanical forces and the conversion of motion into
currents. For instance, at ordinary radio frequencies
the over-all effect is sufficient; curves are available giving
currents passed by the vacuum tubes in terms of voltages
applied to the electrodes. More than this, the explanation
of the operation of the tube deals almost exclusively with
these over-all voltages and currents and does so success-
fully. But, unfortunately, as the frequency creeps up
into the hundreds and thousands of megacycles, the pleasure
of avoiding a look at the fundamentals of electron streams
becomes a risky one in which to indulge. The two phases
of the phenomenon must he investigated. This chapter
will take up the influence of ultra-high frequency on
electron motion; the next, the way in which electron
motion gives rise to electric currents in adjacent conductors.

Review of Fundamentals.—In our first studies of elec-
tricity, after we mastered the cat’s fur and amber, the hero
of the next chapter was the electric charge. Like charges
repelled, and unlike ones attracted each other, we were
told; and before long the idea of potential difference between
two points was introduced as the work done in moving a
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unit charge between the two points. Work had to be done
because of the force felt by that unit charge due to the other
charges. In other words, the unit charge was said to be
in the ‘“field” of the other charges, whose field strength
was defined as the force on the unit charge. In this way
our first pictures of electric field and potential difference
or voltage were built up.

This is all summarized in Fig. 15. Here are shown two
plates across which there is a steady difference of potential.

Because of this d.c. voltage there are + \
positive and negative charges sitting + Q :
on the two plates, and the charges are T !
thought of as connected by electric- : !
flux lines. There is an electric field ¥ !
between the plates, so that if a unit : !

electric charge, like Q, is placed there,

a force will be exerted on it. If the

charge is positive, and if it is moved

forcibly from the negative to the posi-

tive clectrode, a certain amount of . . L
energy is necessary for the task— an moving a umt eleetric
amount equal to the potential differ- :}::ﬁ"tolﬁf:'ff:f,uzl::ﬁ';fe:.’f
cnce between plates, that being after ence between them.

all the definition of the potential difference. The work done
can be calculated also, by figuring that the charge is moved
against the forces of repulsion from all the positive charges
on one plate, and against the attraction of the negative
charges on the other. This is one way of stating the
criterion that dictates how much charge should be on hoth
plates: just enough everywhere so that the work done in
moving a unit charge between them, no matter what path
is chosen, will equal the applied voltage.

If a negative unit charge is released at the negative plate,
then here obviously no work will have to be done to move
it to the positive plate. The attracting and repelling forces
of the charges on the plates will now be in the direction of
motion. If the charge starts from rest, it will be accelerated
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by the field; i.e., work will be done on it. At each point,
its kinetic energy of motion is equal to the difference of
potential between that point and the starting point.
If it had an initial velocity, then the statement is simply
revised: The increase in kinetic energy of motion is equal
to the described difference of potential. Thus is acquired
the concept of an electron’s picking up a voltage when it
passes between two clectrodes having that voltage differ-
ence. Applying voltage to a tube’s electrodes is a way of
imparting velocity and energy changes to electrons that
cross the spaces between them. In fact, it is common to
give the increase in electric energy in terms of electron
volts and to name only the accelerating voltage responsible
for the increase.

Thix review of fundamentals is enough to develop satis-
factory physical pictures of the operation of essentially all
clectronic tubes at low or medium high frequencies. Thus,
in the simple triode, the usual explanation is about as
follows: The cathode emits an abundance of electrons,
and these would normally flow hurriedly to thg plate thatis
maintained at some higher positive voltage with respect
to the cathode, were it not for the effect of the space charge
of the electrons themselves, aided by the presence of the
negatively biased grid: i.e., the electrons when released
fill the ~pace in the region between the cathode and the grid.
These emitted electrons, together with- the grid, exercise
a repelling force on the electrons that have just been
emitted and are about to start toward the plate. As a
result only a certain amount of electrons, those emitted
with sufficient veloeity, will be able to migrate to the plate.
The first part of the picture, then, is that current flows
from cathode to plate; the amount, however, is not limited
by the ability of the cathode to emit—of course, that is a
possibility, of little importance now—but rather by a
retarding force in the path of the electrons.

The more the plate is made positive in voltage compared
with the cathode. the greater the number of electrons that
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will have energy enough to pass the critical region and
travel to the plate. The grid is located closer to the heart
of the bottleneck, and thus the velocities of the electrons
are very sensitive to its voltage. The usefulness of the
triode follows from these properties.” The tube manu-
facturer presents a neat set of
curves giving the relation be- -Plate
tween the various currents and -Grid
voltages. To design a common (Y Cathode
resistance-loaded amplifier, as | i}
shown in Fig. 16, an inspection . 16.-A change of grid-
of these curves would be made. cathode voltage causes a change
From them would be obtained all of current in the output resistor.
the necessary data to calculate the amplifying ability and
power output of the circuit.

Electron Transit Time.—Throughout the preceding
explanation, no mention was made of the time it takes
before a change in grid-cathode voltage can exert its effect
on the space-charge region, or of the time it takes electrons
to dash from one position to another and pick up velocity in
compliance with the orders of the applied signal. Instead.
it was assumed in the foregoing description, just as it ix
assumed most of the time from the power frequencies to
well beyond the broadcast band, that for every set of
values of plate voltage and grid voltage there exists a
certain value of plate current. Moreover, it was taken for
granted that if the grid voltage or plate voltage or both
are changed to new values, the current will immediately
change to a new value, without regard for the speed with
which the changes in voltage may have been made.

If a rapidly oscillating voltage is added to the d.c.
biasing voltage on the grid (Fig. 16), then it is known that
the space charge cannot jump instantaneously to an
oscillating condition in exact step with the grid voltage.
Nor will the plate current be caused to vary periodically
in synchronism with grid voltage in such a way that the
instantaneous value of plate current will be related to the
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YYVYVY




30 INTRODUCTION TO MICROWAVES

instantaneous value of grid voltage as though both were
static. It is known that the application of the oscillating
voltage on the grid will result in a periodic attraction and
repulsion of the electrons toward the grid. That much
is true regardless of the frequency. The result will be
that the space-charge electrons near the cathode will
commence to move under the influence of this newly applied
force. But the existence of the force does not guarantec
a change in velocity. According to the laws of mechanics,
the force, as soon as it is applied, causes an acceleration.
This acceleration results in more or less velocity, after a
period of time has passed, depending upon the mass or
inertia of the electron. It takes time, in other words, for
the electron to accumulate the energy increase which the
voltage holds out to it. If the voltage would only stay
at the same value until the electron has completed its
travel through the whole region of influence (as it does for
direct current, for example, and essentially, also, for low-
or medium-frequency alternating current), then and only
then would it pick up the energy at each point that the
voltage difference dictates. The reasoning from electro-
static theory of a few pages back would then hold. How-
ever, at ultra-high frequency that reasoning does not hold
very well.

Ordinary electrons travel much too slowly compared with
the period of the alternating current. Consider most
triodes and an operating frequency in the billions of cycles
per second. When some emitted electrons, encouraged
by the grid going more positive with respect to the cathode
during part of the cycle, have received a little more energy
and have gone a small part of the way toward driving
through the space-charge barrier, the grid voltage may
reverse, slowing the electrons down again and perhaps
actually forcing them to return to the pile of surplus elec-
trons in front of the cathode.

It cannot be assumed that this effect of electron transit
time is nonexistent. To be sure, this does not mean that
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tubes stop working and that ability to control electrons
simply fades away at ultra-high frequency. But it does
mean that it is necessary to keep fransit time in mind.
Perhaps new tubes are invented that make use of transit
time as a very basis of operation, or higher average veloc-
ities are used, or spacings hetween electrodes are decreased;
but it is a general rule in any tube useful at extremely
high frequencies that transit time is a powerful factor in
deciding the operation of the tube. The fundamental
reason is that about all to be hoped for with an electron
is to change its velocity either in direction or in magnitude.
If a tube is designed with transit time of electrons ignored,
it may well turn out that the input energy is not noticed
in any practical way by the stream of electrons and the
performance of the tube deteriorates with increasing fre-
quency. With some appreciation of the fact that an
electron stream consists of relatively slow moving charged
particles, ways may come to mind to make the input
voltage effective again in influencing the electron stream and
hence in producing some useful action in the tube’s output.

Input Effect. -Ax for the main objective of accent on
fundamental concepts, the issue here is the relation between
cause and effect. The effect of a voltage applied to an
electron beam is to change the energy of the electrons.
This is an input effect. Presumably, whatever tube it
may be, the rest of the workings of the device depends
upon the electrons’ first receiving that energy change.
The magnitude of the effect for the same cause, i.e., the
same magnitude of voltage, is something that varies greatly
with frequency. It is possible to use certain concepts
derived from electrostatics for most of the useful fre-
quency range to give the relation between applied voltage
and electron-energy changes. These concepts are good
while the frequency and physical dimensions are such that
the electrons travel between electrodes quickly. Their
transit times should be short compared with the period of
the alternating current.
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We continue this lesson with two illustrations. One is
a striking but physically improbable case, discussed here
to define a principle. The other is a practical case typical
of a tube intended especially for centimeter-wave work
B in which transit time is used as a

l/ p heneficial, necessary phenomenon.
— Figure 17 illustrates the first
I casc. An electron is emitted at

zero velocity by the cathode 4 and
is accelerated by the d.c. voltage
toward electrode B. At every in-
stant, at any point of the path, the
velocity of the electron can be determined: -hy making
use of the proportionality between the kinetic energy of the
electron and the potential of that point in space.

Suppose that the electron has traveled long enough to
enter electrode B. Then, close the gate C, and electrode B
is now a perfect shield. No electric field can be placed
inside it from the outside, and thus no force can bhe exerted
upon the electron traveling inside it. Figure 18 pictures
the electron traveling inside B, but with the d.c. voltage
source exchanged for a new alternat- 4 B
ing generator. Let us imagine this J

4
HIIH

Fia. 17.

s

generator to be an extremely active
and enthusiastic one. Let it pull the
potential of B up and down with no @
reservations, over even greater volt- I
age swings than the original d.c. volt-  y... 18 —The eleetron
age of B. Still, since no electric field inside the shield B does not
. . . notice the effect of the
acts on the electron, it will remain varying voltage between B
coolly intent on traveling with con- 94
stant velocity throughout the length of electrode B, com-
pletely disregarding the electrical havoc taking place out-
side its shield.
When the electron reaches the end of B, with the same
velocity it had when it entered, open the gate D (Fig. 19)
and allow it to start experiencing such electric field as
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may then exist between electrodes B and E. Just to steady
things a bit, assume that the electron emerges at an instant
when B is at ground potential and E is negative with respect
to ground and that these two voltages will remain that way.
Notice, then, that the electron is leaving an electrode at
potential zero, if potential is reckoned from the starting
point of that electron, and yet it has a definite velocity
that bears no relation to the present potential of B. The
field between B and E acts now to decelerate the electron,
since E is negative compared with B and the electron is
negatively charged. Nevertheless, if E is not sufficiently
negative in potential, the electron may run right into it;
1.e., it may be collected by the negatively biased electrode E.

3
B
I

T16. 19.—Electrons may be collected by negatively biased electrodes.

The situation discussed does not occur in any practical
tube (at least, not in one complete with gates), but it
magnifies a number of fundamental points in influencing
an electron stream: The velocity of an electron is not set
by the voltage established in the space where the electron
finds itself. Its velocity depends on itx whole background
in time, starting from the instant the electron first began
to move; and, relatively speaking, the electron may be
traveling very slowly. An electron may he collected by a
negatively biased electrode, i.e., one negative compared
with the source of the electron. An electron is affected,
accelerated by fields; that part is true as a hroad principle
over the whole frequency range.

Velocity Modulation Tube. -The final example is that
of the input end of a tube designed to use transit time
as the basis of operation. The ideas behind this tube
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may be called ‘‘ultra-high-frequency concepts” all by
themselves. They would be impractical at the lower
frequencies. They might even be said to be inconceivable
at lower frequencies, if thinking about tubes is restricted
to over-all voltage and current effects and if electron
velocities and oscillations are overlooked. This tube is
most often called a ‘‘velocity-modulation” tube. In one
version of it (the input end of which is shown in Fig. 20),
the electron stream is affected by the incoming encrgy
quite differently from the triode that has been discussed.
Here the electron heam is first accelerated to a high velocity
and is contained mainly in a closed conducting structure
that shields it from eclectric fields. However, at two
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Fia. 20.- -An electron stream ean be velocity-modulated by applying alternating

voltage across 4 gap in the stream'’s shield.

places, at least, along the length of the beam—one for
input, the other for output—the shielding is broken.

At the gap in the shielding AA it becomes possible to
introduce an electric field, and the electrons of the stream
feel this electric field as they pass the gap. Imagine then
that the input voltage is applied across the gap AA and
that, being alternating, the voltage accelerates some elec-
trons and decelerates others as they pass the gap, depend-
ing, of course, on the direction of the oscillating field when
those particular electrons passed. If the frequency is
high enough so that the electrons travel slowly, relatively
speaking, they will be able to contemplate the influence
they have felt as they move away from the gap down the
drift tube (Fig. 21) and will have time to plan some useful
output effects for the tube. Fast electrons, those which
received accelerations when they passed the gap, will
start to catch up with slow ones from the preceding cycle
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(Fig. 21). This will cause the beam to develop dense
regions, where the fast and slow electrons are tending to
group, and rarefied regions, which these fast and slow
electrons have deserted.

In other words, the velocity modulation of electrons
at one point in their path A A causes an originally uniform
density or d.c. beam to form into a modulated stream of
electrons that at any later point contains a.c. as well as
d.c. components. A suitable output device, which is
left as an example for the next chapter, can abstract the
a.c. current as a useful output. But notice how important
it is that the frequency be high—or that the electrons move
slowly. If the electrons travel the whole length of the
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F1i. 21.— Faster-than-average electrons f (those that passed the gap when the
input voltage was accelerating) overtake average electrons o and slower-than-
average eleetrons s.

tube before the gap voltage has changed much, surely the
faster electrons cannot hope to catch up with the slow ones
of the preceding cycle. Those slow ones will have passed
down the tube and been collected ages before, to speak in
terms of the life of an electron in the space between source
and collector. ]

Also, it is worth noticing that in the input gap itself
the question of transit time enters in an important way.
If the gap is too long, the transit time too great, with many
reversals of field in the space before an electron passes by,
that electron will have to add up the contesting accelera-
tions and decelerations to a resultant that may be very
small. Again, even in this transit-time vacuum tube, the
input voltage is not implanted completely in the electrons.

Summary.—In this chapter it was recognized, first, that
the motion of electrons, as affected by ultra-high-frequency
electricity, is important. Then it was pointed out that
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it is not sufficient to think of an electron tube as a device
that passes more or less current as a function of the various
instantaneous electrode voltages. The transit time of
electrons enters at the higher frequencies to such an extent
that the ability to influence electron motion with applied
signal voltages between the electrodes may deteriorate
rapidly. Certain ideas, such as the one that an electron’s
velocity depends on the potential of the space where it
happens to be, were criticized as often completely inap-
plicable to high frequency.

It was necessary to return to fundamentals, forces on
charges due to electric fields, and consideration of all the
accelerating forces during an electron’s flight to determine
the net effect of an attempt to influence its motion with
applied voltages. The problem of finding precisely what
happens when high frequency isapplied to an electronic tube
became complex—a combination electrical-and-mechanical
problem. Yet it was possible to see that, because electrons
generally travel relatively slowly in the microwave bands,
the operation of simple tubes may change materially.
Also, it became apparent that it is possible to design
new tubes that actually utilize transit time as a basis of
operation. :



CHAPTER V

Moving Electrons Induce Current

When electric current is made up of a stream of electrons
between electrodes of a tube, it would appear to be the
simplest, most straightforward current flow possible.
In a conductor, current flow is rather complex at any fre-
quency. The mechanism itself, i.e., whether the current
is due to a passage of electrons from one end of the con-
ductor to the other, how the electrons move about in the
atoms of the conductor, etc., is difficult to discuss without
bringing in all the complex tools of modern mathematical
physics. But current caused by an electron stream must
surely hold the answer to a student’s prayer. The flow is
merely a motion of electric charges; it is the very definition
of current in action. If one knows the density and velocity
of the electrons, the current is known. How can there
be any more to it than that?

But the matter is more complicated. Thus a chapter is
devoted to currents due to the flow of electrons. First
of all, there is a concept that must be discussed in detail,
one that is excellent for d.c. and the ordinary power and
radio frequencies and is accordingly in common use there.
However, for ultra-high frequencies that concept may be
too inaccurate to be practical, and it will often give entirely
incorrect answers. When this is shown to be true, then.
the inclusion of this chapter will have been justified.
In the previous chapter, the first part of the electronic-tube
problem was discussed, »iz., the influence on the electrons
of the applied voltages or electric fields. Now it must be
assumed that the electron stream has been modulated

by one means or another, with the problem remaining to
37
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find the currents in the surrounding conducting structure
that result from the motion of electrons.

The discussion can perhaps best be started by considering
a single clectron passing between two conducting planes.
In Fig. 22 the electron is first near the electrode at the left,
with lines of electric flux from it falling upon both of the
electrodes and ending there on positive charges that will
be induced on the plates to match the negative charge of
the clectron. The ratio in which the positive charge

Fi1g. 22.—As the electron moves, the positive charge is transferred from one
plate to the other.
divides itself between the two electrodes is dependent,
of course, upon the adjacency of the electron to these
electrodes. At first, with the electron very near the
electrode on the left, most of the induced positive charge
is on that electrode; but, as the electron moves, a greater
percentage of that positive charge appears on the plate
to the right. This means, of course, that in effect some of
the positive charges from the left electrode must be moving
through the ammeter, appearing on the electrode at the
right at just the correct time to receive the flux lines that
have shifted over. As the electron moves between the
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two plates, the amount of charge on the left electrode
decreases, and the amount of positive charge on the
electrode at the right increases. Consequently, throughout
the motion, a current, which is a measure of the rate of
change of charge, flows through the ammeter.

Finally, as the electron nears the electrode at the right,
all the positive charge, or essentially all of it, now accu-
mulates on that electrode. At the very end of the trip,
when the electron finally lands at the right plate, it meets
the equal positive charge resting entirely on that plate,
with no charge whatsoever remaining on the opposite plate.
The collected electron neutralizes that positive charge, and
the flow through the ammeter becomes zero.

Current flows all the time during the electron motion.
Indeed, it stops only when the electron has finally arrived.
From this picture it is seen immediately that it is not
necessary for an electrode to be collecting electrons in
order for current to flow from that electrode to any other.
It must receive electrons if it is to pass a direct current,
but instantaneous current will flow while the electrons are
merely approaching the plate. Had the electron turned
around and gone back before it had completed all of its
travel, then the instantaneous current would have reversed,
but it would have been zero only at those times during the
process when the electron velocity happened to be zero.

A safe and correct viewpoint is always to consider the
current in an electronic tube as arising from induction
because of the motion of charges in the space between
electrodes. The time when the electrons are finally col-
lected is not the time when current flows; as a matter of
fact, that is the time when current due to those electrons
ceases to flow.

If there is a continuous stream of electrons coming from
a cathode, say, to an anode, then, as each electron moves
across, it transfers the matching electric charge present
on the face of the electrodes from the cathode to the anode
through the external circuit. A continuous process, a
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steady flow of electrons, means that the current flowing
in the circuit is equal to the number of electrons arriving
at the plate per second. In this case, the two concepts
agree. Current flow in a vacuum tube may be regarded
as due to the instantaneous collection density of electrons
to the electrode, or it may be regarded as a movement
through the external circuit of the induced charges on the
electrode, occasioned by the electrons’ presence and motion.
For either concept the answer is the same. But notice
that, in the absence of this regularity, the number of
electrons leaving the cathode at any instant would not
necessarily equal the number of electrons arriving at the
plate at that same instant. Particularly does this state-
ment have significance if the frequency is so high that the
time taken by electrons to move across compares with the
time for a complete electrical cycle.

Current Flow Due to Motion of a Distribution of Charges.
The centimeter-wave engineer, when he thinks of current
flow through an electronic tube, cannot overlook the fact
that the current flow is due to the motion of a distribution
of charges, and it is an integrated effect of all the induced
current due to all the charges with which he must deal.
A few examples from practical tubes will illustrate this.

First, consider the triode again, and assume that the
grid is negatively biased. That, it is understood, means
that none or few electrons will be collected by that electrode.
No direct current flows to the grid from the cathode simply
because no charge is collected. Whether it can be said,
in addition, that alternating current flows from the cathode
to grid requires some study. Surely at a low frequency,
if not at very high ones, this lack of collected electrons
would be sufficient reason to conclude that there is no a.c.
current flow into the external circuit. But, in view of the
discussion just completed, the fact that the grid is immersed
in a region where there are moving electrons cannot be
overlooked. The broad concept must be used to make
sure whether there is or is not a.c. current flow. So it
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will be necessary, in principle, at least, to add up the sepa-
rate inducing effects of all electrons that are moving about
within electrie-field-reaching distance of the grid.

All this sounds as though the number of electrons and,
indeed, the position and velocity of each electron must be
known. A simplified example will not interfere with a
demonstration of principles, however. Figure 23 shows a
triode with planar electrodes of large area compared with
the spacings between them. The grid is -assumed to
be finely spun so that the space-charge action, a.c. or d.c., is
about the same no matter which portion of the cathode is
considered. Suppose now that the shading in Fig. 23
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F1i. 23.- -Very high frequency voltage applied between giid and eathod s 1esults
in density waves in the space charge.

denotes an increase in electron density over the d.c. value.
The variations in density are the result of the a.c. ~ignal
voltage that is applied between grid and cathode. The
frequency is assumed to be so high that the voltage reverses
itself before a space-charge increase (that was a result of
the voltage increase) has had an opportunity to manifest
itself as a change in plate current. Thus is shown a series
of waves of space-charge density, all of which is super-
imposed on the direct current between the electrodex.
Notice that, though these waves have been drawn with
no attempt at precision, certain effects have been carefully
attended to. For instance, the space-charge variations
are grouped together closely in the cathode-grid region,
less closely in the grid-plate region. This is because the
cathode-grid region is a relatively low d.c. potential region,
while the plate-grid region is relatively high in d.c. potential.
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In the grid-cathode region, the average electron velocities
are lower and the wave effect, evidence of low transit time,
is more pronounced than in the grid-plate space. Now
it is time to consider the way in which this picture will
change with frequency. Then, finally, these pictures will
be useful for measuring instantaneous flow to the grid.

Figure 24 shows three different instantaneous appear-
ances of the space charge when the signal is of low fre-
quency. The grid is first at its most negative point, then
at the average or bias value, and finally at the least nega-
tive point. There is a difference in the density of shading
of the three diagrams to indicate the difference in the cur-
rent and hence the density of moving electrons in the
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F1d. 24.— Instantancous space-charge densities in a triode at low frequency.

interelectrode spacex. But there is no wave or bunching
tendency to he noted. This is correct because the fre-
quency is low. Any change in space charge caused by a
given shift in grid voltage takes place in practically no
time compared with the slow changes of the grid voltage.
From the instantaneous low-frequency pictures of Fig.
24 it is clear that there is induced in the grid at every
instant the same magnitude of current from electrons
traveling from cathode to grid as from electrons traveling
from grid to plate. The two effects, though equal in
magnitude, are, however, opposite in sign. Consider
that the electrons approaching the grid are adding positive
charge to the grid, while those leaving are removing it—
all by induction, of course. Since the rate of passage of
electrons from cathode to grid is equal to the rate of passage
of electrons from grid to plate, none being collected by the
grid, the zero total instantaneous induced current in the
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grid is assured. (All these statemepts assume, of course,
completely negligible transit time for the electrons, an
assumption that is certainly valid for the lower frequencies.)

Next, in Fig. 25, is a case of fairly high frequency. This
time it is again assumed that the electrons travel fast
enough in comparison with the a.c. period so that no dis-
cernible grouping of the electrons into alternate regions of
greater or less density occurs in the grid-plate region.
The frequency chosen, however, is not so low as to permit
disregard of the transit time in the cathode-grid region
which is a lower velocity space. So now, when the three
pictures of Fig. 25 are drawn for the three positions of
instantaneous grid voltage, care must he taken to include
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Fis. 25.—At high frequency, the clectrons in the grid-anode space may be those
that left the grid-cathode region a half eycle earlier.

this delay action. Thus, when the grid is in its least
negative position (Fig. 25c), there will be the expected
increase in density of electrons leaving the immediate
cathode area; but as the reader looks away from the cathode
toward the grid, he sees that at each point the instan-
taneous density will disclose more and more of the effects
of the earlier instantaneous values of the grid voltage.
Thus the density near the grid of Fig. 25¢ is low because
the electrons there left when the grid was more negative
than at the instant depicted.

Figure 25 has illustrated a special case. A transit time
has been assumed that is precisely such that when the grid
13 least negative the electrons in the grid-plate space are
those which left the cathode region a half cycle earlier, when
the grid was most negative. This accounts for the lack of
synchronism in changes of shading hetween the cathode-
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grid and grid-plate regions from one instantaneous value
of grid voltage to another. In particular, notice that now
it can no longer be said that the effects of moving electrons
on the two sides of the grid cancel one another. Now the
rate of flow of electrons from cathode to grid is not equal
to the rate of flow from grid to plate. The average values
are admittedly the same because no electrons are being
collected. But the instantaneous values may differ appre-
ciably, and the grid now takes a.c. current.

It is also clear that the phase of the resultant grid
current with respect to the a.c. grid voltage may have
quite a range of magnitudes. It simply depends upon
how large the transit time is in relation to the spacings,
and it would truly be necessary now to integrate the sepa-
rate effects of all the electrons to calculate precisely the
magnitude and phase of the grid current. However, there
is no reason why the grid current must be 90 deg. out of
phase with the grid voltage, thus representing merely a
change in the apparent capacitance of the grid due to the
presence of electrons. The induced current in the grid
may well have a component in phase with, or exactly 180
deg. out of phase with, the grid voltage. '

If the application of a signal to the grid of a negatively
biased triode results in its taking current, a component of
which is in phase with the applied voltage, then energy
is being absorbed at the grid. It is interesting to recognize
where that energy goes. Closer study would show that
the energy is used in imparting an average acceleration to
the electron stream.

At the close of this chapter showing how electrons in
motion produce currents, a problem will be considered
that would arise in a typical tube intended only for opera-
tion at ultra-high frequency. Figure 26 shows the output
end of one form of velocity-modulation tube whose input
system was studied in the previous chapter. The electron
stream may be supposed to have heen velocity-modulated
earlier along it= length. Thus, when it flows from cylinder
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A to cylinder B, an imaginary observer in the gap between
cylinders will see a stream whose electron density is fluc-
tuating in time. It is evident at once that when the
electrons emerge from inside the cylindrical shield, the
electric-flux lines that they produce will begin to transfer
from one cylinder to the other. Thus an electron that
goes out of A into B has transferred a positive charge by
induction from A to B through the external circuit con-
necting them. It is clear, then, that output current can
be taken from the beam by an external load or output
impedance connected between two electrodes, neither of
which collects any electrons. The beam may go right on
A B ¢
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Fie. 26.—A current-density-modulated electron stream will produce a.e.
currents in an impedance Z connected between the two cylinders through which
the stream passes.

through B to collector C, where before collection it may
actually be slowed down considerably to minimize plate-
heating losses due to the bombardment energy of the
electrons.

Centimeter-wave current flow, when due to a motion of
electrons in free space, can take place between conductors
neither of which is emitting or collecting electrons. The
concept that might well be restated as a final summary of
this chapter is that current flow in the external conducting
system connecting electrodes of an electronic tube can
always be correctly regarded as an induction effect due
to the motion of the electrons in the space between elec-
trodes. This is true for direct current, low, or ultra-high
frequency.



CHAPTER VI

Time Delay in Electromagnetics Becomes Important
for Microwaves

Elapsed Time.—It is common knowledge that ‘‘radio
waves travel with the velocity of light.” This statement
acknowledges that if certain electrical effects are produced
at one point, say a transmitting antenna, these effects
apparently move out with a definite, finite velocity and are
felt at some other point, the receiving antenna, at a later
time. Time passes while the waves are in transit. If the
generator were to change frequency or amplitude or drop
out altogether, the receiver would not find out about it
until a proper interval of time had elapsed.

This fact has a great deal to do with circuits, voltage,
impedance, and the many factors that must be considered
next in the study of the similarities and the differences
between high and low frequencies. Unless the propagation
or transmission of signals is being considered, what is the
importance of radio waves? Certainly we have all worked
correctly many circuit problems, with either lumped con-
stant impedance or distributed constant impedance, with-
out consciously including anywhere in our equations the
statement that a lapse of time is required before effects
are felt at a distance from the source. How fundamental
is this delay effect? How necessary is an understanding of
it? It is extremely important. Much of what goes on
at microwave frequencies can be traced to this delay or,
as it is ordinarily called, ‘‘retardation.”” Most of the
difference between high and low frequency is a result of
retardation; remove this effect from nature and there

would be little reason to write this book. In fact, it would
46
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be meaningless to ask what would happen to the laws of
electricity and magnetism if retardation were excluded,
because, except for direct current, retardation is required
to make the other laws consistent. The reader will not
vet have reason to agree with this statement unless he has
had prior experience with the displacement-current con-
cept discussed in Chap. VIII. It will suffice at this point
to add that the retardation effect is simply one way to
express the response of basic laws to variations in fre-
quency from direct current on up.

Retardation.—The next point is just how to describe this
phenomenon of retardation so that it is clear how it enters
into all electrical effects. It is not sufficient to speak of a
delay in the propagation of radio waves; at least not now,
because the relation between waves and circuits and
impedance have not yet been clarified. So we start at the
very beginning. A charge of electricity has an electric
field about it—a way of saying that it is ready to exert
force on any other electric charge placed as a test in the
field of the first. If the strength of the charge is altered
in some way, the intensity of the surrounding field will
follow in proportion. All this has been discussed already;
nothing yet has brought in the effect of frequency. What
must be added is a statement of how long it takes for the
field intensity to change at each point in space when the
source strength is changed.

Suppose the charge is suddenly increased. The increase
will not show up in the surrounding space as an instant
change in the field intensity there. As a matter of fact,
at the first instant it will remain everywhere at its original
value. Then, traveling outward from the charge at the
velocity of light in that medium, the field increase will
appear about the charge. As Fig. 27 shows, the front of
the outgoing increase of electric field will be a sphere with
the charge at its center, expanding in diameter so that a
point on the surface of the sphere travels outward with the
velocity of light. Every point in the surrounding medium
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eventually attains the new value of electric field correspond-
ing to the new value of the electric charge at the center, but
there will be a delay in time between the change of charge
and the change in the electric field it produces at each point.
This delay will be just equal to the length of time it would

take a messenger delivering infor-

- [ ~ mation about the change to travel

N N\ at the velocity of light from the
/ \\ charge to the point in question.

II ‘C”"" e \’__> A similar thing happens to the

\ / magnetic field. If current is al-

\ / tered in a wire carrying current,

‘/\\ i the magnetic field that surrounds

\\~-—§ the wire will not change in phase

with the current; it will lag

behind, the time delay depending
upon how far away the point where field is being evaluated
is from the point where current flows.

Time Lag, a Universal Effect.—When charges and cur-
rents are changing in time, the effects they produce always
lag behind those changes. Each point in the space that
surrounds each charge and current element. feels the change,
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Fi1ia. 28.—Each change in charge may be thought of as rending out a field in the
form of waves.

one point after the other in turn in the order of their dis-
tance from the source. If a source is an alternating one
(Fig. 28), then the effect of retardation and time delay can
be demonstrated by a wave action. The idea of a wave’s
moving outward from the source is a correct and convenient
one hecause it so nicely pictures each point in the path
receiving the effect eventually, at a time dependent on its
location and the wave velocity. Notice also how neatly
the idea of a variation of instantaneous phase with space
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is pictured by the idea of a traveling wave. Of course, this
is a very simple case to illustrate the principle. In any
practical case, the outgoing waves must come from a com-
plexity of distributed sources, not a point source. Also,
the outgoing waves will bounce against the boundaries of
the region, 7.e., against conductors and dielectrics. The
total electric field will come not only from the retarded
action of electric charges but also from the inducing effect
of changing magnetic fields caused by time-varying cur-
rents. Thus the resulting effect at any one point will,
in general, be far different from the simple sine-wave
action pictured. For the moment, it will be perfectly satis-
factory to think of the simple time delay in all changing
effects.

Inductance of a Circuit.—In all conventional low-
frequency circuit work, the inductance of a cireuit is thought
of as being due to the rate of change of linked magnetic
flux. The magnetic flux is assumed to be directly in phase
with the current. The induced voltage, being then pro-
portional to the rate of change of current, is 90 electrical
degrees out of time phase with the current. This ix
perhaps the commonest notion in steady-state a.c. theory
ax it is learned by the electrical engineer—a reactance
drop is 90 deg. out of phase, or in quadrature, with the
current through the reactance. Yet considerations of the
often neglected retardation effect have disclosed that
the time delay between a current and any effect of that
current depends on precisely how the sources are situated
in space with respect to the location of the effect. It is
beginning to be evident that if the frequency is so high
that the current changes appreciably before its magnetic-
field change begins to be noticed around the circuit, all
our ordinary circuit ideas are in for a bit of transforming.



CHAPTER VII

Retardation and Radiation Influence Basic Circuit Behavior at
Ultra-high Frequency

The reader has been prepared to delve into centimeter-
wave circuits and transmission lines and antennas by the
introduction of the retardation effect. It is basically
a simple matter that there is a space-travel time delay
between currents or charges and their effects. Also, it is
easy to appreciate why retardation is of negligible impor-
tance if the system is physically small compared with the
wavelength. If retardation is now included for a correct
consideration of the operation of ultra-high-frequency
systems, the direct effect and the implications are not
quite so easily written down. The remainder of the text
is required to assemble the most important of the concepts
that stem largely from this retardation effect and that
control characteristics of microwave systems.

Starting with the simplest circuit considerations, the
reader will discover what the addition of retardation will
do to his notions of what a circuit is and how it behaves.
At the very beginning, it is fitting to question whether
there is such a thing as a circuit at these extremely high
frequencies. Perhaps there are only fields and waves, and
words like ‘“‘lumped circuit” and ‘‘circuit constant’ have
little meaning. If this be true, the change can hardly take
place suddenly as the frequency increases. It seems more
reasonable to expect a gradual extension of or departure
from circuit concepts in passing from the lower frequencies
to the very high ones. In any case, the effects and their
various influences can be seen if a simple, single loop of
wire (Fig. 29) is excited by an alternating voltage and

50
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the action is followed as the frequency rises. For certain
reasons of convenience that will be evident later, the shape
of the loop has been chosen approximately rectangular
with one dimension quite large compared with the other.
Simple Circuit at Low Frequency.—At low frequency,
the analysis of this problem is familiar; the applied voltage
is used up in IR and IX drops. Again, for convenience,
without interfering with a demonstration of principles,

Fia. 29.

a perfect conductor is assumed. There will then be no
ohmic drop. It is recalled that the remaining IX or
reactance drop comes from the induced voltage, which in
turn is a result of the rate of change of magnetic flux pro-
duced by the current flow. The current flow everywhere
around the loop is the same in both magnitude and phase.
The magnetic flux, retardation being neglected at low fre-
quency, is in phase with the current that causes it. It is
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T16. 30.—The low-frequency picture includes a uniform loop current surrounded
by a magnetic field everywhere in phase with the current.

linking the current somewhat as pictured in Fig. 30. The
region of the loop, then, is surrounded by a magnetic field
that is everywhere of like phase.

To complete the picture of what takes place around this
simple circuit at low frequency, electric-field distribution
must next be considered. When a voltage is applied
across the terminals of the loop, the integral of the electric
field directly across those terminals is set by the magnitude
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and phase of that applied voltage. To determine just
how much electric field, in both magnitude and phase,
will exist between parts of the loop other than those directly
across the generator terminals requires a little more study.
1t seems reasonable to suppose that the final electric-field
distribution will be somewhat as pictured in Fig. 31.
Here the electric field, first across the terminals and then
between the two long sides of the loop, gradually grows
weaker as the end of the loop is approached. Finally,
between the two ends of the wire (which actually touch to
form a complete loop) there will be no electric field, as the
very evident short circuit existing there requires.
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FiG. 31.—The dotted lines represent electric field which gradually loses strength
from the generator to the end of the loop.
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It is now possible to check whether this distribution is
correct by considering what it is that determines how the
electric field shall decrease from its magnitude at the
input terminals. For example, how does the electric
field across AB differ from the electric field across CD in
Fig. 31? It is evident immediately from Faraday’s law
that, since in the rectangular loop ABDCA there is a
certain rate of change of magnetic flux, an induced e.m.f.
will exist. In other words, the reason that the voltage
difference across the loop at AB is not the same as that
across CD is that some voltage is induced by the magnetic
flux between the wires. It is already known that the
induced voltage is of such phase as to buck the applied
voltage. This means that the voltage difference CD is
smaller than the voltage across AB by just the amount
contributed by the changing magnetic flux linked by the
rectangle ABDCA. In a similar way, voltage EF will be
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somewhat smaller than voltage CD. The vector diagram
of Fig. 32 appears to describe the situation completely.
This diagram shows the current I, in phase all around the
loop, as the reference vector, and the applied voltage 90 deg.
ahead of the current in phase, as is fitting for a pure react-
ance circuit. In addition, a series of short vectors is
drawn on this diagram representing the voltage differences
around the loops ABDCA, CDFEC, v
cte. Each of these small differential |4
voltages subtracts from the applied
voltage until finally at the end of the
loop the induced voltage has com-
pletely subtracted from or neutralized
the applied voltage, and there is no 7
voltage difference remaining across 1, 32 A voltage-cur-
the conductors of the loop. Onc Ieut disgram for the low-
way to look at this, of course, is that reduency cireutt of Hie. =0
the current in the loop will adjust itself in magnitude so
that the amount of the net voltage resulting from the
changing magnetic flux caused by the current will exactly
cancel the applied voltage, as indicated in the diagram.
Distribution of Charges.—It can next be noted that in
this low-frequency picture, even though retardation was
ignored, another approximation not yet mentioned seems
to have been introduced quite by accident. 1f there is an
electric field between the two long conductors that together
essentially form the loop of the preceding diagrams, then,
of course, the electric lines that end on the conductors
must find electric charges there. Notice that the analysis
so far has at least becn consistent in that with a perfect
conductor there can be no tangential electric field along the
conductor. If there were, it would cause an infinite current
flow. Thus it is a satisfactory result that the electric lines
of force will come in perpendicular, much as shown in Fig.
31. But there is then a distribution of positive and
negative charges on the loop, as indicated in Fig. 33. Near
the generator end the charge density along the conductors
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will be more dense than near the end of the loop because
there is a greater amount of electric field there.

If there is a distributed charge density along the loop,
then it follows that -as the electricity goes through its
alternations, the charges on the conductors will oscillate
from positive to negative. The picture of Fig. 33 is, in
other words, simply an instantaneous picture. For these
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¥ia. 33 —Charge must always be distributed over the loop, even at low
frequency.

charges that rest on the conductors to oscillate in mag-
nitude from peak positive to peak negative during the
cycle, it will be essential that there be some charging cur-
rent flowing from the generator to the loop. Perhaps it
will be more convenient at this point simply to note
Fig. 34, which recognizes these capacitive effects as the
result of distributed capacitance existing across the loop,
an effect often neglected at low frequency.

¥1a. 34.—Charging current effects are represented by the distributed capacitance.

This neglect of the stray capacitance may be completely
justified. The point is brought up here, not for fear that
insufficient accuracy will be obtained otherwise, but simply
as a matter of principle. When the complete picture of
electric and magnetic field linking the loop is considered,
it must be noted first that there is always a component of
current flow to those distributed capacitors. Secondly,
it must be noted that, since some current will go into these
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capacitors from the gencrator, the total current flow around
the loop cannot be exactly uniform. There will always he
some current at each point that flows through the parallel
capacitive path and fails to go completely around the loop.
This is pictured in Fig. 35, which demonstrates that even
at low frequency, and without mentioning retardation
as a factor in determining current distribution around the
loop, the current flow cannot be exactly the same all the
way around the loop. It must change at each point by
the differential amount necessary to charge the distributed
capacitors.

For the low-frequency picture, at any rate, it can always
be assumed that the wire size is so small compared with the
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Fia. 35, —Even at low frequeney the loop current must bhe nonuniform, though
perhaps very slightly.

size of the loop that the amount of charge that must exist
on the wire for the required electric field between various
parts of the loop will be trivially small. Thus the approxi-
mate low-frequency picture of the performance of this
basic circuit may he summarized as follows: As a result
of the applied voltage, there is a certain current flow in
the loop. That current, for a perfect conductor, lags the
applied voltage by 90 deg., and is the same in magnitude
and phase all around the loop. The loop is surrounded
by an electric and a magnetic field. The magnetic field
links the loop’s current and is everywhere in phase with
the current, i.e., 90 deg. out of phase with the applied volt-
age. The rate of change of magnetic ficld, due to the loop
current, causes an induced e.m.f. that succeeds bit by hi

along the loop in bucking out the applied voltage.ﬂ
is, in addition, an electric field in the region of the | thg
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exists across different parts of it. This electric field is
fixed as to its integral directly across the generator ter-
minals by the amount of the voltage applied, and it falls
off to zero as it progresses down to the end of the loop,
all of this being determined by the linking magnetic flux
that is changing in time.

Effects of Retardation on Basic One-loop Circuit.- —It ix
time now 1o add retardation and to consider what that will
do to the pictures drawn up on the bhehavior of the hasic
one-loop circuit. First of all, let it be agreed that the
results  already obtained will stand unless a  reason
iz seen t6 climinate them. Now, let there be in the loop
a current flow that results from {he applied voltage.
That current flow may be tentatively said to be the same
all the way around the loop. This is making a little more
drastic  assumption about the distributed ecapacitance
cffects than at low frequency. However, it will he helpful
to keep the distributed capacitance effeet out of the
picture in order that the retardation effeet not yet con-
sidered may have the whole stage.

Suppo=e, in other words, that though the eross section
of the wire remains very small, the length of the loop
becomes appreciable compared with wavelength. et it
not. be 1oo long, at first, but at least long enough =o that
an appreciable time delay may be expected from one end
of the loop 1o the other. Consider, first, the magnetic
flux near the generator end. The magnitude of magnetice
flux and the phase of the flux near the generator con-
tributed by the current in its immediate vicinity will be
very little different from the low-frequency case, but the
contribution to flux near the generator from the current
some distance away from the generator terminals will
arrive late. The resultant total magnetic flux at the
generator will be somewhat behind the loop’s current in
phase, it seems. Consider next a point near the center of
the loop. Here, again, a good part of the magnetic flux
is contributed from the two ends of the loop, or at least
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by the current between the ends and the center. Again,
‘there will be some phase delay between the total magnetic
flux at this point and the current flow in the loop. The
situation at the far end of ihe loop ix much the same as
that at the generator terminals.

Now draw another vector diagram showing how the
electrie field falls off between conductors of theloop.  Once
more, until there is some reason to change, it is assumed
that the electrie-field distribution is the same as at low
frequency.  So Fig. 36 shows an applied voltage and a
loop current flow that ix 90 deg. lagging with respect to
that voltage. Now the various differential e.m.fs. duc to

—-/
e, 36— Assuming retmdation and a uniform loop current I with a 90-deg.
leadig voltage V', the veetor dingram refuses to balance,

the flux linking the small rectangles like ABDCA (Fig. 31)
must he subtracted much as before. These differential
induced voltages, being 90 deg. out of phase with the mag-
netie flux, are not exactly 180 deg. out of phase with the
applied voltage. An additional phase angle hetween the
magnetic flux and the current has come in hecause of
retardation and must be added to this total angle. Thus
this differential voltage vector is pictured with a slight
angle with respeet to the applied voltage as shown in Fig.
36. For convenience, cach differential voltage vector in
the diagram ix shown with ahout the <ame angle introduced
by retardation; these may actually differ, hut at this point
the reader is obviously interested in qualitative rather
than quantitative effects.

Notice then how a rather fundamental change in the
apparent characteristics of the circuit presents itself, for
as the differential voltages that result from the changing
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magnetic field of the current are added down the loop,
it is found that each of them is always somewhat more than
90 deg. out of phase with the current. 'When the end of the
loop is reached, the resultant induced voltage fails to sub-
tract out, or compensate for, the applied voltage. The
system simply will not balance, and some of the assump-
tions must be revised.

One thing that can be done and that would fit all the
facts so far is to remove the initial assumption that the
applied voltage and the current are
90 deg. out of time phase. For
example, the current vector shown in
Fig. 37 might be drawn again as a
first step. This time, however, add
up each of these induced voltages due
1o the current until finally, when the
resultant vector OP is reached, it is

Fr6. 37—The diagram TecOgnized that this amount of volt-
‘1::1-1::{"‘:‘1 xiufa ! ‘}:"';dm‘)' arenot  age in exactly opposite phase must be

' ) ' applied by the generator in order to
compensate exactly for the reactance drop of the loop. The
only thing about this that takes special attention now ix
that in the end there are in the loop a voltage and a current
that are not 90 deg. out of phase. This means, of course,
that there is a dissipative component in the volt-amperes
heing supplied by the generator. The question imme-
diately comes up, then, as to where the energy goes. There
ix an energy loss, this reasoning seems to indicate, that ix a
direct result of taking retardation into account. The
energy presumably cannot go into ohmic losses in the loop
‘hecause a perfect conductor with no resistance whatsoever
has been assumed. The energy must, if it is truly being
lost, he radiated; 1.e., it is escaping in leakage of some kind
in the electromagnetic field.

Of course, the initial assumption can be revised in one
other way. It can be said that the capacitive effect should
not have been neglected; the current flow is actually not
uniform in phase and magnitude all around the loop.

| 4
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In this way the initial analysis of the phase of the mag-
netic field at each point with respect to the current would
be revised. With such a postulate, the simple current
reference vectors of Figs. 36 and 37 could no longer he used
because there would not be any one single current every-
where in the loop. But it is conceivable that, even
though the current is now assumed to change in phase and
magnitude about the loop, the current flowing into the loop
right at the generator terminals might come out exactly
90 deg. out of phase with the voltage at those terminals,
just as in the low-frequency case.

Now it was not the intention of this discussion to make
possible at this point a complete understanding of the
situation that has arisen. This is what was meant when
it was stated that the rest of the text would be required
for the analysis of microwave concepts. But one thing
has been shown—that the added effect of retardation,
usually justifiably neglected because the frequency ix low,
or rather because the circuit is small in dimensions com-
pared with wavelength, is capable of making some marked
changes in concepts of the circuit. There remains the
choice of at least one if not both of the following conclusions:

1. In a simple one-loop circuit that has dimensions com-
parable with wavelength, the current flow is not uniform in
magnitude and phase all the way around the loop.

2. Retardation brings in a kind of energy loss in the
loop by some kind of electromagnetic-field leakage that
results in the applied voltage’s being other than 90 deg.
out of phase with the current.

If either of the two situations exists—and it appears
that one or the other, or both, must exist—then several
marked changes are immediately noticeable at high fre-
quency when it is viewed from the usual low-frequency-
circuit concepts. The inductance effect that comes from
the time-varying magnetic field is not necessarily reactive, or
perhaps it should be said that reactance is not necessarily
completely loss-free. Radiation is an important concept in
microwave circuit hehavior, a direct result of retardation.



CHAPTER VIII

Displacement Current Is as Effective as More Common
Current Flow

The preceding chapter furnished us with an impression
of the complexity that can be unearthed when even a
simple circuit is investigated at microwave frequencies.
We should not think this is a necessary situation at these
frequencies because of the way this one cxample went.
It happened to be an exceedingly simple circuit at low
frequency, at least, as to current distribution. For various
simple forms of the loop it weuld have continued to be
simple even as to details at low frequency: we could have
gone on to find the inductance of the loop and the ratio of
current to voltage. In contrast, of all the problems that
lend themselves to analysis at ultra-high frequency, tho=e
involving loops of wire are among the most difficult.” It
happens that one of the simplest problems at low frequency
(and one that might be expected to be a common example
taken to illustrate broad principles there) is at the =ame
time one of the most difficult to understand clearly at ultra-
high frequencies. Also, and not for the same reason.
certainly, it happens to be true that the loop-of-wire type
of circuit is the commonest circuit at low frequency and
far from the commonest at centimeter wavelengths.

But this anticipates the discussion to come. For the
moment, it should be pointed out that it is difficult to
gencralize about ultra-high frequency by considering one
simple example. We are not too sure, for instance. what
is the hest way to approach even that ome-loop circuit
when the wavelength is comparable to the loop dimensions,

but at least it is possible to see what has to be studied
60
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further. Obviously we must understand better fields
and waves and their relation to currents on the conducting
sources and boundaries of the region, to voltage of the
generator, and to power flow by radiation. Further con-
sideration of general principles simply cannot be avoided.

The present situation with regard to acquiring a feel for
microwave concepts may appear to the reader to be as
follows: To describe microwave setups with any success
at all means that physical laws of a rather general nature
must be introduced, and they must be gone over a hit =o
that they will appear wholly reasonable. To dwell on these
general theories, however, is not so pleasant for most
readers, perhaps, as it would be to maintain a closer tie
at every moment with a centimeter-wave phenomenon.
Thus it ix well to be convinced that the general laws are
necessary and worth studying. This conviction is obtained
when the analysis of a simple loop is attempted, and so
many interesting and new conclusions appear. At least,
so 1he author hopes: for this chapter is indeed a study of
general theory, applicable at any frequency, but often
not familiar to those who have worked mainly with the
lower frequencies. The theory of this chapter should
emerge in the form of certain clear concepts that describe
the behavior of electromagnetic fields. With them, the
understanding of microwaves is assured; every hour of
further study will build on a firm base. Without these
concepts, time spent in trying to understand ultra-high
frequency may be dissipated in forever secking a base
from which to launch the attack.

First of all, we want to look for concepts that lend them-
selves to easy, accurate physical pictures that can bhe
employed appropriately anywhere in the frequency range.
Displacement current i one of these concepts. It is not a
necessary concept. The equations of electrical theory
could be written down correctly and solved without ever
referring to one of the terms as a new kind of current. But
displacement current does a good deal to build up just
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such physical pictures as we are seeking. The displace-
ment-current concept attaches the notion of a current to
the rate of change of electric displacement flux.

Displacement Flux.—So far, this text has not mentioned
displacement flux, although it has mentioned electric-field
lines whose density in space is a measure of the force a unit
test charge would expericnce. The electric displacement
flux is simply the dielectric constant times the electric-field
strength. It is analogous to magnetic flux, which is the
product of permeability and magnetic-field intensity. The
concept of displacement current shows that, if the clectric
field is changing with time in some region of space, the
cffect of such a change is just as though an alternating
current. (of the type that flows in a wire, or as free electrons
between electrodes of a vacuum tube) were flowing in the
direction of the field. Exactly what is meant hy the state-
ment that, if the electric displacement is changing at some
point, it is as though there were some current density there?
The meaning ix that this displacement current produces an
alternating magnetic field and nothing else. It is not
claimed that a density of charge is suddenly created in
space by an clectric field and that it moves to form a cur-
rent; only that if there is a changing electric field it is
accompanied by a change in magnetic field. The magnetic
field is of such strength and direction and distribution as
would be predicted by considering the changing eclectric
fields as a distributed alternating current whose density
cverywhere is proportional to the rate of change of the
electric field or displacement flux.

This displacement-current idea will be used to explain
resonant cavities, the circuits of microwaves, which will
be the subject of the next chapter. But first we must
justify the concept and see how reasonable and lacking in
mystery it really is. We start with an elementary picture,
one that is not special but general, because complex cases
can be built up with the background gained from the
elementary example to be considered here. Figure 38
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shows a linear current that is alternating and setting up a
surrounding magnetic field, a part of which is sketched in
the figure for one instant of time. The magnetic field
pattern pictured is taken in a plane perpendicular to the
current flow, and the linear current element may be part
of a more complex system of currents in conductors. All
the conclusions drawn will be true for the whole as well as
the part. That is why no generality in principles is lost
by consideration of the elementary case.

Induced Electromotive Force.-—Notice the rectangle
sketched with dotted lines in Fig. 38. Through it passes
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Fra. 38.—A rectangular loop ABCD.A whose plane passes through [ is linked by
magnetic field H.

changing magnetic flux caused by the current element, so
we conclude that there ix an induced e.m.f. around this
rectangular loop. Admittedly, when we do this, much as
in the previous chapter, we are quoting the original experi-
ments of Faraday on the induction of voltage in a circuit
caused hy changing magnetic flux linking the circuit. The
reader is certainly justified in questioning whether these
experiments and the conclusions from them really apply at
ultra-high frequency, particularly in view of the discussion
in the text up to this point. The answer is that if we
assume that Faraday’s law does indeed extend to cover the
whole frequency range, and into regions where there is no
conducting circuit, we shall be led to certain conclusions
that have been verified experimentally.
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It is taken, then, as a general law applicable to the whole
frequency range, that around any loop that might he drawn
in space there will be an induced e.mn.f. proportional to the
rate of change of magnetic flux linking that loop.

Accordingly, if there is no electrice field along the line .1 D
of the rectangular loop—and only magnetic field has heen
said to be present—then there must be some clectrie field
along the remainder of the loop. This conclusion ix drawn
because there is a rate of change in magnetic flux through
the rectangular loop ABCDA. The difference hetween
the ficld along AD and along BC must be accounted for
by that induced e.n.f. (since, from symmetry, the c.n.f.
along AB and (D will cancel). Thus the entire magnetie
field about the linear current can he explored, and it can
be concluded that there must be celeetrie field throughout,
the surrounding space. This electrie field ix alternating
and is associated in strength with the rate of change of
magnetic field.

Now obviously this conclusion would be reached with
or without the inclusion of retardation. Even neglecting
retardation, the magnetic ficld would be linking the cur-
rent, and the rate of change of the magnetic field would
imply the presence of a changing clectric field in the sur-
rounding space. Omne gencral conclusion of completely
wide applicability may then be noted at this point: When-
cver there is a time-changing magnetie field in xpace, there
must also be an accompanying time-changing electric field
in that space.

But retardation is responsible for the magnetic field's
reversing in direction with distance as points away from
the current clement are comsidered at any instant; i.c.,
points distant from the conductor will lag behind in oscil-
lation phase. Retardation is responsible also for the
electric field’s doing the same thing. Thisx ix seen as
follows: Through one rectangular loop that might be
drawn in one part of the region (Fig. 39), the time rate of
change of magnetic flux (indicated diagrammatically by
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the wave) is such as to cause an increase of electric field
with distance from the element. In another region, say
farther away, the reversal of the magnetic flux causes a
decrease with outward distance. Since the electric field
has no d.c. component and yet oscillates in the sign of its
increment. with distance, it follows that the electric field

Distribution of #ime rate of
change of magretic flux

will show periodic reversals with distance in itx space
pattern at every instant.  These reversals will be identical,
in their number per unit distance, with those exhibited by
the magnetic field. The wavelength of each, in other
words, will he the same. This instantaneous picture i<
indicated in Fig. 40. Tf more time were spent in studying
thi~ diagram (and if successive diagrams were drawn to
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116, 40~ The magnetic ficld lines (solid) oseillate in direction with distance
trom I and are accompamed by electrie field lines (dotted) which do likewise.
disclose the change of the pattern with time), it would be
fairly easy to see that the waves of electric and magnetic
ficlds are in phase everywhere. They have their maxima

and minima together in time at each point of space.
While this picture of the spreading wave of magnetic
field with its accompanying wave of electric field ix still
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in mind, a second situation can be considered. Figure 41
shows two conducting spheres that are being charged by
an alternating voltage generator. The dotted lines are
intended to represent crudely the distribution of electrie-
field lines over part of the region that surrounds the charges.
These electric-field lines pictured are contributed by
the charges with retardation considered. Obviously no
attempt at precision has heen made in this diagram, yet
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TG, 41.- -The electrie field eaused by the charges on the spheres oscillates in
chirection with distance at every instant.

the idea is brought out that retardation enters to cause
periodic reversals of the electrie field as distance from the
charges is changed. And so now it can be concluded that,
therc must be present in this field a time-varying magnetie
field, a situation completely analogous to that pictured
in Fig. 40. The proof is easy: If the electric field oscillates
with distance at every instant, then a little Faraday loop
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(Fig. 42) may again be drawn, and the result of integrating
around it, wherever it may be placed, is an e.m.f. that is
not zero. According to the law stated above, if there is a
net e.m.f. around a loop in space, there must be a changing
magnetic field linking that loop.
Again, the wavelengths of the magnetic field and electric

field will be the same, and both quantities will have their
maxima and zeros at the same place and time.
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At this point, the concept of displacement current may
well be introduced to make the analysis tie together
easily. Whenever at any instant a magnetic field is not
spread uniformly through space, it is possible to explore
the magnetic field by drawing small loops around which
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will be integrated not the electric field, to find the induced
e.m.f., but rather the magnetic field, to find the induced
m.m.f. This is done in Fig. 43. A rectangular loop has
bheen drawn around which will be taken the integral of the
magnetic-field intensity. That integral will, of course, be
something other than zero because the magnetic field

Fid. 44.— A portion of a uniform magnetic ficld.

varies throughout the region. If the magnetic field were
uniform (Fig. 44), the integral would be zero; the only
contributions, along the lines AB and CD of the loop,
would cancel. Since the magnetic-field intensity may be
derived by a consideration of the distribution of time-



68 INTRODUCTION TO MICROWAVES

changing electric flux, the electric flux’s changing with
time may be regarded as responsible for the magnetic field’s
presence. This shows the reasonableness of the concept
that the magnetic field is caused by a displacement current.
The existence of changing electric flux in space produced
encircling m.m.f. just as surely as though there existed an
ordinary everyday conduction current in the space with a
current density everywhere proportional to the rate of
change of electric field. Thus it could have been con-
cluded that in a space excited by oscillating electric charge
there must be a magnetic field by the simple process of
endowing the time-changing electric displacement flux in
the space with the magnetizing ability of a current flow.
Now here are two laws side by side in perfect symmetry,
with convenient physical pictures, and with great potency:
Changing magnetic flux in space gives rise to changing
clectric fields that tend to link the magnetic-flux lines.
Also, changing electric flux in space gives rise to changing
magnetic fields that tend to link the electric-flux lines.
This discussion may appear to have been devoted so far
more to the idea of bringing out the relation between mag-
netic and electrical phenomena in space than to displace-
ment current. But the reader may he assured that the
discussion that brings in the idea of magnetic effects’ being
induced by time-varying electrical flux is of prime impor-
tance in understanding high frequency. We arc all
familiar, it is supposed, with the reciprocal idea that time-
varying magnetic flux induces electrical effects. This is
essentially Faraday’s law, and most readers will only have
to make the simple extension, if any, to the use of this law
liberally in dielectrics as well as in conductors. The
magnetic effects of displacement current may be expected,
however, to be new to many readers, despite the fact that
displacement current is not limited to ultra-high frequency.
It must be recalled that displacement current is pro-
portional to the rate of change of the electric displacement
flux. Fordirect current, the rate is zero. There is no mag-
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netic field set up by a static electric field. With a given
electric-field strength, the magnetic effects that do arise
increase directly with frequency. As a matter of practical
usefulness, the frequency generally has to be quite high
before the displacement current reaches such proportions
that the magnetic flux associated with it is noticeable.
Thus the fact that a time-varying electric field acts like a
current in giving rise to magnetic fields might be expected
to be overlooked at low frequency where it will most often
be masked by other effects. However, it is to be empha-
sized that the general law holds over the entire frequency
range; changing magnetic fields give rise to electric fields,
and changing electric fields give rise to magnetic fields.
Displacement current has been introduced by way of a
general discussion of fields and waves in space. Once it is
granted that displacement current can be used with com-
plete confidence that the right answer will be obtained,
we can complete more satisfactorily
some pictures of a.c. circuits that would
otherwise have bothered us considera-
bly. In fact, as we pick up the concept

of displacement current and apply it to py

many familiar cases, we are sooner or

later struck with the thought that we I .H
should have appreciated it before.

Consider the simple loop of Fig. 45a, H

which shows a generator tied to a con- A,
denser. Assume a low frequency and
suppose that the distance across the (®)
generator terminals is small, with the Fra. 4.
condenser size also small. However, the condenser does
break the circuit, 7.e., the conduction current. No actual
passage of charge takes place between the plates of the
condenser.

As for the magnetic field linking the loop, with a per-
fectly continuous loop such as that of Fig. 45b, there would
be no difficulty whatever. The magnetic flux is con-
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ceived as linking the current and having a strength dictated
by the strength of the current. Suppose that the con-
denser’s gap is extended as pictured in Fig. 46 so that now
the condenser is an appreciable part of the loop. The
dielectric constant of the material in the condenser can
conveniently be made very high so that the displacement
flux inside the condenser will be restrained along the path
that would otherwise have been occu-
pied by the current of the loop.
What now is the distribution of
\¢ magnetic field encircling the loop?
Consider the magnetic-field lines
like abcd as shown in the diagram
by dotted lines. Do such lines even
exist? Certainly there is no current
passing along the dielectric if by current is meant only that
which is associated with the motion of actual charges.
Experimentally, however, the magnetic-flux distribution
would be found to be the same in Fig. 45 as in Fig. 46, and
the reason lies in the fundamentals that have just been
reviewed. Probably the easiest way to imagine the form
of the magnetic field linking the loop around the region of
the condenser, where the current scems to be nonexistent,
is to use the notion of displacement current. If there is a
change of eleetric flux in that region, then that is the
equivalent of common clectric current as far as its ability
to produce magnetic flux is concerned. The actual
numbers that will be used in figuring displacement current
between condenser plates will be such that the displacement
current will precisely equal the amount of current flowing
in the conductors of the loop. Thus the current is con-
tinuous, and the displacement current flowing in the
condenser is actually equal in magnitude to the charging
current of the condenser.
Now it can be said that the magnetic-field distribution
of Fig. 45a, which shows the original small condenser in
the circuit, is essentially the same as that of Fig. 45b and
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Fig. 46. (There is always the slight distortion due to the
area of the plates not being the same as the wire cross
section and the condenser’s end effects, but the present dis-
cussion is quite apart from such items.)

The identity of these magnetic-field distributions is
precisely what the clectrical cengineer correctly uses all
the time. For he would look at the circuit as containing
inductance and capacitance in series and calculate the
inductance, a function of the magnetic-field distribution,
without worry over the major break in conduction current
in the circuit. He always regards the current, in other
words, as continuous. Therefore, he is attributing to
the condenser’s gap the ability to produce magnetic effects

Fii. 47— A sumimary of Maxwell’s equations {for free space: changing clectiice
flux produces linking m.m.f.; changing magnetic flux produces linking e.n.f.

with force equal to that of the conduction current that
flows in the charging leads.

Further development of this picture and an appreciation
of the significance of displacement current as a concept
applicable to the entire frequency range will be obtained
as we go on through the study of examples in the remainder
of the text. For the present, it will be well to look at the
two diagrams of Fig. 47, which contain a summary of this
chapter. These show changing electric field with magnetic-
field linkages and also changing magnetic field with electric
field linking it. Appreciation of the facts that these two
basic conditions can take place in space and that all field
distributions at high frequency are a result of a super-
position of these elementary effects will lead to an under-
standing of ultra-high-frequency circuits, transmission
lines, and radiators.
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Mazxwell’s Equations.—One more word is fitting, to
aid many readers when they refer to other sources and also
to give credit to Maxwell. His ficld equations applied to
free space are a mathematical statement of the pictures of
Fig. 47. When it is said that Maxwell’s equations alone
need be studied for a complete understanding of microwave
phenomena, it is not much of an exaggeration. These
equations predict the wave characteristics of electricity,
state what the wave velocity is, and give the relations
among the fields, the charges, and the currents of the
svstem. It is no wonder, then, that a discussion of the
mathematical theory of microwave systems usually starts
from Maxwell’s equations or an equation derivable from
them.

An interesting lesson comes also from recognition of the
fact that Maxwell wrote hix equations before radio waves
were known.  This text starts from the known existence
of clectromagnetic waves and arrives finally at Maxwell's
equations. That waves can be made to exist is known to
every reader, and thus this text has begun with known and
acceptable things. But the more usual approach, and
probably the best one for a more thorough study than this,
ix to follow Maxwell. First, his equations would be made
to seem reasonable and necessary as a statement of experi-
mentally determined laws. Then, from those laws, the
possible existence of waves would be predicted. The
order of explanation ix perhaps only academic, but it
should not be forgotten that Maxwell predicted electro-
magnetic-wave phenomena.



CHAPTER IX

A Resonant Cavity Is a Self-enclosed Circuit

Equipped with some all-frequency laws concerning clee-
tromagnetic fields and, in particular, with some knowledge
about displacement current, we are now ready to continue
the study of ultra-high-frequency circuits. Thix time we
can take a long step; we shall endeavor to investigate and
understand reasonably thoroughly the commonest circuit,
or the equivalent of a circuit at centimeter wavelengths.
Because retardation must not be neglected at these wave-
lengths, radiation may be so great as to destroy the value
of many otherwise cxeellent circuits. Cireuits are never-
theless needed that will present high impedance between
the terminals of an clectronic tube, to pick up and transfer
cnergy in certain frequency bands or absorb and block other
frequencies. Every property of a circuit in low-frequency
radio that makes circuits desirable is a useful property to
possess at ultra~high frequency.

The way in which these requirements of usefulness are’
met in the centimeter-wave bands essentially eliminates
radiation as a controlling factor. Radiation is outflanked
by proper application of fundamentals already discussed.
Thus it is not necessary to study this leakage of energy
through electromagnetic waves any further at this point.
In the important fact that centimeter waves will not
appreciably penetrate a conductor is found the answer to
the question of how to design circuits at these high fre-
quencies so that the leakage of energy by radiation will
not be excessive. If a circuit is to be built, it should be
so constructed that the current flow around that circuit
is self-enclosing. The practical realization of this trend

73
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of thought is the common centimeter-wave circuit known
as a ‘“‘resonant cavity.”

In Fig. 48 an attempt is made to picture a progression
from the ordinary circuit to a simple self-enclosing resonant
type of circuit. The diagram shows perhaps the most
common impedance group in radio enginecering, a tuned
parallel circuit, the inductance tuning the condenser to
resonance and yielding a very high input impedance across
the parallel combination. Such high impedances between
two points are needed in the centimeter-wave frequency
band, but it is necessary that radiation be held to a small
amount. Thus let us start out with two plates for the
condenser, first closing those plates by a one-turn induet-

— i 5
(a) (6) (c) ()

I1G. 48.—A progression from a common parallel LC circuit to a resonant eavity.

ance; this small inductance ensures that the circuit will
resonate at an extremely high frequency.

Next, several of these one-turn inductances are placed
around the condenser-plate edges. If desired, we may
think of this arrangement as many small inductance bands
in parallel. At any rate, the capacitor consisting of the
two plates is closed by the surface on which current flows
and is closed all the way around. Here is simply a closed
box, and inside is the centimeter wave. Thisx box may be
stimulated in a number of ways, some of which will be
mentioned later. But quite apart from the method of
stimulating the box so that waves are contained therein
and currents flow along the walls, this cavity will have a
frequency that may be called ‘“resonant” for the oscillation
described. In other words, there is a frequency for which
there will be very high electric-field amplitude between
the plates of the capacitance, at least in the center of the
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box, because of the charges existing on the top and bottom,
and a very high current flow up and down the sides of the
box. At some time the energy will be stored in electric
ficld. At a later time it will be in magnetic field. Just
as in the simple LC resonant circuit, the wall currents and
the top-to-bottom voltage will be out of phase by 90 deg.

When the word ‘“circuit” is mentioned to a centimeter-
wave engineer, the picture that comes 1o his mind is not
likely to be the same as that which comes to the mind of
an engineer working in the radiobroadeast or power range.
The former’s concept of circuit is associated with the
properties of enclosed regions. The great importance of
the resonant cavity in the ultra-high-frequency region,
because this form is the commonest of the circuits used
there, makes it necessary that the engineer have in mind
the various resonant modes, the various patterns of electric
field and magnetic field, and current and charge distribution
that can exist in those cavities. Hence some of the
thoughts of a microwave engineer on electric circuits are
similar to the thoughts of an acoustic engineer about
cavities containing sound waves. This statement does
not imply that centimeter-wave clectricity is very closely
related {o sound waves. Because for both phenomena the
physical sizes of the systems with which the engineer works
are of the order of the wavelength, it is not uncommon to
find very similar phenomena in the case of both centimeter
waves and acoustic waves.

We arrived at this picture of charge and current dis-
tribution inside a box under resonant conditions by extra-
polating from the coil and condenser, but we could just as
well study the cavity by thinking of the space inside the
box as one in which centimeter waves are propagating.
The waves are not able to leave; therefore, if they are to
cxist inside, they must bounce back and forth between
walls. The consideration of the resonant cavity as a
region where waves are propagating instead of as a circuit
will be left for a later chapter. But it may be noted here
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that, in order that the wave may fit into the box, the
electric-field strength, which may be high near the center,
must decrease so that at the sides (where it is in effect
shorted by the conducting wall) it will be very small.
It is necessary, in other words, to have half a wavelength
or some multiple of half a wavelength across the face of
the box (Fig. 49). If the frequency is not high enough so
Fisld distribution. half that the wavelength is low enough

"; w;‘f,er;eggfz, 777 to fit into the cavity, then the cavity

| cannot resonate. It may be excited
//\ at this lower frequency, but it will be
far off tune, and the response will be
low.

Now let us consolidate our gains.
We have called a cavity, the inside of

a conducting box, an ‘‘ultra-high-
ST 4. iTequency circuit.” This soundsrea-
quency is not high enough sonable for the moment because we
e oo ugh, Temember that the resonant cavity
into the cavity, it will not grew from a simple one-turn-induct-
resonate. . .

ance—one-condenser parallel circuit.
Yet this is not completely convincing until we see how
it is used, which we shall do shortly. First, let us
remember that we came upon this type of dexign because
of a desire to eliminate radiation. That we have indeed
eliminated it is clear if we recall that if the walls of the box
are perfect conductors, because of skin effect, no electro-
magnetic field or electrical effects or energy will be able
to get from the inside of the box to the outside. (Except,
of course, a static magnetic field.)

Current Distribution.—Iet us continue with the simple,
perfectly conducting box. If the top and bottom of the
box are charged oppositely at some instant, the charges
will, of course, attempt to come together to neutralize
themselves (Fig. 50). This will set up along the sides of
the box currents that will low on the inside, 7.e., if the
source is on the inside. The discussion of Chap. VIII
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indicated, at least in the case of the simple one-loop circuit,
that when a circuit does not radiate energy, then the cur-
rent distribution cannot be uniform all the way around
the circuit. This is a thesis that seems to fit this case.
Here we have a problem in which we are certain from
fundamental skin-effect considerations that there can be
no radiation. Therefore, no matter how the stimulation
of the cavity may take place, it is fairly certain that there
will be no uniformity to the distribution of current. Such
a picture fits the fact that the current flow is mainly on the
sides of the box. The top and
bottom have charge distributions, FRare IR
so the current flow on different T 7 ’1
parts of the top and bottom must
be different. There will, for exam-
ple, be essentially no current flow
toward the center of the top or i, I,;,’;nls‘o(,:q;‘l‘,‘; current flow
hottom (Fig. 50). The functionof bex
the current is, from one point of view, to bring the charge
up to the top or to the bottom. On the walls of the box
there will he no charge, and consequently the current will
be the same all the way up the walls.
Electric-field and Charge Distributions.-- Now that the
question " of current distribution has been brought up,
. all the distributions-—currents,
1 ™ electric field, charges, and mag-
m } ! | | netic field—should belisted. First
|
I

R = = mmmm— — A

t
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T let us take the clectric field. It
e exists between the top and bottom
[[,} } : | | plates. It isx obviously not uni-

i, 51 — Eloetrie flux T formly distributed. It Ynll be
end on charges on the top and  Strongest. at the center; it must
hottom platen. fall off as it approaches the sides,
as Fig. 49 has already indicated, because, with a perfect
conductor assumed, the electric field, if it existed parallel
to the wall, would cause infinite current flow there. When

the electric-field distribution is known, the charge distri-
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bution follows immediately. Where the electric field ends
on conductors, there must be a distribution of electric
charge whose strength is, of course, proportional to the
strength of the electric field (Fig. 51).
Magnetic-field Distribution.—Now for the magnetic-
field distribution—this is not so casy. We must recall
that there is no a.c. effect what-
\ ever on the outside of the cavity
7| ;I‘ because it is assumed that the

!
If: 7 sources arc all inside. Yet, since
/J— —— there is current on the walls, we
| might at first fear that a magnetic

Fio. 52— The ecncircling feld might exist on the outside;
Joop links u total cavity eur-  for the wall current would appear

'O,

to be perfectly capable of giving
rise to such a field. If a circular loop is drawn around -
the outside of the cavity (Fig. 52), there is current
linking it. But displacement current must not he over-
looked. We can think of the current as traveling up the
walls of the box from the bottom to the top plate and
returning as displacement current to the bottom plate.
Thus, if a loop is drawn outside the cavity as shown in
Fig. 52, and if it is claimed that there ought to be some
magnetic field around the loop since it is linking current,
it can be answered that both a going current and a return
current of equal amounts are being linked. No value
other than zero can be found for the magnetic field. The
magnetic-field distribution inside the box follows at once.
It simply links the displacement current flow as shown in
Fig. 53.

Now that it has been seen how displacement currents,
clectric and magnetic fields, conduction currents, and
charges work together to yield a consistent picture of the
operation of one resonant cavity, the breadth of the entire °
subject should begin to make itself apparent. Obviously,
the example treated is only the beginning. Quite a
number of different distributions and hence different
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eventual circuit characteristics are possible in any space
enclosed by a conductor. Figure 54 shows cross sections
of rectangular parallelepiped cavities in which two other
modes of distribution are stimulated. The dotted lines

i -==-~1-Magrietic
TT1 -:? freld lines
L
[ | | ! ] heeceees ~Displacerment
current
Fra. 53.

represent electric-field flux lines connecting the positive
and negative charges pictured at one instant of time.
These ways in which electric field may distribute itself
inside eavity resonators are as important to the centimeter-
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wave engineer as Y and delta connections are in the power
field, and tuned transformers in the radiobroadeast receiver
field.

Notice how we can obtain modes in which there are
several nodes and loops of charge distribution or voltage
distribution as we investigate the pattern from

+ 4+ 4+ +
the center outward. =

It is easy to fashion many other patterns {’ |' E !
of electric fields and magnetic fields and the 1\ ! /
resultant cavity boundaries that will enclose A
them. Where electric-field lines end, we
will put conductor surfaces to hold the charges (Fig.
55). Then we run conduction current up along the walls
of the conductors to feed the charges (Fig. 56). This

closes the system. We now investigate the magnetic

Fia. 65 .
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field by looking into the linkages of the total current
displacement current plus conduction current (Fig. 57)
As an example, suppose we desert the straight electric-field
lines of most of the preceding drawings and sketch a few
curved lines of electric field as a beginning. This is indi-
cated in Fig. 58. Next we shape conductors on which
these lines can end, the lines coming in perpendicular to
the surface; finally, we close the conductors to make

Fia. 56, Fra. H7.

possible the conduction current to carry the charges up
and down hetween the two plates on which clectrie-field
lines end. Again, the dotted lines show the electric-field
distribution at some instant of time, and the solid lines
indicate magnetic field. Figure 58 can be interpreted as
showing, crudely, the ecross-sectional distribution in the
axial planc of a spherical cavity (Fig. 59) or in the trans-

Fia. 58. F1a. 59. Fia. 60,
verse plane of a cylindrical box cavity (Fig. 60). In the
latter case, note that it is the sides of the cylinder that
are charged against one another; in the former, it is the
poles of the sphere. The electric field will be strongest
in the central region of the cylinder. It will have to be very
small (zero, if the conductors are perfect) at the two ends
of the cylinder, where the electric field will be shorted by
the conducting end planes.
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We can repeat the ahove process, with the electric-field
lines bending the other way and end with the biconical
cavity of Fig. 61.

Of course, it is not necessary to have the electric-field
lines ending on conductors.  Inthe
preceding chapter the general field
laws were discussed.  One of these
allows the electric lines to close on
themselves, linking the magnetic-
ficld lines, in direct analogy with
the magnetic lines of the previous
illustrations that link the electric-
field linex. For such a situation
to exist in a cavily, there must be,
as usual, a proper distribution of
both the magnetic- and the clectrie-field lines in order that
the changing magnetic field may be able to induce the chang-
ing electric field around the linking path, and vice versa.

The reader may legitimately sense at this point that it
is eaxy to oversimplify resonant eavities if they are thought

<

Fri. 62.~-An oscillation mode in which the clectrie-field lines (dotted) also form
closed loops.
of purely as an extension, to prevent radiation, from a
simple L(' circuit. Now that the possibility of having
clectric-field lines closing in loops—not starting from one
place on a charged conductor and ending on another—
has been introduced, it hecomes apparent that the complete
resonant-cavity picture is a broader one than the LC
circuit extrapolation would indicate. For example, in
Fig. 62 a cylindrical cavity is shown operating in a mode
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in which the electric-field lines are circles, concentric with
the circular conducting boundary, strong in the center
of the cylinder, weak or essentially zero at the two ends.
The magnetic-field lines travel axially and radially so as
to link the clectrice field.

This example certainly does not seem at all analogous
to the condenser-plate situation. Indeed, it bears some
resemblance to a shielded solenoid (Fig. 63) because the
displacement current is as effective as the solenoid’s con-
duction current in producing magnetic field. Even this
similarity is not worth pressing. It is nol necessary

H
H

F1a. 63.—-Two of the magnetic field lines H linking a helical current I.

to hold to analogy to understand these pictures. It is
simpler to give free license to the view that the fields
may mutually stimulate one another. After all, with
a cavity having a perfectly conducting boundary, it is
easy to imagine that somehow or other one of the fields,
say the magnetic field, gets started. As it starts falling
off in strength, it will induce an electric field because the
induced e.m.f. around the path indicated by the dotted
lines of Fig. 62 will be proportional to the rate of change
of the linking magnetic field. Thus the electric field will
rise in strength as the magnetic field drops off. As the
magnetic field passes through zero and changes direction,
the electric field will reach its maximum and fall off. Now
it can be correctly stated that the changing of the electric
flux, or displacement currents, gives rise to a changing
magnetic field that will in turn support the original mag-
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netic field carrying it through zero to a reversed peak.
Thus the whole system stays in resonance, the energy
oscillating back and forth from electric to magnetic field
and choosing a frequency for which the electromagnetic-
field distribution will be able to fit properly and com-
fortably inside the particular size and shape of cavity that
has been chosen.

This discussion of the way in which an electromagnetic
field can maintain itself if there are no losses is an excellent
way 1o introduce the subject of wave propagation in a
more detailed way than has been done so far. As a matter
of fact, this is the approach that we shall use in the next
chapter. It is easily granted that inside a perfectly con-
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¥1a. 64.-—With the cavity wall removed, a coupling would cxist to outside space

hecause of the mutual induction of electric and magnetie fields.
ducting box the electric and magnetic fields will keep
themselves up in just the same way as the magnetic stored
energy and electric stored energy in a parallel L and C.
If the box were opened, if one end plate were removed as
in Fig. 64, the encrgy might be expected to move off as
waves through space, the electric and magnetic fields
inducing one another forward.

An interesting thing about these self-enclosed circuits is
that the ratio of stored energy to energy dissipated is
unusually high for ordinary conductors compared with the
lumped circuit used at low frequency. Not only has
radiation been diminished to negligible amounts, but this
type of circuit construction is better in efficiency of energy
storage than a typical low-frequency resonant circuit where
radiation never was a factor. This is perhaps not a thing
to prove rigorously here, but it can be made to sound
rcasonable. Such current flow as there is, is distributed
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over a relatively large area. This tends to cut down the
ohmic losses on the imperfect conductor’s surface.

Of course, the type of field distribution indicated in Fig.
62 simply could not happen in statics, but perhaps it is
foolish to bring up such a point. It certainly can happen
at any low frequency if only the dimensions of the box are
made large enough.

If the microwave engineer’s notion of a circuit consists
in a large measure of pictures of oscillation modes inside a
closed region, does the operation of these circuits in practical
systems involve material differences, compared with the
use of circuits at the lower frequencies?

It is probably safe to say that, in the utilization of these
circuits, the functions of these cavities are always analogous

Input ‘ Outout
(FJ ———

F1u. 65.—A simple filter using a cavity resonator.

to the low-frequency circuit. For example, Fig. 65 shows
a simple filter. Encrgy comes in by the opening shown
with a loop to excite the magnetic field. If the encrgy
arrives at a frequency that resonates with the box, very
high current density and charges will appear on the cavity’s
inner faces. Obviously, the construction of the input
loop and its location in the cavity has a great deal to do
with the type of mode that is stimulated. If the fre-
quency is not very nearly one for which one of these modes
would like to exist, then very little energy will be trans-
ferred from the loop to the cavity, and the resonant cavity
will have exceedingly low currents and fields. Con-
sequently, very little magnetic field will link the output
loop.

Figure 66 shows two electrodes of a vacuum tube, two
grids through which an electron beam will pass. The
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current in that beam is assumed for this illustration to
contain variations in density. As each lump of space
charge passes by, it induces current in the external circuit
connecting the two grids according to the principles dis-
cussed in Chap. V. Also, for reasons that stem from

ol 1]
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F1a. 66.-—The axially symmetric cavity resonator is connected across the two
grids.

clectron transit time discussed in Chaps. IV and V, the
two grids will he rather close together. Thus the choice
of shape of resonant cavities that are used with microwave
electronic tubes is accounted for. Ome suitable cavity
form is indicated in Fig. 66.

—>cipyatn sty sl = s Flectron
— Tl S s stream
Input Ouvfput

Fra. 67.—A two-gap velocity modulation amplifier tube using two resonant
cavities.

Figure 67 shows a two-cavity velocity-modulation
amplifier, one cavity being excited by input power with
the excitation and cavity form so selected as to yield highest
signal voltage across the input gap. This signal voltage
acts on the electron stream (Chap. IV), which, as it moves
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from input gap to output gap, develops density variations.
As these variations pass the output cavity’s gap, they
induce current in, 7.e., excite, that cavity. Then this
output-cavity power may be drained off by a suitable
opening from the cavity to an outgoing transmission
line.



CHAPTER X

All Conducting and Dielectric Boundaries Are Wave Guides

In each of the previous chapters, an attempt has heen
made to introduce at least one important concept applicable
to the higher radio frequencies. It is time now to draw
a major conclusion. Perhaps it is premature to call it
a conclusion; it is, at any rate, a concept and will be the
subject of this chapter. The approach adds nothing new;

‘ I L
o= =0
Transmitter Receiver

F1d. 68.—No effective break is allowed in the shielding of a microwave system
until intended radiation takes place.

it rather attempts to correlate all that has gone before and
to lay the groundwork for a hetter approach to what is
yet to come. The theme for this chapter is: All microwave
systems, all electrical systems, at any frequency, are wave
gutdes. At the lower frequencies, this concept ix perhaps
not the most valuable approach, except, of course, for
antennas and transmission lines. At least, it ix not a
necessary approach for all electrical systems, and it may be
a cumbersome way of looking at some parts of the sy~tem,
such as the simple circuit of low frequency.

It is well to approach the development of this theme by
noting first what is meant by the term *‘electrical systems”
at ultra-high frequencies. Figure 68 shows diagrammati-
cally a general system that is typical of microwave setups.
Power flows out of the source. It would spread as waves
in the space surrounding the source except for the fact

that the apparatus is made self-shielding; <.e., the source is
87 :
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some sort of electronic generator whose oscillating circuits
are resonant cavities. Energy is abstracted from these
by connections to hollow pipes or coaxial cylinders or some
equivalent wave-guiding system, care being taken to see
that skin effect maintains the microwaves on the inside of
these guides. There is no actual break in the skin that
covers the microwaves, i.e., not until it is actually intended
that the waves be radiated. Then, certainly, a hole
appears in the over-all enclosure, and this opening is very
carefully designed to send the waves out properly or
efficiently and in the intended direction. .\ similar situa-
tion oceurs, in reverse, at the receiver end.

At one or more points between the tubes and the antennas
there may be resonant regions that will serve the usual
purposes  of selecting frequencies, coupling the longer
guides together, ete.  What happens at each step depends
on the boundaries of the space. Sometimes the energy is
contained in a relatively small region of space. Then the
electrical system is usually called a “cireuit.”  Sometimes
the energy that leaves the source is guided by conductors
and dieleetries to some fairly distant place in ~pace where
it is reflected or absorbed. Then the system is usually
spoken of as a ““{ransmission line™ or “wave guide.”
Sometimes the boundaries around the source are especially
selected to entice the energy out of the source and start
it off into the surrounding space so that it will be trans-
mitted through that space without benefit of further
guiding. Under those circumstances, the electrical system
is spoken of a “radiator” or an “antenna.” N

But we have seen that, as a general rule, all circuits
may radiate unless they are rather special, say completely
enclosed by perfect conductors. Also, we have seen that
every simple conducting system that might ordinarily be
considered as a circuit ix in a very definite and proper sense
a transmission line, since energy is guided from the source
to some terminal, even though that terminal may simply
be the other end of the circuit where most of the energy is
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reflected. Everything then comes down to a matter of the
order of magnitude of the effect: the actual numerical
ratios between the radiated power and that which ix held
by the conductors in their vicinity, or between the radiated
power and the power that is taken from the source and
deposited in a load with the henefit of guides for the entire
distance.

It is safe 1o use the wave idea in corvelating all three
systems bhecause it has been scen that it is completely
legitimate to consider that all eleetrical energy resides in
the dielectrie bounded by the conductors; no high-frequency
waves are able in a practical way to penetrate the conduct-
ing surfaces.

Of course, this picture of all electric phenomena a~ waves
has been built up throughout the text gradually. Also
wave and field notions have been very carefully correlated
with the conventional voltage and current ideas, because
no concept that comes in at ultra-high frequency can do
so suddenly. If we continue to use correct concepts
throughout, then we must be able to see always how the
low- and the high-frequency concepts fit together. We
shall continue to do that throughout the following chapters,
in which we have vet to add the discussion of transmission
lines or their cquivalent and antennas and to correlate
both of these with circuits, especially the resonant cavities
studied in the previous chapter.

Importance of Boundary Conditions.—The importance
of boundary conditions around a region of space that has
heen caused to put up with very-high-frequency electrical
phenomena can best be understood by studying some
specific examples.  First, let us say something more about
the relatively easy situation of a completely enclosed
system. Figure 69 shows a coaxial transmission line con-
sisting of two presumably perfect conductors. .\ source
of voltage is applied between the two conductors. As a
result, clectromagnetic effects will be transmitted down
the transmis~sion line (or, to use the term preferred in
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this chapter, the ‘‘guide’). Since the source is on the
inside of the space bounded by the two conductors, no
effects will be at all apparent on the outside. Thus the
only fact that will be of concern is that waves will be trans-
mitted down the region of dielectric that is bounded by
the two cylinders. Now, if, as Fig. 70 shows, the coaxial-
line system is twisted in a most confused way, the energy
will still be restrained by the action of the perfectly conduct-

—O-— 3

Firi. 69. -A coaxial line with the source on the inside guides power in the inter-
cylinder space.

ing houndary to stay within the guide. Notice that there
i~ no comment on the efficiency of this system; for instance,
nothing is being said about how much energy might be
enticed around the curves. It may be that when a wave
arrives at the curve, only an inappreciable amount of the
wave energy may continue around the curve with the rest
of it being reflected back to the source. On the other
hand, perhaps almost all of it will be persuaded to go

A B

T1i. 70.—The twisted couxiul line still holds the waves inside.

around the curve. This all depends upon the details of
the particular ‘choice of dimensions and frequency, the
amount of the curvature, and what there is at the other
end of the curve. The point is that the energy is restrained
and guided to follow the form of the boundary. In no
case are microwaves found outside the region bounded
by the two conductors. No waves continue in the original
direction AB (Fig. 70), ignoring the bend in the line.
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The conductors insist that the electric fields be per-
pendicular to their surfaces. (Again, if there were any
clectric field tangent to the perfect conductor, an infinite
current would be caused to flow in it since it has no resis-
tivity.) If,as pictured in Fig. 71, the electric field attempted
to go on through space instead of taking the curve, there
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Fia. 71

would immediately be a component of that electric ficld
parallel to the conductor. This is complete proof that no
such secession by the electromagnetic waves is possible,
but it is the same as citing the skin cffect again.

A final example of how a perfectly conducting houndary
guides clectromagnetic waves is found in the resonant
cavity already considered in Chap.
IX. The cavity shown in Fig. 72
is axially symmetric and contains
a small gap on the axis across
which a high-frequency voltage is
placed. Electric-field lines that
result as part of the manifestation
of the excitation will be kept per-
pendicular to the conductors; no
effect will be observed at all on  Fiu. 72.—The waves travel
the outside of the cavity, since itis roeny outward. Juided, };;,’
assumed that no additional source ~ the sphere.
is there. The wave-guiding way of looking at the cavity
action is approximately as follows: The waves will travel
radially outward from the central source, guided by the
conical surface 4A. At the spherical boundary BB the
waves are reflected. This is a way of recognizing that
the electric field must be zero tangential to BB. The
reflected waves and the incoming or incident waves will
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be of such phases relative to one another that the total
electric field from both waves (1) will always be zero on
BB and (2) will always satisfy the generator condition
at the source.

This is a steady-state situation. Waves are present in
the cavity at all times, and they can be divided into two
classes, those guided outward to the end of the cavity and
those guided backward after reflection. The two waves
add together to give the current, charge, and magnetic-
and electric-field distributions that were agreed in Chap.
IX to exist. In that previous discussion, the distribution
was reasoned out directly from the two fundamental laws
that told how electric and magnetic effects induce and
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Ia. 73.— An open two-wire line also guides waves.

support one another. Now the same problem is looked
at as one of guided waves, waves that are the general
result of the idea that the eclectric and magnetic effects
induce and support one another. The same answer is
certain to be obtained in each case.

Open-wire Guide. —So far only completely enclosed
guiding systems have been considered. In such situations
the microwaves ximply could not escape. Their only
choice was between following along the inner boundaries
and being reflected back to the source. A more complex
guiding system ix the open-wire guide or transmission line
pictured in Fig. 73. Here again is seen a source of voltage
that results in electrie field between wire~. There are, of
course, also magnetic field and current~ and charges, but
the electrie field will be noticed particularly. It comes in
perpendicular to the conductor. Thus, if the conductors
are twisted around (Fig. 74), there i~ the same guiding
action noted before. The electrie field near the conductors
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must turn around with the conductors so as to remain
perpendicular to them at all times. The waves, guided
by the line in the original direction AB, will be pulled
around the corner and thenceforth guided to travel in the
direction BC; i.e., some or most of the wave energy may
make the turn.

Unlike the previously considered self-shielding systems,
the open-wire line allows the fields 1o be spread over all the
surrounding space. As long as no twists or discontinuities
exist in such a system, if there are only two parallel perfect
conductors, then the wave encrgy will be confined to

o
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Fiu. 74.--Some of the power i~ guided around the turn by the open line.

moving along the system. Despite the fact that the ficlds
go out to infinity, the direction of power flow will he in
the direction of the guide. Under these circumstances,
the guiding idea is sufficient, and no loss of energy takes
place in any unguided waves that simply decide to travel
away in ~ome other direction. But such a condition is an
impossible one. It would certainly be impossible to fashion
the source in such a way as to start the fields out properly.
Bends und end effect~ at the load end will also cause
distortions.

At each twist or di~continuity, the eclectric-field dis-
tributio® near the conductor will be closely dictated by the
houndary surface. But since the electric field spreads
out to infinity, the more distant energy will not notice the
wires appreciably. If this matter could be investigated
further, it would be seen that when there is a discontinuity
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in the open-wire guide, the waves do indeed continue in
part along their original direction. The electric and
magnetic fields have been carrying each other along in the
direction of the line. This is true even for the fields far
out from the wires. When the twist occurs, the conditions
of mutual induction toward a motion in the original
direction still exist. A little farther on, past the turn,
the effect of the turning of the neighboring waves—those
closer to the wires—will be felt by the more distant ficlds.
Thus the distribution of the stubborn distant waves will
be altered. But they will still have a component of flow
in the original direction. After all, only the field on the
wire is obliged to come in perpendicular to it.

More accurately, the twist will cause waves to disperse
in all directions. Some will make the turn; some will he
reflected back to the source. The nonconforming waves
will go partially in every other direction. Such waves
are lost to the line forever. Of course, if they should strike
some other distant boundary, some of the resulting reflec-
tion might be recovered by the line. The line has hecome
an antenna. Waves are radiated from it as well as guided
by it.

Obviously, the waves that travel in the original or non-
guide direction and that are spoken of as ‘‘radiated” are
given that title as a matter of definition. They are the
unguided waves. Whether they are useless or useful
depends upon what result is sought. Careful design of
the leaky guide would bring about a good transfer from
guided to unguided waves and would direct the radiated
waves where desired. Then a practical antenna would
result.



CHAPTER XI

Most Engineering Concepts of Transmission Lines Are Valid
for Microwaves

The previous chapter showed how all microwave systems
are partly wave guides. Every conceivable component
of a microwave system not completely enclosed seems to be
part circuit, part transmission line, and part antenna.
Despite this possible and even probable hybrid nature of
things at the higher frequencies, it is still extremely useful
sometimes to separate systems into these different classes,
provided that such a classification is not allowed to make
the separated groups appear unrelated. One of the most
useful classes at any frequency is the common two-con-
ductor transmission line.

For present purposes, a system will be called a ‘““uniform
transmission line” if it has two parallel constant cross-
sectional conductors whose lengths are substantially greater
than their spacings and at least comparable with the
wavelength. Uniform lines are used at ordinary power
and communication frequencies to transmit power and
intelligence. They are used for the same purposes in the
microwave region, except that here the single hollow pipe
or common wave guide, studied in the next chapter, offers
competition. But transmission-line concepts are much
more important at the extremely high frequencies than
these statements have so far indicated. When the wave-
length is best given in centimeters, the distance between
two component parts of a piece of apparatus is almost
certain to be a substantial part of a wavelength. At
microwave frequencies any little interconnecting lead is a

candidate for the transmission-line class.
95
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In addition to this rather obvious importance of trans-
mission-line theory at ultra-high frequencies, there is
another reason why a separate chapter should be devoted
to a consideration of transmission-line concepts. There
is a conventional, seasoned approach to {iransmission
lines which engineers have found useful and satisfactory for
the low and medium frequencies. Much of this approach
is completely practical and legitimate even for micro-
waves, for reasons that help greatly in the understanding
of concepts of fields and waves and circuits.

Transmission lines are to be considered in the next few
pages, with the accent, of course, on concepts. Some
things will be proved, and others will he stated with only
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Fia. 75.—The favorite lme at extiemely Ingh nequeneies is the eoaxial line.

a few accompanying comments to make the points scem
reasonable. Still other discussions will deal merely with
tying in the transmission-line class with other classes of
systems, in order not to lose sight of the fact that the
division into classes is not necessary.

Discussion of the first concept applicable to lines at the
highest frequency may seem almost entirely repetitious.
Yet its importance requires at least a summary statement
at the outset. The self-shielding, radiation-reducing idea
that formed the bhasis for resonant ecavities is equally
applicable to transmission lines. To ensure the transfer
of power without extraneous couplings to other systems or
other parts of the same system, a transmission line is
generally chosen that has a complete shield about the
propagating fields. The favorite ix the coaxial line shown
in Fig. 75. I the excitation and loading of the line always
take place in the space between the conductors and if the
outer conductor is not broken anywhere, then there is no
effect on the outside, practically speaking.
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Throughout this chapter, unless special mention is made
to the contrary, it should be assumed by the reader that
the discussion is free from the complications of possible
radiation from the line and annoying couplings from the
line to its surroundings. The fields will be conceived of as
hounded uniformly at each cross section by a surrounding
conductor that most often, in practice, will be one of the
two conductors of the line.

The next fact that deserves a place here is that trans-
mission lines are used to replace lumped circuits at high
frequencies as often ax they are to trander power from a

I
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Lie 76, A <rorved lengrh of eoasial ine connected between gnd and eathode of
an election tube.

source to a load. It ix common to speak of the use of
sections of lines ax “circuit elements.” They are used as
the tank circuit of an electronic tube or as transformers
to convert one impedance into another. Often, when these
sections are eritically sensitive to frequency, they are called
“resonant lines.”

As one example, Fig. 76 shows a section of coaxial trans-
mission line that is shorted at one end and connected across
{wo terminals of an electronic tube at the other. If the
line is about a quarter wavelength long at the operating
frequency, it turns out that the waves reflected by the
“shorting plate reach the tube on their return in such phase
ax largely to cauncel the current in the outgoing wave.
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Under these circumstances, the line presents a high imped-
ance to the tube. Since this happens over fairly narrow
frequency ranges (where the line, of constant dimensions,
comes out a quarter wavelength, three-quarter wave-
length, etc.), the line is roughly the equivalent of an
ordinary LC tank (Fig. 77) near its resonant frequency.

The reader may say that Fig. 76 could just as well have
been a picture of a resonant cavity so shaped as to make it
fit conveniently around the two terminals of the tube.
In fact, if this thought does not seem perfectly sound to
the reader, then the previous chapters have failed at
least partially in their objectives. Surely, if a piece of a
self-enclosing type of transmission line— and
it does not even have to be uniform- is cut
out of a long line and the ends are closed by
conducting plates, the region enclosed hy
this effort is a resonant cavity. The general
ideas of Chap. IX apply. So, when all is said
and done, it is often a matter of taste and sophistication
whether microwave engineers speak of many of their c¢ircuit
equivalents as ‘““tuned lines” or ‘‘resonant cavities.”

Many engineers, accustomed by years of experience to
the use of transmission lines as circuit elements, belicve
it somewhat of an affectation to speak and think in terms
of cavities. Their contention is that the hollow hoxes are
rarely as close to the true system as is the short-circuited
line of Fig. 76. Of course, the purpose here is to sce the
relation of these various concepts. Each is a correct one,
properly interpreted, and that is all that needs to be judged
in this text.

Distributed-constant Concept.—Next to be discussed is
the matter of the well-known distributed-constant concept
that has served so well in designing and understanding
transmission lines. Before outlining just what is to bhe
shown, a word should be included as to the meaning of the
distributed-constant idea. Transmission lines are most
often analyzed by the use of Kirchhoff’s circuit laws and the

Fra. 77,
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notion that the line is a network of an infinite number of
distributed infinitesimal series impedances running the
length of the conductors, interconnected with infinitesimal
parallel admittances between the conductors (Fig. 78).
This attack gives practically correct answers (perfect
answers for perfect conductors) but has often heen sus-
pected of basic conceptual errors and therefore considered
dangerous, the answers it yields being potentially grossly
in error.

It is not surprising to find that the distributed-constant
approach seems to be arbitrary, particularly after a study
of the general laws of electricity and magnetism. Such
a study teaches caution about extending ideas that worked

+C =[L-C' +C TC TC

Fra. 78.—A perfect-conductor transmission line is usually thought of as a net-
work of distributed L and C.

well at low frequency to some higher frequency. Can
the concepts stand a showdown against the all-frequency
laws of electromagnetics?

Yet it is just this kind of untested extension that con-
ventional transmission-line theory appears to make. For
instance, consider the impedances of Fig. 78. These are
supposed to be part of an infinite network whose action
represents the line, the number of elements approaching
infinity as the line portion represented by each element
approaches zero, the whole then yielding perfect accuracy.
Take first the perfect-conductor line and deal then only
with a series inductance per unit length and a parallel
capacitance per unit length. How are these two dis-
tributed constants determined so that the analysis may
then proceed? Consider first the series inductance. The
inductance per unit length used is precisely that obtained
in computing the flux linkages per ampere per unit length
for the same system with direct current flowing down one
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conductor and returning by the other. Also, the capaci-
tance per unit length used in the line theory is exactly that
obtained if a calculation is made for the charge on the
conductors per unit length for a difference of d.c. voltage
of unity between them.

From this statement of the facts it does seem as if d.c.
circuit constants are being used for a problem that is
anything but direct current. In fact, the results obtained
from the distributed-constant approach are that the
phenomena on the transmission line can be described in
terms of traveling waves of current and voltage. In a
typical line problem, the current and voltage will oscillate
with distance at every instant. The distribution of
current and voltage will be anything but constant with
distance or static with time, and yet the parameters that
appear to have been relied upon apply only when the
current and voltage are truly constant and static.

But the distributed-constant approach is all right. It is
perfect for perfect conductors, constituting the ideal line.
Furthermore, the approach is an excellent approximate
method for practical though imperfect conductors. In
seeing next why the conventional transmission-line ideas
are applicable and sound, two important lessons that
should preface further study or appreciation of micro-
waves will be learned: (1) Increase in frequency does not
call for a rejection of all concepts that have proved useful
at the lower frequencies. (2) In particular, it is possible
to interpret at least some, if not all, traveling electro-
magnetic fields in terms of distributed circuit constants.

Upon examination of the reason for the validity of the
distributed-constant concept, it is worth pointing out
that this is certainly not the first time this matter has
been studied. Transmission lines have not been hiding
out on towers and in cables, their true workings a mystery
to engineers who were content to go along using untested
concepts. That lines should be understood well is a fact
that did not wait for microwaves to be appreciated. Trans-
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mission lines have been subjected to thorough analysis.
The ideal line has been studied by rigorous field theory—
or, better said perhaps, by Maxwell’s equations—and,
also, by replacement of the line with an infinite network of
distributed circuit constants, L and C. It has been known
for years that, for an ideal line, the same answer is obtained

F16. 79.—A two-conductor transmission line consisting of flat plates.

by Maxwell’s equations as by circuit laws using distributed
L and C identical with their static values.

Essentially, the distributed-constant approach says that
the distribution of electric and magnetic fields between
the conductors of a transmission line is the same over the
cross section perpendicular to the line’s direction as in the
static, or d.c., case. Figure 79 shows a two-conductor
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Fi1a. 80.—A longitudinal section of the line of Fig. 79. The electric field lines
are perpendicular to the plates. The magnetic field lines (dots and crosses) are
perpendicular to the electric field and parallel to the plates.

transmission line as an example to explain the previous
sentence and the distributed-constant technique generally.
The line of Fig. 79 is shown in a longitudinal cross section
in Fig. 80. Dotted lines sketched in Fig. 80 indicate the
way the electric field would be distributed as predicted
by the distributed LC method. Figure 80 is a view taken
at one instant and applies for the simplest situation of a
single wave traveling down the line with no reflection.
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The electric field is shown as entirely perpendicular to
the conductors everywhere. The magnetic field is every-
where perpendicular to the electric field and to the direction
of the line. It is perpendicular to the paper, in other
words, and its distribution is indicated in Fig. 80 by the
dots and crosses to show how it oscillates with distance
along the line in step with the electric field. It must now
be shown that this situation is in agreement with Maxwell’s
equations and that it is predictable from distributed LC
notions as conventionally used.

The distribution of fields in Fig. 80 will be readily
accepted as consistent with the two general laws of mutual
field induction. Here again, except for the presence of
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F1u. 81.-~The two-plate transmission line from a plan view, showing the mag-
netie field lines.

the conductors, is the basic picture of the changing magnetic
field’s causing a changing electric field, and vice versa.
The two fundamental laws can be applied and checked.

The time-changing magnetic flux passing through the
loop ABDCA (Fig. 80) induces electric field around the
loop. Hence the electric field across AB is different from
that across CD. Differential elements could be added on
down the line to the electric field, and in this way it would
be found that, because the magnetic flux is distributed
sinusoidally with distance, its oscillation in time causes
an electric-field distribution that also has this oscillation
characteristic in both time and distance. So far the
assumed distributions of electric and magnetic field seem
justified.

A continuation of the check against fundamental field
theory will be simple and finally conclusive. Figure 81
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shows the line from a plan view, and another loop is drawn
labeled EFHGE around which is noted this time an m.m.f.
due to the rate of change of electric flux linking it. Thus
an assumption of varying electric flux down the line sup-
ports a varying magnetic flux.

This now is a complete justification of the distribution of
Fig. 80. The electric-field and magnetic-flux distributions
shown in that diagram are in agreement with the funda-
mental laws of electricity and magnetism.

Of course, this is not yet the whole story. It has heen
shown that it is reasonable to expect a two-conductor
transmission line to be capable of guiding simple waves
in the direction of the line. The term ‘“‘simple” indicates
that the waves are like the wave that is so common in
free space and that was spoken about when the idea of
retardation and wave action was brought in. These waves
have their electric and magnetic fields perpendicular not
only to one another hut also to the direction of propagation,
and everything is of like phase across a plane drawn per-
pendicular to the direction of propagation. The presence
of the perfect conductors of the line acts to limit the extent
of the field over the cross section. Also, since the electric
field must come in perpendicular to the conductors, the
cross-sectional shape of the conductors determines the
distribution of effects over the cross section.

The next general observation that can be made about
the transmission-line-type wave, a common name for this
simple wave, is that the distribution of electric and mag-
netic field over the cross section is exactly the same as if
d.c. voltage and current were applied to the line. The
whole pattern throughout space is just as though a static
pattern of field were moving down the line at the velocity
of light.

Consider the coaxial line of Fig. 82. Alternating-current
voltage is applied to the line, and as a result waves prop-
agate down it. These waves may be described by stating
that the space between lines is filled with electric and
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magnetic flux. At any one instant the strength of those
fields varies with distance along the line in a sinusoidal
pattern. But, also, a picture of the electric-field dis-
tribution over the cross section (Fig. 83) or of the magnetic
field over the cross section (Fig. 84) taken at any instant

O

Fia. 82, Fra. 83, Fia. 84,

will look just like those obtained when d.c. voltage (Fig.
85) and d.c. current (Fig. 86), respectively, are applied to
the line.

LC Approach.—Now not only the basic characteristics of
the commonest electromagnetic-wave type have been

Fia. 8o,
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stated ; but also, a link has been provided to the distributed
LC approach to the same problem. It has heen said that
the LC method gives the same answer asx does the direct
study of the fields. Since the electric fields and magnetic
fields have precisely the d.c. distribution over the cross
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section, it can he said at once that the idea of a voltage
difference to measure the integrated electric field between
conductors is 4 completely proper one. It is a proper

concept for the static case, certainly. 4 @ldx o

Therefore, it is no different for the —T00 .

case of these particular traveling -L -L

waves, which have the same cross- T

sectional distribution, as long as B D
Fia. 87.

voltage differences hetween points
on the same cross-sectional plane are spoken of.
Figure S7 pictures one step of the LC approach. An
infinitesimal section of line dz is shown and, according to
the ordinary analysis, the voltage A B ix held to be different
from that across CD because of the voltage drop through the
series reactance wl. dr. But what is this L, the distributed
inductance per unit length? It is only a statement of
the magnetic-flux linkages per ampere of current in the
line. Since the magnetic flux is entirely transverse, since
it has the same distribution over the cross section as for
—_— —_ direct currents in the line, then
M— certainly the L may be taken from
—rl d.c. formulas, and it will still be
correct. Finally, the statement
that the voltage drop isx current
times wL dxr is only another way of expressing the effect of
time-changing magnetic fields in inducing electric fields.
To complete the LC analysis, it is now noted (Fig. 88)
that the difference in current flow from one point of the
line to the next point is the drain-off of parallel current
flow to the capacitance hetween lines. But this capacitor
charging current is exactly the displacement current in
the changing electric flux between lines. Since the electric
flux of the wave over the cross section is distributed
precisely as in the d.c. case, the static C, capacitance
per unit length, ix a correct value to use for calculation of
the charging current. Finally, since current in the line
is a measure of magnetic-field strength there, it is seen that

ol NS,
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this second step in the LC analysis is just another way
of saying that the time varying of electric flux induces a
magnetomotive force. There is varying of current (mag-
netic field) along the line hecause of the distributed
capacitance’s charging current drain (time-varying electric
flux).

It is apparent now why it is conceptually correct, and
for the ideal line without error or approximation, to use
static L’s and C’s to describe traveling waves of whatever
high frequency. They need not bhe called static L’s and
(’s. They are high~frequency L’s and C’s whose mag-
nitudes turn out to be identical with the static ones.

It should also be apparent that it is unnecessary to drop
concepts or results just because they originated at a
frequency lower than the one that is of immediate interest.
The distributed LC approach is good for any frequency
at least for the transmission-line-type wave. Of course,
there are other waves; some will be discussed in the next
chapters.

When the conductors are not perfect, the distributed LC
attack is not precisely correct. For practical lines, how-
ever, the use of some series resistance added to the L
and some shunt conductance added to the C, concepts
retained, is a sufficiently exact method. The inaccuracy is
scarcely large enough to justify the revision of any concepts.




CHAPTER XII
Hollow Pipes Are Practical Guides for Microwaves

One of the most attractive, and perhaps for many one
of the most mysterious, types of electrical systems at
extremely high frequencies is the single-pipe wave guide.
With a single conductor, wave energy is guided, the waves
passing down the inside, not the outside, of the guide.
Here, if transmission is thought of exclusively as a matter
of voltage between lines, it may be difficult to explain what
goes on. With some knowledge of field theory, n addition
to conventional circuits, the analysis and stud; of hollow-
tube guides will prove straightforward. So far n attempt

l’ “

L2

T ANST

Fia. 890.—A static electric field cannot exist for a very great distance inside n
hollow conducting pipe.

has been made to consolidate the basic field and wave
concepts with properly used voltage and current concepts.
This will be continued in describing the hollow cylinder, or
common wave guide, although the whole problem could he
studied by field waves alone. The inside surface of the
pipe could be looked at as a mirror reflector of the waves,
and the waves themselves as long light waves.

It may be recalled that, in the transmission-line-type
wave, the wave must travel with the velocity of light,
and the field-distribution pattern over the cross section
must be identical with that which would have existed over
that cross section if the line were energized by a d.c. voltage
or d.c. current. Now, inside a very long hollow cylinder
no electrostatic field can exist. Consider the pipe of Fig.

89. There can be no static electric field inside because
107
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there is no way of maintaining it. To be sure, some
electric field can be injected at one end, as the probe tries
to do in Fig. 89, but that would turn out to be simply an
end effect. The field would rapidly die out with distance
from the source so that, except for the end effect, no field
would exist.

But another way of putting the point may advance the
argument more quickly. The chief interest for the moment
is that no electric field at all, not even one
diminishing with distance, can exist across
the cross section exclusively transverse to
the axis in the electrostatic case. Figure 90
shows a cross section of the guide of Fig.
89. If static electric-field lines are to lie in

F1a. 90. this plane, they must begin and end on

charges. The lines would then have to go

from positive charges on one part of the conductor’s cross
section to negative charges on another.

But this would be impossible in the electrostatic case.
The charges would run together immediately, and the
field would disappear. The conductor must be at one
potential when no time variations are permitted.

Now all that this means is that transmission-line-type
waves cannot be expected to propagate down the inside
of a conducting pipe. Such a wave, with its static cross-
sectional distribution and its insistence upon the velocity
of light in free space, is, after all, a special wave. The
fact that this particular wave is ruled out in a hollow pipe
is unfortunate, perhaps, but it represented only one of
the possibilities. Are there not other waves which can be
sent down a tube?

Rectangular Wave Guide.—Next, examine one wave
that may be made to travel down a rectangular wave guide
(Fig. 91). (Whether a circular or rectangular cross section
is chosen depends only on convenience.) First of all,
imagine that the two sides A and B on the drawing are
absent. Then there remains simply an ordinary two-
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conductor transmission line in which the conductors
happen to be wide, flat plates. When electric field is
applied between top and bottom by use of a simple voltage
generator, as shown in the figure, the ordinary transmission-
line-type wave will propagate between the lines. Between

Fia. 91.—A wave guide of rectangular cross section.

the two conductors, especially along the center lines of
each, there will be a high electric field. The electric-field
distribution over the cross section would look something
like that pictured in Fig. 92. This is simply a static dis-
tribution, which has been found to be completely justifiable.
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Now imagine that the two sides 4 and B are added again,
but this time that 4 and B are not two short-circuiting
bars made of good conductor. Instead, A and B will be
high impedances. They can be resistive or reactive, but
think first simply of their magnitudes as being high. The
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Fia. 93.

picture of Fig. 93 ix then applicable for a cross-sectional
diagram. With the Z of Fig. 93 high enough, the operation
of the line is essentially unchanged.

Since Z can be realized by reactance, one way to obtain it
is indicated in Fig. 94, which shows a two-plate trams-
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mission line with a distributed single-turn inductance on
cach side. If the gaps GG, connecting the inductances
with the line, are closed, the wave guide of Fig. 91 again
results. It cannot be said from this that the rectangular
guide, excited by a voltage between top and bottom plates,
is the equivalent of the flat-plate transmission line and that,
despite previous conclusions, it passes an ordinary trans-
mission-line-type wave. The reactance that is distributed
in parallel with the line is not infinite, so it is to be expected
that the wave guided by the rectangular guide will be
altered from the true simple line wave by virtue of the
effect of the reactance. The reactance can be anything
from zero to infinity; therefore it appears that it can do

G

Fie. 94.—A distributed single-turn inductance is applied in parallel with the
conductors of the line.

almost anything—from shorting the line, and preventing

any wave propagation, to the other extreme of having no

effect and allowing the ordinary transmission-line wave to

propagate.

Apparently, it must next be known how large a reactance
has been distributed along the two-plate line to form the
rectangular wave guide. Then, with its magnitude known,
it will be possible to see how the addition of such a reactance
helps to set the distribution of fields in the guide, the wave-
length and velocity, and other characteristics of waves
guided by a pipe. If the section of the guide labeled a
“distributed reactance” is to be studied for its reactance
properties, something must be known of the current and
magnetic-field distributions. No attempt will be made
simply to look up the inductance of a U-shaped conductor
in some table of inductances, for the criticism could then
be® made that the very meaning of the inductance is
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doubtful for a long conductor along which current density
may vary greatly with distance.

Instead, the discussion of fundamentals is resumed. To
ask if the side or parallel distributed system looks like an
impedance to the applied voltage generator (Fig. 95) is
to ask whether it is able to tolerate a zero electric field at

Fig. 95.

the edge PP while still possessing the required nonzero
electric field set by the generator along the center line QQ.
If there is electric field at QQ, none at PP, and none, of
course, tangent to the surface on the perfect conductor,
then around a closed path such as abeda, a net induced
e.m.f. must exist. If so, a changing magnetic flux must
exist linking this path. The first conclusion, therefore,

T1s. 96.—To maintain the cross-sectional a.c. voltage differcnce, some longi-
tudinal a.c. magnetic field H and transverse side current I must exist.

is that there is some longitudinal or axial magnetic field

in the guide as pictured in Fig. 96. Accordingly, some side

current will flow around the loop abed to produce this

magnetic field.

If the operating frequency is high enough, only a slight
side current need flow, producing a slight axial magnetic
field. The high time rate of change of magnetic flux linked
by that side current will be sufficient to support the differ-
ence in electric field between the center and the shorted
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side of the wave guide. Obviously, as the frequency
approaches infinity, the amount of current that must flow
transverse to the direction of wave propagation will
approach zero. The effective impedance at infinite fre-
quency from the center line QQ toward PP is infinite hecause
no current flows out sidewise. The wave can proceed
along the center as though the shorting bars were absent.

Field Distributions.—Figure 97 shows a distribution of
instantaneous electric field over the cross section of the
rectangular guide that is consistent with the above dis-
cussion. The electric field is higher at the center; it
falls off to zero at the sides. The axial, or longitudinal,
magnetic flux, changing with time, is responsible for
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this dropping off of field. The higher the frequency
the more does the wave act like a transmission-line-type
wave. In other words, the same ratio of axial current
to voltage occurs over the central portion of the guide
as for two separate flat plates; the same variation of
voltage and current with distance occurs; the same veloc-
ity of propagation and the same wavelength are obtained.
But there is at least one difference even at the highest
frequency between this wave for the pipe and the ordinary
wave for the two-plate line: The voltage between top
and bottom of the pipe (integrated transverse electric
field) varies over the cross section. For a transmission-
line wave on the two-plate line, the two plates were spoken
of as having a certain definite voltage difference at each
point along the line. In the hollow-cylinder guide, that
voltage difference is one thing at the center and another
thing (zero) at the shorted edges.

This seems to say, quite properly, that the periphery of
the rectangular guide (speaking of the cross section only)
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ix not at one common voltage. If the idea of a piece of
conductor’s being at different voltages all at one instant is
confusing, recall that this same condition exists in the
ordinary line wave. As Fig. 98 shows, in this simple case
the voltage difference between lines varies with distance
along the line at every instant. Of course, here the varia-
tion happens to be in a different direction, r7z., in the
direction of propagation. In the pipe wave guide, the

Q]

variation of voltage takes place in two directions simul-
tancously. It is a two-dimensional transmission line in
this sense.

Strictly speaking, this idea that a conductor must be at
one voltage is an idea that is usually learned first in statics.
It happens to hold true over the active cross-sectional
plane of the ordinary uniform line wave but not in the
propagational direction even for that one special wave.
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I'1G. 99.— A few of the magnetic field lines H in the transmission-line-type wave at
one instant.

It does not hold true for either the transverse, or axial, plane
of a hollow cylinder passing a wave-guide-type wave.
Next, a little further study may be given to the dis-
tribution of magnetic field in the hollow-cylinder wave
guide. It has already been noted that for the example
chosen there must be axial field. There are other differ-
ences hetween the wave-guide wave’s magnetic field and
the transmission-line wave’s magnetic field. Figure 99
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shows the instantaneous magnetic-field distribution in
the two-plate transmission line. The magnetic field is
at all times transverse to the axis of propagation. The
flux lines link the current, of course, and form closed
loops.

When the shorting sides are added, the skin effect will
prevent the flux lines from going outside and around the

Fira. 100.—Two of the magnetic field lines H on the inside of the rectangular
wave guide.

plates to close the path. Also, as has been deduced, some
axial magnetic field must now exist if a wave is to exist
inside the newly formed pipe. These two requirements
cooperate very neatly to yield the instantaneous ficld
pattern of Fig. 100.

Frequency Characteristics.—Figure 100 and the preced-
ing diagrams and discussion have fairly well justified the
idea of thinking of the hollow-cylinder wave in terms of

NN NN

F1G. 101.—A representation of a wave guide carrying one type of wave.

distributed shunt reactance added to the ordinary line
wave, which is represented so well by distributed series
and shunt reactance. It seems now completely safe to
look at the wave that has been studied as depictable by
the circuit diagram of Fig. 101. The added shunt induct-
ance represents the effect of the axial magnetic field, or
the side currents. Notice that as the frequency bhecomes
very high, the newly added shunt inductance has negligible
effect. If the frequency is very low, the shunt inductance
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steals all the input current and effectively shorts the line.
In fact, the shunt inductance, at some sufficiently low
frequency, so overshadows the shunt capacitance in the
amount of current it takes that the diagram might be
redrawn as shown in Fig. 102, where the new shunt induct-
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F16. 102,—The wave-guide representation at low frequency.

ance, yields the equivalent reactance of the true shunt
inductance and capacitance.

Figure 102 clearly indicates how no propagating waves
arce possible if the frequency is too low. At some suffi-
ciently low frequency, known as “cutoff frequency,” the
shunt reactance becomes inductive. The system then is

Fi1a. 103.—A hetter representation of the wave-guide-type wave that discloses
the cross-sectional as well us longitudinal variations.

just an attenuator. All phenomena are in phase as dis-
tance is changed, since the impedances are all inductive
reactances. Only the magnitude falls off with distance.

Of course, both Figs. 101 and 102 fail to show the cross-
sectional variations. Figure 103 is more completely
descriptive of the wave that has been studied. Com-
pleteness obviously does not alter the foregoing remarks,
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but only offers the opportunity to see the cross-sectional
variations also in terms of a distributed-constant network.

Wave Velocity.—Many new wave concepts have heen
uncovered in studying just one wave that can exist in a
hollow cylinder. One point that is certainly worth a
little more discussion is the fact that not all waves travel
with the velocity of light—even if discussion is restricted to
perfect conductors. In the simple transmission-line-type
wave, the velocity is always that of light. It is, in other
words, a constant independent of frequency. If frequency
is lowered for such a wave, the wave compensates for it
by changing its wavelength just enough to keep the velocity
the same. Figure 104 shows how the voltage between
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¥16. 104.—With the same magnitude of voltage, the rate of change of magnetic
flux between a zero and maximum must be independent of frequency.
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lines must fall with distance along the line from maximum
to zero in a quarter wavelength. If the frequency of the
generator shown were lowered, its voltage remaining the
same, the wave would be forced to provide the same rate
of change of magnetic flux linking the closed path ABDCA
—this despite the lowered frequency. The wave does
so, not by drawing more current to build up the flux
density, but rather by extending the length \/4, where A
is the wavelength. Doing this in exact proportion to
frequency keeps the flux linked exactly right and holds the
velocity a constant independent of frequency.

The common (hollow-cylinder) wave guide cannot do
this. It must worry about the side currents. If the
frequency is lowered, the wave tries to extend the wave-
length to compensate just as the ordinary line did; but the
side currents insist upon increasing for reasons discussed
previously. (The side reactance is less at the lower fre-
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quency.) This makes it even more difficult for the wave
to link enough flux, so it must extend the wavelength
even more, more than enough to keep the velocity constant.

At the extremely high frequency, with the side currents
small, the wave holds its own as frequency is lowered and
the velocity stays close to that of light. But as the critical
cutoff frequency approaches, the wavelength overshoots
in order to maintain itself, since the distributed shunt
parasite is calling for more and more current. The velocity
becomes higher as the wavelength becomes longer. Finally,
in a desperate effort to preserve itself at the critical cutoff
frequency, the wavelength becomes infinite. Everything
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Fi1g. 105.—At the cut-off frequency, all the current I is transverse. The
magnetic and electric fields and the current have phase angles that are inde-
pendent of distance along the guide; the phase velocity is infinite.

in the guide is of like phase and the velocity is infinite.
Figure 105 shows this for the wave studied here. The
magnetic field goes right down the axis in constant phase
and magnitude and is linked by the cross-sectional current,
including the displacement current and the conduction
current on the walls.

This condition, a critical one, is nevertheless in complete
agreement with the fundamental laws. The velocity of
the wave, as the term has been used throughout this text,
is usually called a ‘“‘phase’” velocity. It simply equals
the product of wavelength and frequency and is not equal
the velocity of light in free space except in certain special
instances. They happen to be common instances, but
other waves are possible and practical for which the phase
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velocity may be quite different from that of light. Simi-
larly, when someone speaks of ‘‘50-cm wavelength’ or
‘““1-m waves,” etc., he usually refers to the simple plane
wave, free-space wavelength. For every frequency, the
phase velocity and the wavelength are functions of the
houndaries and the type of wave being guided by those
bhoundaries.

Only one type of wave that can exist in a hollow cylinder
has been considered. Many other types of waves can
propagate inside a pipe. All have a critical cutoff fre-
quency that depends upon the cross-sectional dimensions
and shape. All have regions in the frequency spectrum
where there is propagation. All have phase velocities and
wavelengths and field distributions that depend not only
upon frequency but also upon the cross-sectional geometry.
All of them have characteristics that approach the ordinary
transmission-line-type wave as the frequency approaches
infinity. All are characterized by having either axial
electric fields or axial magnetic fields, whereas the ordinary
transmission-line-type wave has only transverse or cross-
sectional electric and magnetic fields. Sometimes the
waves are labeled H or E waves to denote the presence of
axial magnetic or electric field. A more common notation
is 1o label waves TE or TM for ‘‘transverse electric’’ or
‘““transverse magnetic,” to indicate modes in which the
electric or magnetic field is entirely transverse to the axis of
propagation. All have cross sections that contain certain
dimensions comparable with wavelength. Either the span
of the cross section, the diameter, the distance between
top and bottom, or the inner perimeter of the conductor
is comparable with wavelength.

For all these waves it is truc that the propagation can
happen at any frequency. This is an example of one point
raised in the early chapters: There is nothing that happens
at ultra-high frequency that could not happen with
physically larger systems at low frequency. It is the ratio
of the cross-sectional dimensions to wavelength that is
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important; if the cylinder is made large enough, then
propagation can take place at any frequency.

All this raises the question of how the electromagnetic
wave can decide what form it will take, what kind it shall
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be for any given system. For a hollow, circular cylinder,
should it be one such as is shown in Fig. 106 or should it
be as shown in Fig. 107? This, it will be seen, is almost
a separate subject in-itself; it deals with the ideas of getting
waves started. It can only be said at this point that the
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starting mechanism, which is an end effect, is very impor-
tant. A wave has to be started hefore it can propagate.
Often it happens that many waves are started, but most
of them attenuate rapidly, since for them the cross section
is not yet large enough or, in other words, the frequency is

not yet high enough. For other waves the frequency is
sufficiently high to allow propagation.

Figures 108 and 109 indicate two other distributions of
electric fields that can take place in wave guides. Other
distributions can be drawn, as in the case of the resonant

Fia. 108.
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cavity. The distribution of the magnetic field and the
electric field can always be understood by simply holding
to the basic notions: displacement currents act in con-

©)

junction with the conduction current on the walls to form
closed systems that link with the magnetic-flux lines; the
magnetic flux lines close to link changing electric field.

Fia. 109.



CHAPTER XIII

Microwave Phenomena May Be Thought Of as the Result of
Combining a Series of Various Waves

Wave types discussed so far are the simple plane waves
common in free space and on transmission lines and the
waves that will propagate down the inside of a hollow con-
ducting cylinder. There is nothing new in concept to
say that there are many more wave types that correspond
to different guiding boundaries and different starting
mechanisms. But perhaps it is a broadening of concept to
point out the importance of being able to visualize any
microwave manifestations as the result of combining a
whole series of different waves.

In an exceedingly simple transmission-line problem there
may be only one wave to worry about. In a more complex
case there may be an improper termination at the end of
the line, and a reflected wave may have to be considered
in addition to the incident wave. But even so simple a
situation as this is not as common as might be wished at
microwave frequencies. For these high frequencies, the
uniformity of lines and guides is disturbed by relatively
huge end effects. The connections between lines and
wave guides and electronic tubes and resonant cavities have
such complex geometrical configurations that hosts of waves
that are not the principal ones are started everywhere.

This is not just a minor, secondary effect. It is everyday
microwave life. A centimeter-wave engineer learns to
live with these many series of different waves—to separate
them, evaluate them, and see how they add up to give the
resultant voltage and current effects at the important

terminals.
121
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Consider the simple change of cross section in a coaxial
line as pictured in Fig. 110. It is easy to see how the
single break in uniformity of the line immediately causes
the more complex waves to be present in the line in addition
to the simple transmission-line-type waves which the lines
may be propagating. Certainly, it might be expected that
a simple wave traveling from line A to B would be partially
reflected and partially transmitted, and this is, indeed,
found to be true. But at the higher frequencies this
problem cannot be dismissed by studying the combination
of these two or three simple waves.

The simple waves cannot be added in any combination

to satisfy the boundary requirement along the conductor
(24
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Fig. 110.—Higher order waves are started at all discontinuities in general.

in the radial region ab (Fig. 110). The simple waves always
have transverse (in this instance, radial) electric field; the
conductor ab will not tolerate any radial electric field
since the radial direction is tangential to its surface. The
only way the conductor in the region ab can be pleased by
simple waves alone is to have the electric field equal to
zero over the whole cross section abc. This is a situation
in which no wave energy would cross the discontinuity
and is certainly a very special case.

In general, the surface ab will protect itself against the
tangential field of the simple principal waves by insisting
upon the presence of other more complex, so-called ‘ higher
order” waves. These higher order waves will have just
enough amplitude to buck out any unallowable boundary
effects of the simple principal waves that are generally
present alone only for a completely uniform system. The
higher order waves, like the wave-guide waves of Chap.
XII, have critical frequency characteristics. They will
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often die out quickly; they are usually localized around the
discontinuity. But at the break the additional waves
figure in the determination of the ratio of reflected to
transmitted waves, the distribution of fields, and the
distribution of voltage and current.

Fra. 111, —Typical microwave systems consist of much discontinuous plumbing.

Since a typical microwave system may consist of such
combinations of plumbing as Fig. 111 depicts, it can easily
be imagined how many different kinds of waves may have
to be considered in order to dissect the effects contained
therein.
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F1a. 112.—The current in the loop excites various modes in the cavity; the
mode near resonance will have greatest magnitude.

Consider another example (Fig. 112). A hollow-cylinder
resonant cavity is stimulated by current in a small coupling
loop. The current in this loop starts azimuthal, or circular,
magnetic flux. But there are many modes or field patterns
that have azimuthal magnetic flux and that will be tolerated
by the cylinder. Obviously, all these waves will add up
with exactly the right amplitudes to the field called
for by the loop. Again, the loop will react to the waves
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it has started. It must defend itself against the electric
fields that accompany the resonant cavity’s waves and that
insist upon having components tangent to the conductor
of the loop.

The current flow in the loop for a given voltage applied to
the line that feeds it will depend upon the series of waves
started in the box. The input impedance to the loop will
be different from its value in free space or in a different-
sized cylinder.

This is a good time to introduce an analogy that pigeon-
holes the importance of this series-of-waves idea. Consider
a simple circuit at low frequency that is excited by a square
wave, or any nonsinusoidal voltage. The current is then
thought of as the resultant of a fundamental and a series
of harmonics. It is quite customary to think of nonsinu-
soidal effects in time as consisting of a series of sine waves.
That technique is not necessary; it is simply convenient.
It is entirely conceptual and we like it because it is so easy
to think of sine waves and make calculations with them.
In the simple-circuit instance cited, the voltage is broken
up into an equivalent serics of sinusoidal voltages, and the
sine-wave current due to each component is found. It is
both a way of doing the calculation and a way of thinking
of what goes on. We conceive of all the impedance drops
due to every current component summing to the applied
voltage.

Space Harmonics.—In microwave systems, we have to
conceive of the space phenomena as a series of space har-
monics. It is not possible simply to apply nonsinusoidal
time variations and deal exclusively with time-harmonic
series. We must add the concept of applying space
boundary effects and requirements and must deal also with
the resultant space harmonics. The discussion cannot go
further here, but the reader should appreciate why micro-
wave engineers must be continually classifying and study-
ing the many space distributions, the wave types of which
all microwave phenomena may be conceived of as formed.



CHAPTER XIV

Voltage, Current, and Impedance Concepts Have Practical Use
at the Highest Frequencies

The commonest concepts of low-frequency electricity
are voltage, current, and impedance. Some, it is true, may
concern themselves more with electric and magnetic fields.
A few engineers or physicists must engage in setting up the
self and mutual capacitances and inductances by use of
field theory, so the rest can be content with working with
circuit theory where the question of fields need hardly arise.
At ultra-high and microwave frequencies it seems necessary
to work intimately with the electric and magnetic fields for
almost any part of almost any problem. It is true that the
student who goes deeply into microwaves must develop a
thorough understanding of field and wave theory. But in
doing so, it is also important to locate each element of field
theory with respect to over-all boundary effects, which are
usually most conveniently stated in terms of voltage and
current.

The text has sought not to overlook this latter point, but
the issue has often arisen as incidental to some other main
theme. It is well now to emphasize certain key ideas that
will help to visualize the change or broadening of applica-
bility of voltage, current, and impedance concepts as the
frequency goes from low to very high values.

Voltage Concept.—Consider first the notion of voltage.
It is useful of course at the highest frequencies. Does it
mean the same thing for microwaves as for low frequencies?
That depends upon the meaning of voltage accepted at any
frequency. It is'possible to hold to a conception of voltage

that will be true and constant and useful over the whole
125
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band. Tt is also possible to have notions of voltage that are
good only for statics or for low-frequency circuits.

The idea of a conductor’s being at one potential is per-
fectly all right for statics and generally all right for low
frequencies; but at high frequency it is unsatisfactory and
often completely crroneous. A safe and useful concept is
to think of a voltage difference
between two points as an integra-
f tion of electric field between those
. two points along the electric-field

| lines. For statics, where there is

pmmm—— | no question of changing magnetic

flux causing induced voltages, it

is permissible and desirable to

include as an additional concept that a conductor is an
equipotential surface.

Because of skin effect, this notion of a conductor’s being
at one voltage with respect to another requires even greater
caution in application. Consider the excited resonant
cavity shown in Fig. 113. Here it is possible to integrate
the electric field between the surfaces A and B and fix a
voltage difference between these points even though they
are on the same conductor. With the source on the inside,
skin effect restricts all electromagnetic phenomena to the
inside of the cavity, and an indicator on the outside of the
cavity will show essentially no response in any practical
case. Between A and B there is a voltage difference on the
inside of the cavity, but essentially no electric field exists
between them on the outside. Before, when it was said
that the voltage difference could vary between two con-
ductors, variations with distances appreciable compared
with wavelength were meant. Here the voltage of a con-
ductor appears to vary radically in shifting the point of
investigation a few hundredths of aninch. The conclusions
are correct. If they conflict with any notions about how
the term ‘“voltage’’ should be used in connection with con-

Tia. 113.
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ductors, the conflict is a further indication that such notions
should be tied closely to the electric field.

In general, voltage is an over-all effect, an integration
result—mnot in the mathematical sense particularly but in
the physical sense. Its successful application, its legiti-
macy, can be verified by a study of the field distribution.
This is true at any frequency. In a transmission-line-type
wave the voltage-difference idea is completely applicable.
In a general transmission-line problem, where there may be
discontinuities that will cause higher order waves, the volt-
age idea may be applied liberally nevertheless, at least to
the principal simple waves.

A B

Fia. 114,

For example, consider again the coaxial-line discon-
tinuity shown in Fig. 114, and assume that the distributed
L and C or the equivalent has been previously determined.
It is not necessary in the case of the principal waves sent
up and down the lines, to worry about fields but only about
the over-all voltages and currents. For the higher order
waves, the existing field problem must again be recognized.
However, one single skillful handling of that field problem
makes it possible for us to forget it in application by finding
out how much the voltage and current of the principal
waves vary because of the presence of the higher order
waves.

Such an outflanking movement leads to an equivalent
circuit for the situation of Fig. 114 as pictured in Fig. 115.
Here the two original lines are connected, but a lumped
capacitance is placed across the line at the discontinuity.
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The rules are to integrate the effects of all the field dis-
turbance into an over-all effect on the voltage and current
of the principal waves. To know what happens when two
lines are connected together, the fields at the discontinuity
should be studied, like the fields in the uniform part of the
line, and the over-all answer obtained in terms of a lumped

Line A ,7% Line B

Discontinuitly
capacitance
Fi1g. 115.—The field problem of the discontinuity is solved in the convenient

form of a lumped impedance.
capacitance. If only the over-all voltage and current of
the system are of interest, the problem then proceeds with
only the voltages and currents of the uniform-line-type
wave entering the analysis. The equivalent ecircuit of
Fig. 115 will not give the distribution of things around the
discontinuity—but neither will the distributed LC approach
to a uniform line give the field distribution over
the cross section, nor the lumped circuits of low
frequency give the magnetic-field strength in the
circuit’s vicinity.

Every indication is that, no matter how com-
plex the fields become, there are always important
parts of the problem where it is desirable to define
and use the over-all voltage effect. Consider the
symmetrical antenna of Fig. 116. Here waves
start out with every intention of being simple
(Fig. 117), the electric field following circular arcs

Fie.116.  gnd the current going out radially, Again, it is
useful and possible to think of a voltage between cones, the
integrated electric field. Here the discontinuity is severe
when the outgoing radial wave finds the line has ended.
The smooth line ends abruptly, and a series of waves is
started. That, of course, is the intentional function of the
system—to radiate waves out to the space. But one of
the things an engineer wants to know about the antenna
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is its input impedance, the ratio of the voltage to current
at the entrance terminals of the antenna. Here again,
in an antenna, it is correct and useful to accumulate all the
effects of the waves that result from the discontinuity into
a lumped impedance presented to
the simple outgoing wave—the wave
that would have existed alone had

the cones extended out to infinity. / NS ‘
The field problem must be solved to '\/, / . \\ \
find the value of the impedance to l ‘\ (Y )
lump at the end. But it is a good \

e N

concept to think of the lumped im- N
pedance and the simple wave’s volt-
age and currents as a representation
of some aspects of the problem. F16. 117.—The outgoing
Current Concept.—In the discus- Frnapal yave on the
sion of voltage, current and imped-
ance have already been brought in. The current concept
probably requires less justification than the voltage con-
cept. In fact, there is no need to justify it: the electric
charge and its motion are a perfectly good beginning point
on which other concepts, even the fields, can be based. The
matter that needs summarizing here is rather that, in study-
ing microwaves, the current concept must include: (1) cur-
rent sheets, that flow on surfaces of conductors and that
bound the waves, keeping them from penetrating the sur-
face; (2) induced current on conductors, due to motion of
free electric charges in the surrounding space; (3) displace-
ment current that is indistinguishable from conduction or
convection current in producing magnetic field.
Impedance Concept.—The impedance concept finds
obvious application wherever the voltage and current con-
cepts do. Thus to a great extent impedance has already
been discussed. In addition to its applicability as a ratio
of voltage to current, the impedance concept is of important
use in field and wave problems where the distribution of
effects, not merely over-all quantities, has to be studied.
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Microwave engineers are coming to think of impedance in
electric phenomena not only as a ratio of voltage to current
but more broadly as a ratio of electric to magnetic field.
This impedance can be attached to a point in space just as
can electric- and magnetic-field intensities. Also, since
any point in space may have many different ratios of
electric- to magnetic-field amplitudes, depending for one
thing on the type of wave being transmitted, every point in
space may have different wave impedances.

It is possible to describe wave types in terms of wave
impedances. The convenience of this concept cannot be
made entirely clear without going further into the matter
of solving problems than space permits in this text. But
some easily mentioned viewpoints will make it seem reason-
able that the concept should be a valuable one.

Consider, for instance, the stress placed upon the dis-
continuities that cause many complex waves and upon the
importance of such higher order waves. Since the imped-
ances of a wave are a point-by-point description of it, the
question of whether waves will be able to cross boundaries,
merge and form into new waves, or be reflected can all be
put on an impedance basis. One space can be thought of
as matching another, just as impedances match in ordinary
circuit theory. Through the application of impedance
notions to fields and waves as well as to lumped and
distributed circuits, many ideas from circuit and trans-
mission line can be transferred immediately to waves. For
example, a wave can pass smoothly from one medium into
another, crossing the boundary of separation between them
without any reflection if the wave impedances of the two
media are the same.

Voltage, current, and impedance—concepts coming from
d.c., or low frequency—seem destined to stay in the picture
at ultra-high frequency. The problem is to recognize how
they must be expanded or altered, and especially how fields
and waves must be merged with them to form a completely
solid and practical picture of electricity at any frequency.



CHAPTER XV

A Microwave Radiating System Combines Concepts from D.C.
to Light-wave Frequencies

There are several reasons why some remarks on antennas
are proper in a discussion of microwave concepts. First,
the ease with which waves can escape from an unenclosed
microwave system makes all microwave devices potentially
akin to antennas. After the study of antennas, micro-
waves are better understood.

An antenna is, of course, not exclusively an ultra-high-
frequency device; it is just as valuable a component of
lower frequency radio systems. But, to be successful as a
radiator, its dimensions must be (or preferably should he)
made comparable with wavelength. At any frequency,
then, a good antenna is illustra-

tive of microwave phenomena,
for it is dimensions compared with

wavelength that counts, not the
absolute frequency.

Microwave antennas are often
different from low-frequency
antennas because advantage is
taken of the small wavelength to
use concepts suggestive of light and sound waves to form
directive systems.

Finally, it might be said that nothing demonstrates the
merging of concepts stemming from direct current to light-
wave frequencies better than a typical dipole microwave
antenna in a parabolic reflector.

First, note the radiator of Fig. 118. It starts out as a
wave guide and flares out gradually into a horn. Such a

device, just as in the case of a horn that radiates sound
131
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waves, can be made to transmit a well-focused or directed
beam. The opening area should contain a large number of
wavelengths if this is to be true. This becomes a practical
thing to accomplish as wavelengths
come down into the centimeters.
It is theoretically possible to use
directive horns for antennas at the
lower frequencies, but the resulting
structure would be impracticably
large.

Consider next the focused beam
headlight of Fig. 119. This light
system is described by conven-
tional geometrical light-optics

Fre. 119—Light from a theory about as follows: A small
poiut source is reflected into 8 gouree of light is placed at the focal
parallel ray beam.

point of a parabolic reflecting sur-
face. The shape of this surface is such that the rays from
the source are reflected in the direction parallel to the axis.
Thus a highly directive beam is produced.

Since the difference between light and radio
waves rests on the difference between their
wavelengths, a similar directive system should
be possible for radio waves if the wavelength
becomes short enough. Microwaves are short ?

enough to make these concepts useful for
radiating systems.
Figure 120 shows a so-called ‘‘dipole an-
tenna’’ placed at the focus of a large parabolic
reflector. At the input to the dipole, voltage
is applied, and current flows up and down the
two wires. As a result, waves are radiated. Af;ili(j;;ollez 0{;
They strike the parabolic conductor and are tenna in a
. A . . parabolic re-
reflected in the general axial direction more or fiector.
less parallel, just as in the headlight.
In concept, at least, conventional voltage and current
excitation applies, much as in the input to a d.c., or low-
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frequency, circuit. However, a large part of the power
passing into the antenna is not dissipated in ohmic losses
but rather in radiation, in a transfer to radio waves in free
space, a phenomenon ignored by low-frequency-circuit
concepts. The directive action of the reflector is next
deduced from the geometrical optics of light.

For real accuracy in this analysis, it is well to look to the
basic wave equations. The dipole antenna is not a point
source in the first place. For that reason alone the system
should not be expected to send out an absolutely parallel
beam. But a more fundamental consideration is that the
use of gecometrical optics is an approximation. It becomes
a closer and closer approximation as the wavelength
becomes shorter. In other words, it is an approximation
that becomes hetter as ratio of the wavelength to the
dimensions of the apparatus becomes smaller. It is an
excellent approximation for most light systems; less so for
microwaves.

The text has sought to encourage further -microwave
study by continually emphasizing the need for using either
broad concepts or narrow ones whose limits are well under-
stood. One of the problems throughout concerned the
validity of ideas obhtained from frequencies lower than
microwave frequencies. Microwaves are so located in the
frequency spectrum that there must also he some concern
about adopting narrow ideas, like the rectilinear projections
of geometrical light optics, from frequencies higher than
those of microwaves.
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