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CHAPTER 10

The high frequencies employed.by radar make
possible the use of two unique, but very practical
devices-waveguides and cavity resonators. A
waveguide is a hollow pipe for transferring
high frequency energy. A cavity resonator is a
hollow metallic cavity in which electromagnetic
oscillation can exist when the cavity is properly
excited. The purpose of this chapter is to ac-
quaint you with these devices. It discusses their
theory, operation and uses.

WAVEGUIDES

GUIDED AND UNGUIDED ELECTROMAGNETIC
WAVES

In general, there are two methods for trans-
ferring electrical energy-one is by current flow
in wires; the other is by movement of electro-
magnetic fields in space. Electrical energy can
be transferred as current flow in a number of
types of transmission lines, for example, two wire
lines and coaxial lines; in space it moves as
electromagnetic fields whenever a radio antenna
radiates energy.

Electromagnetic fields which move in space
are confinedlargely to the area between the earth
and the ionosphere as you can see at A on the
next page. (The ionosphere is the thicklayer
or cloud of free ions and electrons which exists
at a height of about 60 miles above the earth.)
The change in the dielectric constant of this
part of the atmosphere is sufficient to reflect
electromagnetic fields which strike it except
extremely high frequency radiation that strike
it almost perpendicularly. An electromagnetic
field that does not start out in a direction
parallel to the earth and the ionosphere, follows
a zig-zag path in between these two areas
and mayor may not be reflected back to the
earth.

Although the transfer of energy by electro-
magnetic fields and by currents in wires may
seem to be unrelated phenomena, actually
the present trend on the part of electronic scien-
tists is to look even on two-wire lines as elements
which guide electromagnetic fields from one
place to another. The currents in the wires are
merely considered incidental to the action and
the result of the moving fields.

Strictly speaking, a two-wire line is a poor
guide for transferring electromagnetic fields,
because it does not confine the fields in a direc-
tion perpendicular to the plane which contains
the wires as shown at B. This results in some
energy escaping in the form of radiation. Elec-
tromagnetic fields may be completely confined
in this direction when one conductor is extended
around the other to form a coaxial cable as
shown at C. In a coaxial cable, energy trans-
fer also is said to take place by electromag-
netic fields, rather than by current flow. How-
ever, this method is not too efficient at high
radio frequencies, since skin effect limits the cur-
rent carrying area of a conductor to a thin
layer at its surface. Another disadvantage is
that the ability of the fields to form is limited
by the amount of current flow associated with
it. When the resistance in a conductor is in-
creased, current flow in it is reduced depending
on the amount of increase. This reduces the
magnitude of the fields. On inspecting the cross-
section of the coaxial cable, you can see that
the surface area of the inner conductor is much
less than the surface area of the outer con-
ductor. This causes the inner conductor to re-
tard the current considerably more than the outer
conductor and results in a reduction in the effi-
ciency of energy transfer. If you could remove
the center conductor and retain the fields, energy
might be transferred with less loss.
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Guiding Waves

Electromagnetic fields can transfer energy in
a line which does not have a center conductor
provided the coniiguration of the fields is changed
to compensate for the missing conductor. The
area remaining, which is virtually a hollow pipe,
is called a waveguide. A waveguide does not
necessarily have to be circular in cross-section.
Practical waveguides, for example, are some-
times square, rectangular, or eliptical in cross-
section.

Metallic walls are not necessary to guide elec-
tromagnetic fields in a waveguide, for the fields
will be reflected whenever they encounter any
kind of a substance which has a different dielec-
tric constant than the substance in which they
are traveling. For example, fields can be made
to travel through a ceramic rod with a little
loss of energy. When they encounter the air at
the surface of the rod, they are reflected back
into the rod.

Waveguides vs. RF Lines
As you previously learned, the three types of

losses in the RF lines are copper losses, dielectric
losses, and radiation losses. Briefly these losses
are described as follows: Copper loss is an
FR loss. It becomes appreciable whenever skin
effect reduces the conducting area of the lines.
Dielectric losses, as you recall, are losses due to
the heating of the insulation between conductors.
Radiation losses are losses due to energy escap-
ing from RF lines in the form of radiation.

ADVANTAGES OF WAVEGUIDES. Considering
waveguides from the point of view of these losses,
they have the following advantages:

1. . Copper losses are small in waveguides.
Since a two-wire line consists of a pair of conduc-
tors which are small, the surface area of each is
likewise small. In the case of a coaxial cable,
although the surface area of the outer conductor
is large, the inner conductor is small, and it
produces considerable copper losses. On the other
hand, a waveguide, as it does not have a center
conductor, has a large surface area. Therefore,
whenever current flows, the copper losses in it
are less than those in other types of lines.

2. Dielectric losses are small in waveguides.
In two conductor lines, some form of insulation
is used between the conductors. The fields which
move around this insulator cause heat, and the
heat in turn takes power from the line. A wave-
guide has no center conductor to support.
Furthermore, there is only air in the hollow
pipes. Since the dielectric loss of air is negligible,
it follows that the dielectric losses in it are small.

3. Radiation losses are less in a waveguide
than in a two-wire line. In a waveguide, fields
are contained wholly within the guide itself
just as in a coaxial line. Therefore, only a
negligible amount of energy is radiated.

4. The power handling capacity of a wave-
guide is greater than that of a coaxial line having
an equal size. Power is a function of E2jZo, where



E is the maximum voltage in the traveling wave
and Z, is the characteristic impedance of the
line. E is limited by the distance between the
conductors. In the coaxial line illustrated just
below, this distance is 81• In the waveguide, the
distance which is 82 is much greater than 81•

Therefore, the waveguide is able to handle great-
er power before the voltage exceeds the break-
down potential of the insulation.

COAXIAL LINE WAVEGUIDE

Comparison of Spacing
in Coaxial Line and Waveguide

5. A waveguide is simpler to construct than
a coaxial line. This is due to the fact that in the
waveguide the center conductor is eliminated
completely.

6. The physical stamina of a waveguide is
greater than that of a coaxial line. This is due
to the fact that unlike a coaxial line, it has no
center conductor or insulators which can be dis-
placed or broken.

DISADVANTAGES. In view of these advantages,
you may wonder why waveguides are not used
exclusively for transferring energy. There are,
however, two disadvantages which make wave-
guides impractical to use at any but extremely
high frequencies. In the first place, the cross-
sectional dimensions of a waveguide must be
in the order of a half-wave-length for it to
contain electromagnetic fields properly. A wave-
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guide used at one megacycle, for example,
would be about 700 feet wide. At lower radar
frequencies, 200 mc for example, this wave-
guide would have to be about 4 feet wide, while
at higher radar frequencies, such as 10,000 me,
it need be only one inch wide. Therefore, dimen-
sions which waveguides require make them
impractical at any frequency lower than about
3000 mc. In the second place, if the dimension of
the guide is a half wavelength or less, energy
will not be propagated through the waveguide.
The reason for this is that for any given wave-
guide there is a cutoff frequency, below which it
does not function as a power transfer device.
This also limits the frequency range of any sys-
tem using waveguides.

WAVEGUIDE THEORY
An exact mathematical analysis of the way in

which fields exist in a waveguide is quite com-
plicated. However, it is possible to obtain an
understanding of many of the properties of wave-
guide propagation by using the following simple
analogy, which shows both how the fields are
able to exist in a waveguide and how you can
handle them.
Analogy of Waveguide Action from a Two-wire
RF Line

To understand the action of a waveguide,
assume that a waveguide has the form of a two-
wire line. In this condition there must be some
means of supporting the two wires. Furthermore,
the support must be a non-conductor, so that
no power will be lost by radiation leakage. An
efficient way for both insulating and supporting
the two-wire line is shown in the illustration at
the bottom of this page. This line is spaced, in-
sulated, and supported by porcelain stand-off
insulators. At communication frequencies, the
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Development of Waveguide by
Adding Quarter- Wave Sections

absorption of power by the dielectric material
(insulators) causes them to look like a low resis-
tance and capacity. The equivalent electrical
circuit at higher frequencies is shown in diagram
B in the illustration on page 10-3. For fre-
quencies of 3000 me and up, a better insulator
than non-conducting procelain insulators must
be used. A superior high frequency insulator for
this purpose is a quarter wave section of RF line
called a metallic insulator which was discussed
in the preceding chapter. Such an insulator
is shown at C. As there are no dielectric lossesin a
quarter wave section of an RF line, the imped-
ance at the open end (the junction of the two
wire line) is very high.

A metallic insulator can be placed anywhere
along a two wire line. Diagram A above shows

several on each side of a two-wire line. A point
to note in this line is that the supports are a
quarter wave at only one frequency. This limits
the high efficiencyof the two-wire line to only one
frequency.

The use of several insulators results in im-
proved conductivity of a two wire line when the
sections are connected together. This connection
is made between the two adjacent insulators
through a switch, as you can see at B in this
illustration. When the switch is open, both
quarter-wave sections are excited by the main
line. In this condition there will be standing
waves on the quarter wave sections. When
the switch is connected to the same place on each
section, the relative phase relationship of the
voltages at the connection will be the same for
each section. In this condition the No.1 section
will be excited first by the generator. When the
switch is closed, the No.2 section will be part-
ly excited by the No. 1 section through the
switch connection. In this condition, less energy
from the main line will be required to excite
the No.2 section. The parallel paths shown cause
less resistance to exist along a given length of
line, and energy is transferred with less copper
loss.

When more and more sections are added to
the line until each section makes contact with
the next, the result is a rectangular box in which
the line is at the center,as shown in C. The line
itself is actually part of the wall of the box. The
rectangular box thus formed is a waveguide.

EFFECT OF DIFFERENT FREQUENCIES ON A

WAVEGUIDE. Previously it was stated that a
quarter wave section is limited in operation to a
certain frequency. However, when a solid wall of
insulators is added, the section will operate at
other frequencies. The waveguide shown at A
at the top of the next page is the one just dis-
cussed. When the frequency being transferred
by the guide is made higher, the quarter wave
section must be shorter. These shorter wave-
lengths are easily accommodated if you as-
sume this two wire line is made up of a wide
bar or strip in each wall of the guide, as shown
at B. The shorter distance remaining is the
shorter quarter wave section. Thus, the wide
bar shown is theoretically well insulated at any
frequency higher than the one which creates
the near minimum frequency at A. In reality
there is a practical upper frequency limit at
which this analogy is applicable. For example,
when the bar is a half-wavelength across, the
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waveguide will be 4 quarter wavelengths across
and may act as though there were two bars
instead of one, as shown later in the chapter.

The next consideration is a frequency which is
lower than the original frequency. Lowering the
frequency in a given waveguide will lengthen
the sections and narrow the bar. Beyond some
lower frequency, this bar does not exist, because
the quarter wave sections meet one another. At
a still lower frequency, the sections become less
than a quarter wave as in C above. A section less
than a quarter wave is inductive. So the imped-
ance across the place where the conducting
bars belong is not a high resistance, but an
inductance. The inductive reactance will dis-
sipate the energy in the line very swiftly through
high currents which flow back and forth in one
place, as though the inductance were taking
energy during one half cycle and then returning
it to the line during the next half cycle.

It follows thus that in a waveguide there is a
low frequency limit or cutoff frequency, below
which the waveguide cannot transfer energy.
The width of the waveguide at the cutoff fre-
quency is equal to one half wavelength, since
at this frequency the two quarter wave sections
touch and add to one another. Mathematically,
the cutoff wavelength is expressed by the
equation,

Ac=2B

where AC is the cutoff wavelength, and B is the long
dimension of the rectangular cross-section.

As cutoff occurs when width of a waveguide
is below a half wavelength, most waveguides
are made .7 wavelengths in the wide dimension

to give a margin between the actual size and
the size for cutoff. The other dimension is the
distance between conductors, and similarly, as
in the two-wire lines, is governed by the voltage
breakdown potential of the dielectric, which is
usually air. Width of .2 to .5 wavelengths are
common.

ELECTROMAGNETIC FIELDS IN A WAVEGUIDE

A good working knowledge of the fieldspresent
in a waveguide is necessary if you want to use
them intelligently. Energy in a waveguide is
transferred by the electromagnetic fields, while
currents and voltages merely aid in forming these
fields. You should know such things as when a
good current path is required or where the volt-
ages will be high. As energy is normally intro-
duced into and removed from the waveguide by
the fields, you should know where the fields will
exist. In any waveguide two fields-the electro-
magnetic and the electrostatic field-are always
present.

"

The Electric Field

The existence of an electrostatic (electric
field) indicates that there is a difference in the
number of electrons between two points. An
electric field consists of a stress in the dielectric
field and is represented by arrows in diagrams.
The simplest form of electrostatic field is the
field which forms between the two parallel plates
of a condenser as is shown at A at the top
of page 10-6. When the top plate of the con-
denser is made positive by a battery, electrons
move from the top plate and deposit themselves
on the bottom plate. This immediately sets up a
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stress in the dielectric between the plates. This
stress is represented by arrows, the direction
of which point from the more positive voltage
point to the more negative voltage point. The
amount of stress sometimes is indicated by the
length of the arrow. A long arrow represents
more stress than a short arrow. In representing
electrostatic fields, the number of arrows indi-
cates the strength of the field. In the case of the
condenser, note that the arrows are evenly
spaced across the area between the two plates.
As the voltage across the plates is the same at
all points, the electrostatic lines between the
plates are evenly distributed. This set of lines
forms an electrostatic field. This field is usually
called the electric field and is abbreviated the
e-field. The lines of stress are called the e-lines.

Notice above at B the two-wire transmission
line which has an instantaneous standing wave
of voltage applied to it. This line is equal to
one wavelength. At the same time, part of it is
positive, while another part is negative. The
instantaneous electrostatic field (e-field) is the
same at the negative and positive points, but the
arrows representing each field point in opposite
directions. The voltage along the line varies
sinusoidally. Therefore, the density of the e-lines
varies sinusoidally.

An easy way to show the development of the
e-field in a waveguide is from a two wire line
which has quarter wave insulators. The illus-
tration below shows the two-wire line previously
discussed with several double quarter wave in-
sulators, or half wave frames used as insulators.

HALF WAVE fRAMES

HALF WAVE FRAtir.ES REMOVED

FROM MAIN U,jE

SHORT CIRCUIT

Magnitude of Fields on Half- Wave Frames Vary with Strength of Field on Main Line



The e-field on the main line is the same as that
.in the transmission line illustrated at the top
of page 10-6. The half-wave frames located at
points of high voltage (strong e-field) will have a
strong e-field across them. The half-wave frames
located at a point voltage minimum will have no
e-field on them. Frame No.1 in the illustration
at the bottom of page 10-6 is an example of
an insulator which has a strong e-field across it.
Each frame is shown separately below the main
line for a clearer view. Frame No.2 is at a zero
voltage point, so it will have no field on it. Frame
No. 3 also has a strong field, but its polarity is
reversed. Frame No.4 has a weaker field on it
due to being at a lower voltage point on the
main line. The picture shown is a build-up to
the three dimensional aspect of the full e-field
in a waveguide.

The illustration below shows the e-field
in an actual waveguide. This is the field which
results when an infinite number of quarter
wave sections are connected to the line to form
a rectangular box. The e-field is strong at one
quarter and three quarter distances from the
shorted end, but becomes weaker at the sine
rate toward the upper and lower walls and to-
ward the ends and center. Again the phenomenon
of wavelength is present, as shown at A below.
You should realize, of course, that this is an
instantaneous picture taken at the time the
standing wave of voltage is at its peak. At
other times, the voltage and E-field varies from
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zero to the peak value, reversing direction every
alternation of the applied voltage .

Certain boundary conditions must exist in
order for propagation to occur in a waveguide.
The principal one is that there must be no electric
field tangent to the walls of the guide. This is
satisfied by the e-field diminishing to zero at the
top and at the bottom of the guide by natural RF
line action, while at other places, the field is
perpendicular to the walls.

The Magnetic Field

The second field which must always exist in
a waveguide is the magnetic field. The magnetic
lines of force which make up the inagnetic field
are caused by the movement of electrons in the
conducting material. All the tiny magnetic
forces exerted by the individual moving electrons
add together and form a large force around the
conductor. The presence of the force is shown by
closed loops around the single wire in A of
the diagram at the top of page 10-8. The h-
line must be a continuous closed loop in order
to exist. The line forming the loop is a mag-
netic line of force or an h-line. All the lines
associated with current are collectively called
a magnetic field or an h-field. The strength
of the h-field varies directly with the current.
Each h-line has a certain direction. You can
determine this direction by the left-hand rule.
The strength of the h-field is indicated by
the number of h-lines in a given area .
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Development of MagnetIC or H-Field in the Waveguide

Although h-lines encircle a single straight wire,
they behave differently when the wire is formed
into a coil as is shown at B above. In a coil the
individual h-lines tend to form around each
turn of wire, but in doing so take opposite direc-
tions between adjacent turns. This causes can-
cellations and results in zero field strength be-

- tween the turns. But inside and outside the coil,
the directions are the same for each h-field.
Therefore, the fields here join and form a con-
tinuous h-line around the entire coil as shown.

Similar action also takes place in a waveguide.
In diagram C above a two-wire line with quarter
wave section is shown. Currents flow in the rnain
line and in the quarter wave section. The current
direction produces the individual h-lines around
each conductor as shown, When a large number
of sections exist, the field cancels between the
sections but their directions are the same inside

and outside the waveguide. At half wave inter-
vals on the main line, current will flow in oppo-
site directions. This produces h-lines loops hav-
ing opposite direction. At C current at the left
end is opposite to the current at the right end.
The individual loops on the main line are oppo-
site in direction. All around the framework,
they join such that the long loop shown at D is
formed. Outside of the waveguide, the individual
loops cannot join to form a continuous loop.
Thus there is no magnetic field outside of a wave-
guide.

Below in the illustration showing a conven-
tional presentation of the magnetic field in a
waveguide three half wavelengths, note that the
field is strongest at the edges of the waveguide.
This is where the current is the highest. The cur-
rent is lowest at the center of each set of loops
because there the standing wave of current is
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zero at all times. In the illustration the picture
shown represents an instantaneous condition.
During the peak of the other half cycle of AC in-
put, all field directions are reversed. An instan-
taneous picture of this condition would show the
fields-reversed at half-wave intervals, since the
current in the long line is reversed Over half-
wave distances.

A second boundary condition necessary for
electromagnetic fields to transfer power is satis-
fied by the- configuration of the magnetic field.
This condition requires that at the surface of
the waveguide there be no perpendicular com-
ponent of the magnetic field. Since all the h-lines
are parallel to the surface, this condition is satis-
fied.

Electric and magnetic fields exist simultane-
ously in the waveguide. In fact, the h-field causes
a current which in turn causes a voltage differ-
ence. This causes an e-field and it in turn causes
a current which causes an h-field and so on.
One field is dependent on the other as energy
is continually transferred from one field to the
other.

At the right the conventional picture of both
fields in the waveguide at A. Since this picture is
rather complicated, the presence and direction of
the field is usually indicated in more simple dia-
grams, such as those shown in B, C, and D. In
these diagrams the number of e-lines in a given
area indicates the strength of the electrostatic
field, while the number of h-lines in any given
cross-section indicates the strength of the mag-
netic field in that area.

The field configuration shown in this illus-
tration represents only one of the many ways
in which fields are able to exist in a wave-
guide. Such a field configuration is called a
mode of operation. In the case of the rectangular
waveguide illustrated, the configuration is known
as the dominant mode, since it is the easiest one
to produce. Other higher modes-that is, differ-
ent field configurations-may occur accidentally
or may be caused deliberately in a waveguide.

An example of another field configuration is
developed in the illustration at A on page 10-10.
If the size of this waveguide is doubled over that
of the waveguide shown in the previous illustra-
tions, the cross-section will be a full wave rather
than a half wave. The two-wire conductor can be
assumed to be a quarter wave down from the top
(or a quarter wave up from the bottom). The
remaining distance to the bottom is %: wave.
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A %:-wave section has the same high impedance
input as the quarter wave section. Thus the two-
wire line is properly insulated and will transfer
energy. The field configuration will show a full
wave across the wide dimension, as you can see
at B in this illustration.

This field configuration can be applied to a
circular waveguide. The two conductors shown
at C are assumed to be part of the waveguide
wall. The remaining part of the wall forms the
quarter wave sections. The quarter wave sec-
tion insulates the two conductors. This makes it
possible to transfer energy with minimum losses.
The resulting field configuration shown at D is
the dominant mode for a waveguide with a circu-
lar cross section.
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Another Field Configuration in the Rectangular Waveguide

ANALOGY OF WAVEGUIDE ACTION BY
ELECTRIC WAVES

A somewhat different analogy involving wave-
glide action deals with the field rather thar vith
current and voltages. This analogy is soi.iewhat
more exact than the previous explanation which
dealt with voltages and current in two-wire
lines, for power flow in this case is assumed to
be in the fields rather than in the conductors.

In a waveguide the fields are the same as those
radiated into space by an antenna. Below notice
the illustration showing a small portion of a field
which is radiated into space from an antenna.
In it the electrostatic line of force or e-lines are
parallel to the antenna, and the electromagnetic
line of force or h-lines are perpendicular to the.
antenna. They move away from the antenna at
the speed of light. At each half cycle the polarity
is reversed. Therefore, at half-wave intervals,
the fields are in opposite direction (or polarity).
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Small Portion of Field Radiated
into Space by an Antenna

Although only a small part of the total field is
shown, actually the e-lines and h-Iinesform huge
closed loops after they leave the antenna.

As previously mentioned, the energy which
moves through a waveguide and the energy
which is radiated by an antenna are both the
same form of electromagnetic radiation. Never-
theless, the field configuration shown in the dia-
gram just below cannot exist in a waveguide be-
cause it does not satisfy the required boundary
conditions. First, there cannot be any e-Iines
tangent to the surface of the walls. Since the
e-lines are evenly distributed across the area,
some will be across the top and bottom wall.
This causes the voltage to short out and this in
turn causes the e-lines to vanish. Other e-lines
which are pushed up to the wall by the repulsion
between e-lines likewise short out. This shorting
out is accumulative and eventually removes the
entire e-field.

.~.

.-UNE TANGENT TO SURFACE OF WAll

Fields in a Wavegllide Must Satisfy
Boundary Conditions to be Radiated



The second boundary condition which must
be satisfied is that there must be no component
of the magnetic field perpendicular to the wall.
Note again in the illustration that the h-lines
are parallel to the side walls which is correct-
but are perpendicular to the bottom, which can-
not be; so h-lines of this type cannot exist in
the waveguide either. Furthermore, an h-line
cannot exist unless it is a closed loop,
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How Radiation Fields are Made to Fit
a Holl:ow Pipe

When a small antenna is placed in the wave-
guide and excited at an RF frequency, both
positive and negative half-cycles are radiated
as shown just above. The wavefront produced is
like an expanding circle. The part which travels
in the direction of arrow B goesstraight down the
waveguide and is quickly attenuated, as previ-
ously described. However, the part of the wave-
front which travels in the direction of arrow A is
reflected from the wall. The wall is a short cir-
cuit and causes the wavefront to be reflected
in reverse phase. Meanwhile, the wavefront
which travels in direction C is reflected from the
other wall and proceeds in opposite phase. Thus,
the radiation fields are contained in the wave-
guide.
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Path of Wavefronts in a Waveguide
In the side view of the waveguide at A below

the light solid and broken lines represent the
wavefront going in direction A. The heavy lines
and dashes represent the wavefront going in
direction B. Note that all parts of the wave-
front A are traveling upward at an angle across
the guide. Wavefront B is traveling at the same
angle but downward.

When the wave travels in this fashion in a
waveguide, propagation is possible. In under-
standing what happens, note that the positive
wavefront (represented by solid lines) occurs
simultaneously throughout the center of the
guide. These fronts add and cause a maximum
voltage to occur at the center. (The e-field is
shown maximum at the center in diagram C.)
The negative wavefront adds in the same manner
as the positive wavefront. When the negative
wavefront meets the positive wavefront at the
walls, the two wavefronts cancel each other,
making the total voltage equal to zero. This
verifies the e-field condition shown at C. With
the e-field zero at the edges, it is possible for
the e-field to exist in the waveguide.
Crossing Angle

The angle at which a wavefront crosses a
waveguide is a function of the wavelength and
the cross-sectional dimension of the waveguide.
At some intermediate frequency the reflection
is as shown at B on the next page. But as the fre-
quency increases, the angle of incidence becomes
less and the signal travels farther before it
reaches the other side (see A). At lower fre-
quencies, the wavefront crosses the guide at
more nearly right angles to the walls. At some fre-
quency, the angle will be 90°. At this point,
the wave travels back and forth across the guide

WAll OF WAVEGUIDE
WAVEFRONT TRAVELING IN

DIRECTION A _---

WAVEFRONT TRA VEUNG IN
DIRECTION B - ,

/1<XX c

WAll OF WAVEGUIDE

A

Paths of Wavefronts in Waveguide
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Angle at which Fields Cross Waveguide
Varies with Frequency

until the energy is dissipated by the resistance
of the walls of the guide. At this frequency,
the distance from side to side is one-half wave-
length for the waveguide. At the cutoff fre-
quency, the attenuation is a linear function
of length and is very high,

The velocity of propagation of a wave along
a two-wire line is less than its velocity in air.
The same is true in a waveguide. Movement of
a wave along a two-wire line is slower than its
movement in air because of the retarding effect
of the DC resistance, the conductors, and con-
ductance of the insulation. In the waveguide,
the lower velocity is due to the way the field
travels. As shown in the above illustration
at C, the path of a wavefront at a relatively
low frequency is along the zig-zag arrow at the
velocity of light. But due to the long path, the
wavefront actually travels very slowly along the
waveguide. In the same illustration at A, the
frequency is higher, and the wavefront or the
group of waves actually travel a given distance
in less time than those at C.

The axial velocity of a wavefront or a group
of waves is called the group velocity. The rela-
tionship of the group velocity to diagonal velocity
causes an unusual phenomenon. The velocity
of propagation appears to be greater than the
speed of light. As you can see in the illustra-
tion to the right during a given time, a wavefront
will move from point one to point two, or a dis-

tance L at the velocity of light (Vd. Due to
this diagonal movement (direction of the arrow),
during this time the wavefront has actually
moved down the guide only the distance G,
which is necessarily a lower velocity. This is
called group velocity (Vg). But if an instru-
ment were used to detect the two positions
at the wall, they would be the distance P apart.
This is greater than the distance L or G. The
movement of the contact point between the
wave and the wall is at a greater velocity. Since
the phase of the RF has changed over the dis-
tance P, this velocity is called the phase Velocity
(Vp), The mathematical relationship between
the three velocities is stated by the equation

VL= \fvpvg
where

VL = velocity of light =3 XIOs meters/second
Vp =Phase Velocity
Vg =Group Velocity

This equation indicates that it is possible for
the phase velocity to be greater than the velocity
of light. As the frequency decreases, the angle
of crossing is more of a right angle. In this
condition the phase velocity increases. For
measuring standing waves in a waveguide, it
is the phase velocity which determines the dis-
tance between voltage maximum and minimum.
For this reason, the wavelength measured in the
guide will actually be greater than the wave-
length in free space. From a practical stand-
point, the different velocities are related in the
following manner: If the RF frequency being
propagated is sine wave modulated, the modula-
tion envelope will move forward through the
waveguide at the group velocity, while the
individual cycles of RF energy will move for-
ward through the modulation envelope at the

WALL

WALL

Relation of Phase, Group,
and Wavefront Velocity



phase velocity. If the modulation is a square
wave, as in radar transmissions, again the square
wave will travel at group velocity, while the RF
waveshape will move forward within the envel-
ope. Since the standing wave measuring equip-
ment is affected by each RF cycle, the wave-
length will be governed by the rapid movement
of the changes in RF voltage. Since intelligence
is conveyed by the modulation, the transfer of
intelligence through the waveguide will be slower
than the speed of light, as is the case in other
types of RF lines.

Because of the way the fields are assumed
to move across the waveguide, it is possible to
establish a number of trigonometric relationships
between certain factors. As shown below the
angle that the wavefront makes with the wall,
(angle (j) is related to the wavelength and dimen-
sion of the guide and is equal to,

'A
Cas (j=-

2B
where 'A is the wavelength in free space of the
signal in the guide, and B is the inside wide di-
mension of the guide. The group velocity (Vg)
is related to the velocity of light (Vd as follows:

V .••.1 ( 'A .\'
V~ = sin (j = , 1- 2B J

Further, since it is possible to measure the
wavelength in the guide (xg) , the wavelength
in space is equal to,

1
'Ag 1 ~----- 'A 2

'A - sin (j - 1 -CB)
Solving this for 'A, the equation becomes equal

to,
2B'Ag

'A = ---;0, ====
\J'Ag'+4B'

After measuring the wavelength and the in-
side dimension of the waveguide, it is possible

--l ,,,,,,, WAll

Trigonometric Relations Exist between
Factors Indicated

WAll
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to calculate most other quantities associated
with the waveguide.

Numbering System of the Modes

The normal configuration of the electromag-
netic field within a waveguide is called the domi-
nant mode of operation. The mode developed for
the rectangular waveguide, as was explained be-
fore, is the dominant mode of operation. The
dominant mode for the circular waveguide was
also shown in a previous illustration. A wide
variety of higher modes are possible in either
type of waveguide. The higher modes in the
rectangular waveguide are seldom used in radar,
but some of the higher modes in the circular
waveguide are useful.

For ease in identifying modes, any field con-
figuration can be classified as either a transverse
electric mode or a transverse magnetic mode.
These modes are abbreviated TE or TM re-
spectively.

In a transverse electric mode, all parts of the
electric field are perpendicular to the length of
the guide and no e-line is parallel to the direction
of propagation. The TE mode is sometimes
called the H-mode.

In a transverse magnetic mode, the plane of
the h-field is perpendicular to the length of the
waveguide. No h-line is parallel to direction of
propagation. This mode is sometimes called an
E-mode.

It is interesting to note from these definitions
that the wavefront in free space or in a coaxial
line is a TEM mode, since both fields are per-
pendicular to the direction of propagation. This
mode cannot exist in a waveguide.

In addition to the letters TE or TM, subscript
numbers are used to complete the description
of the field pattern. In describing field configura-
tions in rectangular guides, the first small number
indicates the number of half-wave patterns of
the transverse lines which exist along the short
dimension of the guide through the center of the
cross-section. The second small number indi-
cates the number of transverse half-wave pat-
terns that exist along the long dimension of the
guide through the center of the cross-section.
For circular waveguides the first number indi-
cates the number of full waves of the transverse
field encountered around the circumference of
the guide. The second number indicates the
number of half-wave patterns that exist across
the diameter.
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MINIMUM e- FIELD

TE;,l CIRCUlAR

TEe.1 MODE RECTANGULAR B

zero on the bottom. Since tbis is one-half wave,
the second subscript is one. Thus, the complete
description of this mode is TEOl•

In the circular waveguide at B, the e-field is
transverse and the letters which describe it are
TE. Moving around the circumference starting at
the top, the fields goes from zero, through maxi-
mum positive (tail of arrows), through zero,
through maximum negative (head of arrows), to
zero. This is one full wave, so the number is one.
Going through the diameter, the start is from zero
at the top wall, through maximum in the center
to zero at the bottom, one-half wave. The second
subscript is one. The complete designation for
the circular mode becomes. TEl,!.

Several circular and rectangular modes are
possible. On each diagram illustrated below you
can verify the numbering system. Note that the
magnetic and electric fields are maximum in in-
tensity in the same area, This indicates that the
current and voltage are in phase. This is the con-
dition which exists when there are no reflections
to cause standing waves. In previous examples
in which fields were developed, the fields were
out of phase because of a short circuit at the end
of the two-wire line.

A

INTRODUCING FIELDS INTO A WAVEGUIDE

A waveguide, as was explained before, is a
single conductor. Therefore, it does not have the
two connections which ordinary RF lines have,
and it is necessary to use special devices to put
energy into a waveguide at one end and to re-
move it from the other. In a waveguide, as with
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How to Count Wavelengths for
Numbering Modes

Counting Wavelengths for Measuring Modes

In the rectangular mode illustrated above at A,
note that all the electric lines are perpendicular to
the direction of movement. This makes it a TE
mode. In the direction across the narrow dimen-
sion of the guide parallel to the e-line, the in-
tensity change is zero. Across the guide along
the wide dimension, the e-field varies from zero
at the top through maximum at the center to

TMol he. =2.62R

HAS AXIAL ELECTRIC FIEI n

Various Modes in Waveguides

i\c-=3 ..!J2R HAS AXIAL ELECTRIC FJELD
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Exciting the Waveguide with Electric Field

D

many other electrical networks, reciprocity
exists in any excitation system-that is, energy
may be transferred either to the waveguide or
from the waveguide with the same efficiency.

Waveguides may be excited by three principal
methods, namely, electric fields, magnetic fields
and electromagnetic fields.
Exciting with Electric Fields

When a small probe or antenna is placed in a
waveguide and fed with an RF signal, current
will flow in the probe and set up an electrostatic
field such as shown above at A. This causes the e-
lines to detach themselves from the probe and to
form in the waveguide. When the probe is lo-
cated in the right place, a field having con-
siderable intensity will be set up. The best place
to locate the probe is in the center, parallel to
the narrow dimension and one quarter wave-
length away from the shorted end of the guide,
as shown at C. Note here that the field is strong-
est at the quarter wave point. This is the point
of maximum coupling between the probe and
the field. Of course, the probe will work equally
well in the center of any unidirectional field.
For example, a %-wave distance from the
shorted end will also be a good spot to place
the probe.

Usually, the probe is fed with a coaxial cable.
In comparison with the waveguide, this cable is

extremely short. This insures that the greatest
benefit will be derived from the waveguide. Im-
pedance matching between the coaxial cable and
the waveguide is accomplished by varying the
distance from the probe to the end of the wave-
guide (by moving the shorted end) and by vary-
ing the length of the probe (see above). A mis-
match will cause unwanted reflections in the
waveguide.

The degree of excitation can be reduced by
reducing the length of the probe, moving it out
of the center of the e-field, or shielding it. Where
it is necessary to vary the degree of excitation fre-
quently, the probe is made retractable and the
end of the waveguide fitted with a movable
plunger. In airborne radar systems, the posi-
tion of the probe and the end piece is often pre-
determined by the factory and fixedpermanently.

In pulse-modulated radar systems there are
wide side bands on each side of the carrier. In
order that a probe feeding system does not dis-
criminate too sharply against frequencies which
differ from the carrier frequencies, wide-band
probes are often used. This probe is large in diam-
eter and is conical or door knob in shape.
A conical probe is capable of handling high
powered signals.

The same kind of probe is used when a probe
is used to take energy out of the guide and de-
liver it to the coaxial cable.
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Excitation with Magnetic Fields

Excitation with a Magnetic Field
Another way of exciting a waveguide is by

setting up a magnetic (h) field in the waveguide.
This can be accomplished by a small loop
which carries a high current and placing the
loop in the waveguide. This is what happens. A
magnetic field builds up around the loop.
The field expands and fits the guide. If the fre-
quency of the current is correct, energy will be
transferred from the loop to the waveguide. A
loop for transferring energy into a guide is shown
at A and B in the above illustration. Notice
that the loop is fed by a coaxial cable. The lo-
cation of the loop for optimum coupling to the
guide is at the place where the magnetic field
which is to be set up is of greatest strength.
There are a series of places where this is true.
Several are shown at C.

When less coupling is desired, you can rotate
or move the loop until it encircles a smaller
number of lines of force.

When an excitation loop is used in radar equip-
ment, its proper location is often predetermined
and fixed either during construction or final
tuning at the factory. In test or laboratory
equipment, the loop is often made adjustable.:

When a loop is introduced in a guide in
which an h-field is present, a current will be in-
duced in the loop itself. When this condition
exists, the loop will take energy out of the wave-
guide as well as put energy into it.

Excitation with Electromagnetic Fields

After learning what fields are like, you might
think that a good way to either excite the wave-
guide or to let energy out of it is simply to leave
the end open. However, this is not the case, for
when energy leaves a guide, fields form around
the end of the guide and cause an impedance
mismatch as shown below at A. In other words,
reflections and standing waves would result if
the end were left open. Thus, simply leaving the
end open is not an efficient way of letting energy
out of the waveguide.

A REFLECTIONS OCCUR FROM AN ORDINARY OPEN END
DUE TO THE WAY FIELDS EXPAND AROUND OPENING.

BY FLARING OPEN END WITH OPTIMUM PROPORTIONS,
B REFLECTIONS ARE ELIMINATED.

C EXCITATION THROUGH APERTURE.

D FIELDS LEAK THROUGH APERTURE.

Excitation with Electromagnetic Fields



In order for energy to move smoothly in or
out of a guide, the opening of the guide may be
flared like a funnel as shown at B. This makes the
guide similar to a V-type antenna. The funnel
in effect eliminates reflection by matching the
impedance of free space to the impedance of the
waveguide. When the mouth of the funnel is
exposed to electromagnetic fields, they enter the
funnel where they are gradually shaped to fit
the waveguide. The funnel is directional in
characteristic. It sends or receives the greatest
amount of energy from in front of the opening.

Another method for either putting energy into
or removing it from waveguides is through slots
or openings. This method is sometimes used
when very loose coupling is desired. In this
method energy enters the guide through a small
aperture, as you can see at C. Any device which
will generate an e-field may be placed near the
aperture and the e-field will expand into the
waveguide. A single wire is shown at D. On it
e-lines are set up parallel to the wire due to the
voltage difference between different parts of
the wire. The e-lines, in expanding, will exist
first across the aperture, then across the interior
of the waveguide. If the frequency is correct
and the size of the aperture properly propor-
tioned, energy will be transferred to the wave-
guide with a minimum of reflections.
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BENDS, TWISTS, JOINTS AND TERMINA nONS

In order for energy to move from one end of a
waveguide to the other without reflections, the
size, shape, and dielectric material of the wave-
guide must be constant throughout its entire
length. Any abrupt change in its size or shape
results in reflections. Therefore, if no reflec-
tions are desired, any change in the direction
or the size of the waveguide must be gradual.
When it is necessary that the change in direc-
tion or size be abrupt, then special devices, such
as bends, twists, joints, or terminations, must
be used.

Bends
Waveguides may be bent in several ways to

avoid reflections. One is to make the bend
gradual. It must have a radius of bend greater
than two wavelengths in order to minimize
any reflection. Some bends may be 90° bends.
Other bends may be greater or less than 90°,
depending upon the requirements of the sys-
tem. Still another type of bend is the sharp bend.

A bend can be made in either the narrow or
wide dimension of a guide without changing the
mode of operation. In a sharp 90° bend, normally
reflections will occur. To avoid this, the guide is
bent twice at 45°-one quarter wave apart. The
combination of the direct reflection at one bend

C FLEXIBLE SECTION CAN BE BENT OR TWISTED IN ANY DIRECTION

IN NARROW DIMENSION

A GRADUAL BENDS

IN WIDE DIMENSION SIDE VIEW

B SHARP BENDS

Types of Bends


