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13-1/13-2

Chapter 13
Paragraphs 13-1 to 13-2

13-2. In this chapter you are concerned 
with the transmission line or other medium 
through which energy is carried from the 
transmitting device to the receiving device. 
The chapter provides an analysis of the 
characteristics of ordinary wire conductors 
at relatively low frequencies that is, voice 
frequencies and carrier frequencies ranging 
up to approximately 150 kc) and of special 
transmission media such as waveguides at 
the higher frequencies, including radio fre
quencies extending up to several thousand 
megacycles.

13-1. INTRODUCTION. Any transmission 
arrangement consists of three essential 
parts: a source of energy, a transmission 
medium to transmit energy to a receiving 
device, and the receiving device, which 
usually converts the electric energy into 
some other form. Attached to a power 
transmission line, an electric generator 
can be used as the source of energy; high- 
voltage lines with a transformer at each end 
may be the transmitting medium; and a mo
tor, lamp, or heater may be the receiving 
device for converting the electric energy 
into a useful form. In a long-distance tele
phone connection, a transmitter may be con
sidered as the source of energy; the line 
from the speaking party to the listening 
party, with all of its associated conductors, 
coils, and connections, may be thought of 
as the transmission medium; and the tele

phone receiver may be considered as the 
third part of the transmission arrangement, 
or the device which converts small electric 
currents into audible vibrations of air, called 
sound waves.
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TYPES OF TRANSMISSION LINES

13-3. GENERAL CLASSIFICATION.

13-7 . TWO-WIRE LINES.

13-5. SINGLE-WIRE OR GROUNDED LINES.

13-3

Chapter 13 Section I 
Paragraphs 13-3 to 13-8

13-6. Historically, the invention of the tele
graph developed the first need for extensive 
electrical conducting methods , Because it 
had already been discovered that the earth 
could be used as a return conductor of elec
tricity, and because of the considerably 
greater economy, the first telegraph lines 
were single-wire, grounded lines, as illus
trated in figure 13-1. Although single-wire 
lines were adequate for the early telegraph 
methods, harsh, unexplainable noises made 
conversation difficult or impossible when 
these lines were used to interconnect tele
phone instruments ・ When a number of 
single-wire telephone lines were run close 
together, the conversation on one line could 
be heard on all the other lines (cross-talk). 
With the expansion of power circuits and the 
building of electric railways, both of which 
were usually close to the telephone lines, 
single-wire telephone lines became prac-

13-4. Transmission lines may be broadly 
classified according to their use as either 
power or communication lines. Within each 
of these classifications, lines may be fur
ther described in terms of a particular char
acteristic (for example, high-tension lines 
in power circuits, long lines in telephone 
circuits, and tuned lines in radio circuits). 
In accordance with certain structural details, 
and regardless of its particular application, 
a given line may be accurately described as 
a single-wire, multiwire, or coaxial line.

tically useless because of the noise currents 
entering them from the power and railway 
circuits. Because of these troubles, s ingle- 
wire lines are used as telephone lines today 
only in emergencies or where the added ex
pense of more efficient lines is not justified. 
However, single-wire lines are still used in 
certain telegraph and radio circuits.

13-8. Years of experimentation, together 
with the development of excellent mathe
matical analyses of line operation, proved 
that a metallic return (see figure 13-2) is 
the only proven cure for noise and cross
talk troubles. The need for a metallic re
turn led to the construction of two-wire lines 
composed of two metallic conductors of the 
same material and spaced the same average 
distance throughout their length. When bare 
wires are used in such a line, the spacing 
must be great enough to prevent contact be
tween the wires. As will be explained 
throughout the text, the conductor size, type 
of dielectric material, and spacing all affect 
line characteristics and must be chosen 
carefully； figure 13-3 shows various types 
of lines. The principal advantages of two- 
wire lines are their greater freedom from 
interference from external circuits and their 
considerably higher efficiency due to lower 
losses. Because of these and other advan
tages to be discussed later, two-wire lines 
are used extensively in radio circuits as 
well as in telegraph and telephone circuits. 
It might be well to mention here that a de
tailed study of two-wire lines provides the
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13-10. As their names imply, these lines 
are similar in construction to the two-wire 
line, but have additional conductors. Multi
wire lines are used in polyphase power cir
cuits ,and may also be used in telephone 
and radio circuits to provide improved 
shielding and other advantages at a cost 
lower than that of coaxial lines.

13-12. A coaxial line, usually called 
coaxial cable, consists of a cylindrical con-

basic information needed for the study of 
coaxial lines, waveguides, and antennas.

KEY

ducting rod or wire within an outer hollow 
cylindrical conductor (see figure 13-3). Be
cause of the shielding of the inner conductor 
by the outer conductor, the transmitted 
energy is largely confined to the space be
tween the inner conductor and the inner wall 
of the outer conductor; that is, none of the 
transmitted energy should appear on the 
outer surface of the cable. However, under 
certain conditions of operation, undesira
ble currents, called surface currents, may 
flow on the outer surface of the cable, and 
steps must be taken to prevent or reduce 
these currents to a minimum. Coaxial 
cables are particularly useful as rf (radio- 
frequency) transmission lines, partly be
cause the shielding prevents radiation from 
the line and partly because of the broad band 
of frequencies that can be transmitted over . 
these lines with little or no frequency dis
tortion. Ordinary telephone lines transmit 
a relatively narrow frequency band extend
ing from about 150 cycles to 2500 cycles, 
and special equalized telephone lines handle 
a somewhat broader frequency band of 60 
cycles to approximately 10,000 cycles； 
however, a properly designed coaxial cable 
transmits with negligible frequency distor
tion a frequency band approximately 3 me

SOUNDER
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(megacycles) in width. Thus, special 
coaxial cables are used to interconnect tele
vision stations in networks similar to those 
used for broadcasting speech and music.

13-16. Every transmission line operates 
in accordance with the fundamental laws of 
electricity and magnetism. Some of the 
more advanced concepts, particularly field 
concepts, are presented in the following 
sections of the chapter. Before beginning 
the study of transmission line theory, you 
should review the elementary concepts of 
magnetism discussed in Chapter 3. How
ever, a brief repetition of the important 
points of Chapter 3 is provided in Section U 
of this Chapter 13.

13-14. Although overhead power and com
munications lines spread across the nation 
like a gigantic spiderweb, the average per
son is scarcely aware of their existence, 
accepting them as part of the scenery. 
These lines are far more than ugly blots on 
the landscape; they make possible the tele
phone ,the radio, the television, the wash
ing machine, and thousands of other con
veniences in the home. To power these de
vices, electrical and communications en
gineers have spent years of research and 
labor that have led not only to lines that 
carry electric energy from point to point, 
but also to lines that act as circuit ele
ments ,such as capacitors, inductances, 
and resistances. Thus (apparently in viola
tion of certain fundamental electrical laws), 
transmission lines, which are constructed 
of very nearly perfect conducting materials, 
act as insulators, and hollow pipes (see 
figure 13-4) guide electromagnetic waves.
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13-19. LUMPED AND DISTRIBUTED 
PROPERTIES.

13-21. TRANSMISSION LINES AS CIRCUIT 
COMPONENTS.
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13-22. Capacitors, inductance coils, and 
resistors are thought of as separate compo
nents which are inserted in an electrical 
circuit to place or localize definite quanti
ties or lumps of capacitance, inductance, or 
resistance, according to the circuit require
ments at the point of insertion. Similarly, 
transmission lines may be regarded in cer
tain applications as components which are 
inserted in an electrical circuit for the pur
pose of producing the desired operation of 
the circuit as a whole. Transmission lines 
differ from other circuit components chiefly 
in the distribution of the electrical proper
ties, L, C, and R; that is, L, C, and R are 
not present as localized or lumped quanti
ties, but each is distributed evenly through
out the length of the line.

become important, coil L, capacitor C, and 
resistor R act as an inductance, a capaci
tance ,and a resistance, respectively. At 
higher frequencies, the coil may act pri
marily as a capacitance or resistance, the 
capacitor primarily as an inductance or re
sistance ,and the resistor primarily as an 
inductance or capacitance.

13-20. A circuit element can be designed 
to act as a relatively large quantity, or 
lump, of any one electrical property. This 
is done by reducing the other two properties 
to minimum values, so that their effects are 
negligible at the operating frequency of the 
circuit element. In part A of figure 13-5, 
the inductance is lumped as a relatively 
large quantity in coil L, and the other char
acteristics, represented by R and C, are 
distributed throughout the coil as minimum 
values. Capacitance C, in part B figure 
13-5, is a lumped capacitance which neces
sarily possesses small distributed quantities 
of the other two electrical properties; re
sistance is present as shunt resistance R1 
and as series resistance R2; the inductance, 
L, is due chiefly to the lead wires. Resis
tor R, in part C of figure 13-5, also has 
small distributed quantities of inductance L 
and capacitance C, as well as its large 
lumped quantity of resistance. At frequen
cies below which their distributed properties

13-24. The simple schematic shown in part 
A of figure 13-6 represents a generator con
nected to a series circuit comprising a coil, 
L, a capacitor, C, and a resistance, R. The 
inductance, the capacitance, and the resist-

13-18. Transmission lines possess the 
three inherent characteristics or properties 
of all electrical circuits: resistance, R; 
inductance, L; and capacitance, C. It is a 
natural law that all three electrical proper- 
ties exist simultaneously together ； there-~ 
fore, it is impossible to design any circuit 
element to possess only one or two of these 
three characteristics.
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13-25. UNIT LENGTH.

o13-27. GENERAL CONSIDERATIONS.

13-26. In dealing with transmission line 
theory, it is convenient to consider each line 
in terms of imit lengths； that is, the line is 
divided into small lengths, each of which is 
known as a unit length. In part D of figure 
13-6, the portion of the line between points 
A and B is one complete unit length; G is the 
shunt conductance, C is the distributed ca
pacitance ,L is the distributed inductance, 
and R is the series resistance. Each unit 
length is identical to every other unit length 
throughout a line.

13-28. Resistance and shunt conductance 
cause a waste of power within a transmis
sion line, m general, therefore, transmis
sion lines are designed so that their resist
ance and shunt conductance are reduced tc
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ance are lumped quantities. In part B of 
figure 13-6 a two-wire transmission line, 
composed of two parallel wires, is con
nected to the generator terminals. In order 
to include the inductance and capacitance of 
such a line, the schematic shown in part B 
is redrawn in part C of the figure. This 
schematic shows that the inductance, repre
sented by the dotted turns about each wire, 
and the capacitance, represented by the 
series of dotted capacitors between the 
wires, are distributed throughout the entire 
length of the line. A transmission line not 
only contains distributed inductance and 
capacitance, as illustrated in part C of fig
ure 13-6. but also series resistance R and 
shunt conductance G. The series resistance 
is due to the inlierent opposition of the wire 
to a flow of current, and the shunt conduct- 
ance is due to the imperfect insulating qual- 
ity of the medium between the wires. To 
include the series resistance and the shunt 
conductance in the schematic, the diagram 
shown in part C may be redrawn as shown in 
part D.
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13-32. Electricity consists of two elemen
tary particles, arbitrarily called positive

ELECTRON 
(-CHARGE)
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13-29. It might be well to note at this time 
that not all transmission lines have the even 
distribution shown in part D of figure 13-6. 
The submarine cable and certain telephone 
cables, such as the spiral four (see figure 
13-3), are excellent examples of this; they 
generally have large capacitance and rela
tively little inductance. In order to over
come this, coils (lumped inductances) may 
be inserted at intervals in the cable, adding 
or loading the line with the necessary in
ductance but producing an uneven distribu
tion.

the minimum possible values. In well- 
designed rf lines the resistance and shunt 
conductance are so low that, for most pur
poses, they may be neglected. Of course, 
there are some rf line applications in which 
the resistance5 minute as it may be, forms 
a basis for the action of the line.

13-30. Wliether composed of lumped quanti
ties of L, C, and R, as in part A of figure 
13-6, or of distributed quantities of L, C, 
and R, as in part D of the figure, an elec
trical circuit always operates in accordance 
with certain basic electrical phenomena. In 
dealing with low-frequency circuits made up 
of lumped values of L, C, and R, it is possi
ble to explain their action in terms of voltage 
and current, without reference to the more 
basic concepts of electric and magnetic 
fields. In order to deal intelligently with 
circuits of the type illustrated in part D of 
figure 13-6, however, the student should 
have a more complete knowledge of basic 
electrical theories. For this reason, parts 
of this chapter are devoted to a discussion 
of electrical concepts that lead to a better 
understanding of transmission lines and 
coaxial cables.

13-31. KINDS OF ELECTRICITY (ELEC
TRIC CHARGES)・

13-36. NEUTRAL CONDITION. The atoms 
of all normal material bodies are thought to 
contain equal numbers of individual negative 
charges (electrons) and positive charges 
(protons). Because the electric force of an

and negative. The positively charged par
ticle is called a proton； the negatively 
charged particle is called an electron (see 
figure 13-7). The proton and the electron 
are elemental electric charges； although the 
mass of the proton is about 1800 times 
greater than that of the electron, the proton 
and the electron are equal quantities of op
posite kinds of electricity.

13-34. The behavior of evei'y electrical 
circuit, from the simplest to the most com
plex, is due to the electric force that exists 
in the space about every elemental charge . 
This electric force produces an action on 
other charges at a distance ； like charges 
repel one another, and unlike charges at
tract one another. As indicated in part A of 
figure 13-8, the force between two positive 
charges pushes them apart, and as indicated 
in part B, the force between two negative 
charges also pushes them apart. However, 
as indicated in part C, the force between 
two unlike charges pulls them together.

Figure 13-7. Equal Quantities of Opposite 
Kinds of Electricity
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electron is equal and opposite to that of a 
proton, the equal numbers of electrons and 
protons in a normal body produce no action 
on other electric charges at a distance. In 
other words, the electric force due to one 
kind of charge is neutralized by the electric 
force due to the opposite kind of charge, 
and the body is said to be neutral, or un
charged.

Figure 13-9. Electric Lines of Force 
Used To Indicate Direction in
Which a Plus (+) Charge Is

Urged by the Field

13-37. CHARGED CONDITION. A body is 
said to be electrically charged whenever the 
number of its electrons is not equal to the 
number of its protons; the excess of one or 
the other constitutes an electric charge. 
Hence, a body is negatively charged when
ever electrons have been added to it, so that 
the number of its electrons exceeds its nor
mal number of protons. The body is posi
tively charged whenever its normal number 
of electrons has been reduced, so that the 
number of its protons exceeds that of its 
electrons.

'Figure 13-8. Repulsion of Like Charges 
and Attraction of Unlike Charges

13-39. It has been stated that the forces 
acting between electric charges are called 
electric forces. The space surrounding an 
electric charge is called an electric field; 
that is, an electric field is the space in 
which the electric force about a charge is 
present to act on other charges that may be 
within the space. However, for simplicity, 
the space is given the property of the force 
within it; that is, an electric field is thought 
of as the force existing at every point in the 
space about an electric charge.

13-41. The direction of an electric field is 
arbitrarily defined as the direction in which 
the field tends to move a positive charge. 
Lines drawn to represent these directions 
are called electric lines of force. In part A 
of figure 13-9, the lines of force represent 
the directions of the field about a positively 
charged sphere; the lines of force about a 
negatively charged sphere are shown in part 
B of the figure. Although drawn only in the 
plane of the paper, the lines of force ac
tually extend in every direction. If a posi-

13-38. ELECTRIC FIELD (LINES OF 
FORCE).
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13-42. FUNDAMENTAL CHARACTERIS
TICS.
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13-45. ZERO FIELD. If equal and opposite 
charges are placed together (see figure 13- 
10), the resultant individual fields will be 
coexistent and equal； neither field is made 
nonexistent by the other. However, the 
electric field of the positive charge (solid 
arrows) is in a direction opposite to that of 
the negative charge (broken arrows). Con
sequently, the electric field of the positive 
charge will urge an inserted positive charge, 
designated as A, in the direction of force 灯 
(solid arrow), and the oppositely directed 
field of the negative charge will simultane
ously urge the inserted positive charge in 
the direction f? (broken arrow). An inserted 
negative charge, designated as B, is also 
acted on by equal and opposite forces, fi

and f2・ Because these oppositely directed 
forces are exactly equal, the effect is the 
same as if neither field existed. In other 
words, the coexistent equal and opposite 
fields produce no action on inserted charges, 
and the resultant electric field is said to be 

(In practice, the effects of the fields 
of inserted charges cannot be neglected. 
However, it is assumed here that the in
serted charges are so small that their fields 
are negligible.)

13-46. CHARGES IN A LINE OF INFINITE 
LENGTH. If a number of positive charges 
are placed in a line of infinite length, as 
shown in part A of figure 13-11, the elec
tric fields of the individual charges will be 
coexistent and combine to produce a result
ant field, the direction of which is every
where perpendicular to the line of charges. 
A similar line of negative charges is sur
rounded by a similar resultant field, except 
that the direction of the force is the opposite, 
as shown in part B of the figure. An un-

tively charged body, designated as C, is 
placed in the field about the positively 
charged sphere, it will be urged away from 
the sphere; the same field will attract a 
negatively charged body, designated as D, 
to the sphere. The short arrow on each of 
the inserted charged bodies indicates the 
direction in which it is urged. Because the 
sphere in part B of figure 13-9 is negatively 
charged, it attracts the positively charged 
body, designated as E, toward it, and repels 
the negatively charged body, designated as 
F.

13-43. An electric charge, whether positive 
or negative, cannot exist without an associ® 
ated electric field; the charge and its associ
ated field cannot be separated.. The electric 
field of every charge extends to infinity, it 
exerts forces on all electric charges within 
it, and it possesses inertia. Because a 
charge and its field are inseparable, when
ever a charge is in motion, its electric 
field must also be in motion.
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Figure 13-12. Effect of Combining the 
Equal but Opposite Fields Shown in 

Figure 13-11

13-47. REPRESENTATION OF FIELDS. In 
this manual, unless otherwise stated, lines 
of force are always drawn to represent the 
resultant field. Thus, in part A of figure 13- 
11, the lines of force represent the resultant 
field due to the excess number of positive 
charges in the conductor; the lines of force 
in part B of figure 13-11 represent the field 
resulting from the excess number of negative

charges. Compare part A of figure 13-11 
with part A of figure 13-12, and note the 
simplicity obtained in the former by con
sidering only the excess charges in the con
ductor. It should be noted here that, al
though spoken of as though they were real, 
lines of force are imaginary and represent 
only a condition of the space through which 
they are drawn.

13-48. FIELD ABOUT SEPARATED 
CHARGES. The field strength, S, at a point 
in the field about a charge is proportional to 
the quantity of charge, Q, and is inversely 
proportional to the square of the distance, d, 
of the point from the charge; this is ex
pressed by the simple formula： S = Q/d^. 
In figure 13-13 equal charges, designated as 
A and B, are not superimposed as in figure 
13-10, but are rather separated by a dis
tance from A to B. The arrow on line A to 
X represents the direction that the electric 
field of the positive charge will urge a posi-

charged conductor may be considered in 
terms of equal numbers of equal positive 
and negative charges arranged in a line. 
Part A of figure 13-12 shows crudely, and 
in only one plane, that the fields of the posi
tive charges, fi, and the negative charges, 
f2, are superimposed (occupy the same 
space); therefore, the resultant field in the 
space is as though neither of the oppositely 
directed field exist. For simplicity, an un
charged body is usually pictured without any 
lines of force, as shown in part B of the fig
ure; it is rarely necessary to show the ele
mental fields that combine to produce a re
sultant field.

i I 口 i 11 "、
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Figure 13-14. Field about Equal Unlike 
Point Charges

In words: At point C field strength Si，due 
to the positive charge at point A, equals 
field strength S2, due to the negative charge 
at point B. Hence, a positive charge placed 
at point C is simultaneously urged by a force,

tive charged placed at any point along line A 
to X. The arrow on line Y to B shows the 
direction that the electric field of the nega
tive charge will urge a positive charge placed 
at any point along line Y to B. In part A of 
figure 13-13 the quantity Qa of the positive 
charge, designated as A, equals the quantity 
Qb of the negative charge, designated as B, 
and the distance from A to C equals the dis
tance from C to B. From the field strength 
formula, the field strengths produced at 
point C by the two charges have the following 
relationship:

f2 \ 

xo 
B

fl, from C toward X and by an equal force, 
f2，from C toward B. Obviously, the charge 
cannot move in two directions at the same 
time, but forces fi and f2 acting together 
produce at C a resultant force, fR, in the 
direction of the line from C to E. Consider 
now the condition of the field at point D in 
part B of figure 13-13. Distance A to D is 
greater than distance D to B; therefore, 
force fi is less than force f2. Under this 
condition the resultant force, fR, at point D 
is downward and slightly to the right. If a 
free positive charge is placed at numerous 
points in the combined fields of charges A 
and B, it will be found that the superimposi
tion of the individual fields will produce a 
different resultant condition at every point. 
Thus, a free positive charge, placed at point 
C in figure 13-14, will come under the in
fluence of a different resultant force as it 
leaves C and follows the curved path from 
point C to B. Similarly, a positive charge 
placed at point D will follow the curved path 
from point D to B. Note that the curved 
resultant line of force from point A to C to 
B is perpendicular at its ends to the surfaces 
of point A and point B. In figures 13-14 and 
13-15 a few of the elemental lines of force 
are indicated by broken lines. The solid 
lines in figure 13-14 represent the resultant 
lines of force in the electric field about two
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13-55. THE COULOMB.

o
13-49. ELECTRICAL UNITS.

13-57. FORCE BETWEEN CHARGES.

13-51. UNIT OF FORCE.

13-14

13-58. Experiment has shown that the force 
between two charges (in a near vacuum) 
varies inversely as the square of the dis
tance between them (see figure 13-16), and 
directly as the product of the two quantities
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13-53. ELECTROSTATIC UNIT-QUANTITY 
OF ELECTRICITY.

equal and unlike charges; the solid lines in 
figure 13-15 represent the resultant lines of 
force about two equal and like charges. As 
used in these figures, each line of force 
merely indicates that a force acts on a posi
tive charge placed at any point on the line, 
in the direction of that line, and that the 
force acts in the opposite direction on a 
negative charge placed at the same point on 
the line.

13-52. The commonly used unit of force is 
the dyne; this unit is defined as the force 
which, acting on a mass of 1 gram (. 035 -

Figure 13-15. Field about Equal Like 
Point Charges

13-54. This unit is defined as that quantity 
of electricity which, when concentrated at a 
point in a vacuum, repels an equal quantity 
of like charge at a distance of 1 centimeter 
(.3937 inch) with a force of 1 dyne, or at
tracts an equal quantity of unlike charge with 
the same force.

13-56. The cgs (centimeter-gram-second) 
electrostatic unit of charge is the statcou
lomb. The number of elemental charges in 
a statcoulomb has been calculated to be 
greater than 2,000,000,000. Even this huge 
number of elemental charges provides such 
a very small unit that it is not used in prac
tical electricity; the practical unit is the 
coulomb, 1 coulomb being equal to 3 x 109 
statcoulombs, or 3,000,000,000 statcou
lombs. In terms of elemental charges, the 
coulomb is equivalent to 6.28 x 10】8 elec
trons (or protons). Although not used as 
frequently as the volt, ampere, and ohm, 
the coulomb is a practical unit and is a 
measure of quantity, like gallons and bush
els. The relationship of the coulomb to 
other units may be clearer when it is real
ized that if 1 coulomb of electricity is pass
ing a point in a circuit in 1 second, the cur
rent is 1 ampere. Thus, when the current 
in amperes is known, the number of elec
trons passing any point in a circuit can be 
calculated.

13-50. Up to this point only elemental charges 
have been mentioned as a unit quantity of elec
tricity, but in order to cope intelligently with 
practical work, it is necessary to establish 
other electrical units. You are undoubtedly 
familiar with the practical units, such as 
the volt, ampere, ohm, farad, etc. These 
practical units were developed from more 
basic units. When first used in this man
ual, units other than practical units will be 
defined.

ounce) for 1 second, increases its velocity 
by 1 centimeter per second.
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of charge. Thus, regardless of the kind of 
charge, the combined effect of quantity and 
distance is expressed by the simple equa
tion:
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defined as the force which would act on & 
unit positive charge (placed as a test charge) 
at that point in the field. This definition 
comes from the basic force equation: F =. 
QlQ2/d2. With field strength defined as the 
force acting on a unit positive charge placed 
at a point in the field, the field strength at 
various points in the space about one charge, 
Ql, is determined by maintaining a second

+ 0| • -02-l UNIT CHARGE 

d ■CENTIMETER

-Q|X S IXI I 
F・--------- - «------ •— DYNE

d2 (2)2 4

The electric field strength (intensity) 
at any point in the field about a charge is

0|XQ2 2X3
F«------  »― -6 DYNES(I)2

=QiQ2/d2

For most practical purposes, the force exist
ing between charges in air is considered to 
be equal to the force existing between charges 
in a vacuum. If Qi and Q2 are like charges, 
the force between them is one of mutual re
pulsion; if they are unlike charges, the force 
between them is one of mutual attraction. 
Use of the force formula is illustrated in 
figure 13-17, where the figure F represents 
the force between charges.

Calculation of Force 
Between Charges
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13-62. TOTAL FORCE AT A POINT.

NOTE：

TEST CHARGE IN EACH CASE = I UNIT CHARGE

F = SQ2

where:

F = Force

2 o
Q2 = Quantity of inserted charge

Qi

13-64. FIELD POTENTIAL.

oa—r—»8 DYNES

=
FIELD STRENGTH » FORCE AT A POINT »S

Figure 13-18. Field Strength, S, at a Point

13-16

5 
—«5 DYNES

Q|

T-

Chapter 13 Section II 
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Q|« 2 UNIT CHARGES

CENTIMETER

The various parts of figure 13-19 show how 
the total force is calculated when only the 
field strength and the quantity of the inserted 
charge, Q2, are known.

13-63. If the field strength at a point is 
known, the total force at that point, when 
the inserted charge is greater or less than 
unity, can be found by multiplying the field 
strength by the quantity of inserted charge:

charge, Q2, at unit value and moving it as a 
test charge at various distances from the 
first charge. Thus, in calculating field 
strength, Q2 is always numerically equal to 
1； consequently, it can be dropped from the 
equation. The equation for field strength, 
S, at various points in the field about any 
charge then becomes S = Qi/d2. The illus
tration in figure 13-18 show the application

— DYNE 
2

1—     4 DYNES G)⑴

13-65. The difference between field poten
tial and field strength must be thoroughly 
understood. Field potential is a measure of 
work, and field strength is a measure of 
force. Perhaps this difference can best be 
understood from the simple equations for 
electric force and electric potential. The 
force equation is F = QiQ2/d^> and the po
tential equation is P = F x d・ Bearing in 
mind that potential P equals work W, the 
potential equation can be written as P = W 
F x d. As previously explained, the force 
at a point (field strength S) is determined by 
maintaining Q2 of the force equation at unit

0| » 5 UNIT CHARGES 

d ・ I CENTIMETER

° °l

O| =2 UNIT CHARGES 

d = 2 CENTIMETERS 

0. 2 2
S 5 1 - a ------- =----  B

d2 (2)2 4

Q|»l UNIT CHARGE 

do-—CENTIMETER S = Field strength at point of 
insertion

Qp I UNIT CHARGE 
d= I CENTIMETER 

c °l 1 
S= DYNE

of the field strength formula in determining 
the field strength at points in the field about 
different quantities of charge. Note that the 
figure S is shown as acting only on the in
serted test charge Q2. This is because field 
strength is the force at a point—not the force 
between charges.
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F«SQa = 2.5X5-12.5 DYNES

13-68. EFFECT OF INDIVIDUAL CHARGE.

Qi

F = SO2=5Xy = 2.5 DYNES

W = Qi/d2 x dp
+ 2V +3V +2V+3V

D GE F

-2V2V -3V 3V

S GE FD

P = W= Qi/d 2

OV
OVOV OV

FED

13-17

Ql Q2
P

OV

G

The field strength and field potential equa
tions are shown below for comparison.

Figure 13-19. Field Strength, S, Versus 
Quantity of Inserted Charge, Q2

Figure 13-20. Potential at a Point 
Affected by all Nearby Charges

Chapter 13 Section H 
Paragraphs 13-66 to 13-69

Q| AND d UNKNOWN 

O2=5 UNIT CHARGES 

S = 2.5 DYNES

You can see that (1) field strength is a meas
ure of force, but field potential is a measure 
of work; (2) both field strength and field po
tential vary directly with the quantity of 
charge, Qi; and (3) field strength varies in
versely as the square of the distance, d, of 
the point from the charge, but field potential 
varies inversely as the distance, d.

value (equal to 1); therefore, S = Q^/d2. 
Substituting Qi/d2 (from the field strength 
equation) for F in the potential equation, the 
potential equation becomes:

13-67. An electric charge and its field are 
inseparable. For this reason, the potential 
at a point is not only a function of the quantity 
of charge (if any) at that point; it is also a 
function of the kind and quantity of other 
charges at nearby points.

13-66. EFFECT OF NEARBY CHARGES ON 
potential' '

k--- d---
O| AND d UNKNOWN j

Q2 = y UNIT CHARGE ?
S=5 DYNES J

=F

= Ql/d

=Qi/d2
-4V
-^2 
P

B
POTENTIALS ABOUT MINUS CHARGE Q,

+4V
◎
A

POTENTIALS ABOUT PLUS CHARGE Q】

ZERO POTENTIAL ABOUT SUPERIMPOSED 
EQUAL AND OPPOSITE CHARGES Q】AND Q2

13-69. Assume, for example, that with a 
quantity of plus charge, Qi, at point P in 
part A of figure 13-20, the potential of P is 
4 volts. Suppose further that, instead of the 
quantity of plus charge Qi, an equal quantity 
of negative charge Q2 is at point P in part B 
of figure 13-20, and that the potential of P is 
—4 volts. Considering only the field lines 
between points D and G, values representing 
the potentials at a few points are shown in 
parts A and B of figure 13-20. These in
dividual potentials are a representation of 
the field when it is considered that all other 
charges are too far away to produce any 
noticeable effect.
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13-70. EFFECT OF SUPERIMPOSrTION.

o

13-72. EFFECT OF SEPARATED CHARGES.

PD = P - F = +1 - (-1) = 2 volts o+2V +3V +3V +2V

D E F

-IV 2V 3V 3V

D E G

+1V +1V IV

D E G

c

F
13-76. EQUIPOTENTIAL LINES.

» +1-(-1) = 2VP-F

13-18

p

B

+iv
tQ1

POTENTIAL DUE TO
POTENTIAL AT

POTENTIAL DIFFERENCE PD,

13-75. The potential difference between 
points P and F in part C of figure 13-21 is:

13-74. POTENTIAL DIFFERENCE AND 
POTENTIAL.13-73. In part A of figure 13-21, the condi

tions are identical to those in part A of figure 
13-20, but in part B of figure 13-21, nega
tive charge Q2 is at point F instead of at 
point P. When the two charges, Ql and Q2,

13-71. In part C of figure 13-20, the nega
tive charge Q2 is superimposed on the posi
tive charge Qi, and the potential at P and at 
all other points is zero. This is true be
cause the superimposed equal and unlike 
charges produce everywhere a neutral con
dition. Note that part C of figure 13-20 is 
the equivalent of superimposing part A on 
part B; the potentials at the points in part C 
are obtained by algebraic addition of the po
tentials at corresponding points in both parts 
A and B ・

Chapter 13 Section H 
Paragraphs 13-70 to 13-77

Thus, the potential at a point is the alge
braic sum of the individual potentials at that 
point, but the potential difference between 
two points is equal to the algebraic differ
ence between the potentials at the two points. 
It should be noted that the potential at a point 
is not clearly defined unless the polarity is 
indicated, but potential difference is never 
given polarity. Potential is a vector quantity 
(it has both magnitude and direction), and 
potential difference is a scalar quantity (it 
has magnitude only). You have probably 
noticed that points P, E, and D in part C of 
figure 13-21 are at the same positive poten
tial, and points F and G are at the same 
negative potential. Points at the same po
tential are called equipotential points, and 
are discussed in the following paragraph.

Figure 13-21. Nearby Charges Versus 
Potentials and Potential Differences

are placed as shown in part C of figure 13- 
21, the potential at P is reduced from plus 
4 volts to plus 1 volt, because of the super
imposition at point P of a field, due to Q2, 
which has a negative potential of minus 3 
volts at point P. Similarly, the potential at 
point F is raised from minus 4 volts to 
minus 1 volt; that is, because of the nearby 
positive charge, Qi, the effect of the nega
tive charge, Q2, is reduced. Part C of fig
ure 13-21 represents the equivalent of 
superimposing part A on part B, and the 
potentials in part C are obtained by algebraic 
addition of the potentials at corresponding 
points in both parts A and B.

13-77. As previously explained, lines of 
force are drawn to describe the field of force 
about an electric charge. Lines may also be

+4V

A

+4
=-3

P = +1V

AT P:
POTENTIAL DUE TO Q
POTENTIAL DUE TO Q：
POTENTIAL AT

AT F:
POTENTIAL DUE TO Q] => +3V

4V
IV
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13-78. SPHERICAL SURFACES.

13-82. CONDUCTORS AND INSULATORS.
LINES OF FORCE

SPHERE

13-84. SIMPLE CONDUCTION.

B

Figure 13-22. Equipotential Lines

13-19

EQUIPOTENTIAL
LINES

LINES OF 
FORCE

EQUIPOTENTIAL
LINES

13-85. When a conductor is connected di
rectly across two points between which there 
is a potential difference, the electric field

Chapter 13 Section n 
Paragraphs 13-78 to 13-85

13-80/ FORCE AND EQUIPOTENTIAL
LINES：

NOTE：
CENTRAL CHARGE Q=I2 UNITS

gether these equipotential points form a 
spherical surface about the charge Q. Thus, 
although drawn as circles in the plane of the 
paper, the equipotential lines in part A of 
figure 13-22 actually represent concentric 
spheres about charge Q.

13-83. The atomic structure of certain 
materials is such that their electrons move 
freely, but in a haphazard manner, from 
atom to atom. Other materials do not per
mit such a haphazard movement of elec
trons within them, and hence do not have 
free electrons. When placed in an electric 
field, the materials containing large num
bers of free electrons permit these elec
trons to flow readily through them, and are 
called conductors. Because of the closeness 
with which their electrons are bound to the 
atoms, the other materials do not permit 
such a flow of electrons, and are called non
conductors ,insulators, and dielectrics. 
The ability to conduct electrons varies in 
different materials; consequently, there are 
good and poor conductors, and good and poor 
insulators.

13-79. Consider that a charge Q of 12 units 
is at the center of a sphere 2 units in radius, 
as shown in part A of figure 13-22. The po
tential of the sphere is 6 units or, assuming 
practical units, 6 volts. At point A, 3 units 
of distance from the central charge, the po
tential is Q/d = 12/3 = 4 volts. Now, is this 
equation is used to determine the potential 
at every point 3 units of distance from the 
central charge, it will be found that the po
tential at every such point is 4 volts. To-

drawn to describe the field of potential about 
electric charges. Such lines are called 
equipotential lines, and they usually repre- 
sent surfaces along any one of which the po
tential is constant.

13-81. Some of the equipotential lines about 
a point charge close to a flat plate are repre
sented by solid lines in part B of figure 13- 
22, and a portion of the field of force is 
represented by dashed lines. Notice that 
at every point of intersection, lines of force 
and equipotential lines are mutually per
pendicular ・ This means that there is no 
component of force along an equipotential 
surface.
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13-86. SIMPLIFIED EXPLANATION.

1

i

PLATE 2

BATTERY

13-20

Figure 13-23. Simplified Concept of 
Conduction

Chapter 13 Section n 
Paragraphs 13-86 to 13-87

13-87. Conductor R contains electrons that 
are free to move under the influence of an 
electric field. When conductor R is con-

x

between the two points necessarily extends 
through the conductor, and the electrons in 
the conductor are urged from points of lower 
potentials to points of higher potentials. A 
simple example of this concept is shown in 
figure 13-23. Assume that chemical action, 
represented by the dashed-line arrows with
in the battery, removes electrons from plate 
1 so that it becomes positively charged and, 
at the same time, adds electrons to plate 2, 
so that it becomes negatively charged. This 
is a separation of electric charges, and an 
electric field now exists between the two 
plates； the excess charges on each plate 
possess potential energy which tries to force 
the charges through the battery toward the 
opposite plate. The positive charges on 
plate 1 cannot move because they are bound 
to the atoms in the metallic conductor mak
ing up that plate. The excess electrons on 
plate 2 possess a potential energy which 
tries to force the electrons through the bat
tery, as indicated by the solid arrows, but 
the chemical action of the battery prevents 
this movement of electrons within the bat
tery.

nected between the two plates, point X is 
connected directly to plate 1 and assumes 
the potential of plate 1; point Y is similarly 
connected to plate 2 and assumes the poten
tial of plate 2. Thus, an electric field ex
tends through R as indicated by the solid 
arrows through R. (For convenience, these 
lines of force are drawn to show the direc
tion in which the field will urge electrons.) 
The positive charges in conductor R are 
bound to the atoms, and, therefore, cannot 
move under the influence of this electric 
field. Many negative charges (electrons) in 
the conductor are free to move, and, under 
the influence of the electric field, do move 
in the direction indicated by the solid arrows. 
At the instant conductor R is connected, 
every electron in the conductor comes under 
the influence of the field, and each electron 
is urged from points of lower potential (from 
all points below X) toward points of higher 
potential (at X)・ As free electrons move up
ward through R, the potential of X is lowered 
by the flow of electrons to it; at the same 
time, the potential of Y is raised by the flow 
of electrons from it. However, electrons at 
X are attracted to points of higher potential 
on plate 1, and other electrons are drawn 
from the lower potential at plate 2 toward 
the increased potential at Y. This drift of 
electrons, between the point of lowest po
tential (at plate 2) and the point of highest 
potential (at plate 1), tends to reduce the 
potential difference between plates 1 and 2. 
However, the chemical action of the battery 
maintains the potential difference between 
plates 1 and 2. Thus, there is an electric 
current through the conductor and the bat
tery as long as this potential difference is 
maintained. When a generator of electric 
current and its load are directly connected, 
as shown in figure 13-23, the simple ex
planation previously discussed can be used 
to explain the transmission of energy from 
the generator to the load. However, when 
the generator and the load are separated by 
appreciable distances, it is necessary to in
clude an explanation of how the electric field

PLATE I
十 + + bT
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13-88. ELECTROMAGNETIC FIELD.

13-93. CONSIDERATION OF FIELD ONLY.

ELECTRIC FIELD

13-21

Figure 13-24. Electromagnetic Field 
about an Electron Moving Away 

from Observer

MAGNETIC 
FIELD

Chapter 13 Section H 
Paragraphs 13-88 to 13-94

within the generator is transmitted over 
these distances. Such explanations must be 
made in terms of electric and magnetic 
fields (electromagnetic field).

13-91. ELECTRIC FIELD. In figure 13-24, 
assume that the electron is moving through 
space at a constant speed and that its direc
tion of motion is away from the observer.

13-94. When you are dealing with electro
magnetic waves, you must usually consider 
the electromagnetic field without reference 
to the electron (or other charge) displace
ment that produced it. For example, if the 
section of the electromagnetic field in figure 
13-24 is redrawn as shown in figure 13-25, 
so that it can be considered without refer
ence to the electron, the following rule is 
applicable: A moving electric field and its 
associated magnetic field are coexistent and 
so related that, if they are moving from an 
observer with the electric lines pointed up
ward, the magnetic lines will point to the 
right. At every point in an electromagnetic 
field the electric field is at right angles to 
the magnetic field. Also, the direction of 
the force in each field is at right angles to 
the direction in which the fields are in mo
tion. This relationship is usually expressed

13-92. MAGNETIC FIELD. The magnetic 
field is represented by concentric circular 
lines of force, with arrowheads indicating 
the direction of the magnetic force about the 
electron. The magnetic field is due to the 
motion of the electric field; consequently, 
the magnetic field must also be moving 
away from the observer. Whenever an elec
tron is moving away from an observer, its 
electric and magnetic fields also move away 
from the observer, and the direction of the 
resultant circular magnetic field is counter
clockwise ・

Since the electron and its field are insepara
ble, the electric field is necessarily moving 
in the same direction as the electron, that 
is, away from the observer. The broken- 
arrow lines of force do not represent the 
direction in which the electric field is in 
motion; these lines of force represent only 
the direction of the field force. Considering 
that the electron motion is uniform, the 
electric lines of force can be represented 
as straight lines.

13-90. FIELD ABOUT ELECTRON IN 
MOTION.

13-89. It can be shown that whenever an 
electric field is in motion, there comes into 
being a force which is not measureably 
present while the electric field is at rest. 
This additional force is called a magnetic 
force, and the space in which it is present 
is called a magnetic field. In this text a 
magnetic field is considered as an attribute 
or property of an electric field in motion. 
A moving electric field and its associated 
magnetic field always exist together, and 
the space in which the two fields are co
existent is called an electromagnetic field.

!____L J*- SECTION OF FIELD
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UNIFORM CURRENT TO RIGHT
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13-95. STATIONARY MAGNETIC FIELD.

o
13-22

L
!®P

CURRENT INTO PAPER

B
PRODUCTION OF MAGNETIC HELD

Figure 13-26. Electric and Magnetic 
Field Effects of a Uniform Current

CANCELLATION OF ELECTRIC FIELD
STATIONARY 
/ MAGNETIC 

FIELD

Chapter 13 Section II 
Paragraphs 13-95 to 13-98

by saying that the electric and magnetic 
fields are perpendicular to each other and to 
the direction of motion.

；°L

13-96. Consider the flow of current through 
a conductor. First assume that a uniform 
current is flowing from left to right in the 
conductor shown in figure 13-26. The solid 
arrows in part A of this figure than repre
sent the electric field due to the stationary 
protons (positive charges) within the wire, 
and the broken arrows represent the elec
tric field due to the electrons. The short 
arrows pointing to the right indicate that the 
electron field is moving to the right. Despite 
this movement of the electron field to the 
right, there is no resultant electric field 
about the wire, because the two electric 
fields cancel each other at all points. How
ever, the electron field is an electric field 
in motion and produces about the wire a cir
cular magnetic field. Immediately above the 
wire, the direction of this magnetic field is 
into the paper, and immediately below the 
wire its direction is out of the paper, as

13-98. For simplicity, part A of figure 
13-26, is redrawn in part A of figure 13-27

Figure 13-25. Electromagnetic Field 
Moving Away from Observer

1
♦

indicated by the conventional circled crosses 
and dots. Since the current is constant, an 
observer looking along the wire in the direc
tion of the electron flow would see only a 
stationary circular magnetic field about the 
wire, as shown in part B of the figure. If an 
electron were at rest at point P in the sta
tionary magnetic field, no force would be 
exerted on it because (1) there is no resultant 
electric field about the wire, and (2) a mag
netic field has no effect on an electric charge 
unless there is relative motion between the 
charge and the magnetic field.
13-97. ELECTROMAGNETIC PULSE.
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13-101. PRODUCTION OF PULSE.

13-23

Figure 13-27. Production of Electro
magnetic Pulse and Growth of 

Magnetic Field

13-102. The electric lines of force shown 
in part B of figure 13-27 must straighten out 
and become perpendicular to the surface of 
their associated individual electrons. In 
order to bring about this straightening of the 
electric lines, the distorted portions must 
move outward from the wire. These dis
torted portions also constitute a moving 
electric field, which produces an accompany
ing magnetic field. This electromagnetic 
field moves outward from the conductor

13-99. EFFECT OF DISTORTED FIELD 
ON ELECTRONS.

13-100. An electron in the distorted portion 
of the electric field would be urged to the 
left; that is, it would be urged in a direction 
opposite that of the electron flow in the con
ductor. (This phenomenon forms the basis 
for self-inductance and mutual inductance, 
which will be explained later.)

Chapter 13 Section 11
Paragraphs 13-99 to 13-102

to show a smaller number of moving elec
trons ;the positive field is omitted, and the 
electric lines of force indicate the direction 
in which an electron is urged. Assume that 
the electron motion to the right is uniform, 
so that the moving electric field can be con
sidered to be made up of straight lines of 
force. As in the preceding figure, the sta
tionary magnetic field is represented by the 
circled crosses and dots. The short arrows 
to the right indicate the direction in which 
the electrons and their electric fields are in 
motion. Suppose, now, that the current is 
increasing to a new and higher uniform value. 
While the current is increasing, the velocity 
of the electrons is also increasing. Con
sider that the electrons shown in part A of

5--一 Stf% 五
Q三㊀go（三㊀（三㊀）

figure 13-27 have reached the positions 
shown in part B of the figure at the instant 
that the current and, hence, the electron 
velocity again become constant. Because 
the electric field possesses inertia, not all 
parts ol this field moved simultaneously to 
the right as the velocity of each electron in
creased. The portion of each line of force 
represented as being immediately above each 
electron has very nearly kept up with the 
electron motion, and is, therefore, adjacent 
to its electron. However, the portion of 
each field line between horizontal reference 
lines A and B has not kept up with its elec-

• tron and is now distorted. The electric 
force in this portion is now to the left, that 
is, opposite the direction of electron accel
eration. The portions of the electric field 
lines between horizontal lines A and Z are 
still in their original positions; that is, be
cause of their inertia, the electric field 
lines between A and infinity (Z) have not yet 
moved.

三㊀三㊀ ) 
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13-103. MOVING MAGNETIC FIELD. o13-104. GROWTH OF MAGNETIC FIELD.

B

A— :・・

oB

13-106. DECREASE OF MAGNETIC FIELD.

13-24

electric field (drawn to indicate the direction 
in which an electron would be urged) are 
straight, and there is a stationary magnetic 
field about the conductor.

13-108. EFFECT OF ACCELERATION.
Suppose that the current is suddenly reduced 
to a lower uniform value. At the moment 
the current is reduced, the electric lines in 
A are moving at a constant speed to the right 
and their inertia tends to keep them moving 
at the same velocity; therefore, these elec
tric lines do not instantly change their speed 
of travel to the lower speed of the electron. 
In consequence of this, at the instant that the 
electron velocity has again become uniform 
(see part B of figure 13-28), the portions of

Chapter 13 Section H
Paragraphs 13-103 to 13-108

Figure 13-28. Production of Electro
magnetic Pulse and Reduction of 

Magnetic Field

c —

13-107. Now consider the electromagnetic 
pulse produced when the current and, hence, 
the velocity of the moving electrons are re
duced. For this study, assume that the 
electron motion in the conductor is uniform 
and to the right, as shown in part A of figure 
13-28. Under this condition, the lines of the

M 京 舄
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with the velocity of light. It is called an 
electromagnetic pulse.

13-105. As the electromagnetic pulse moves 
outward (see part B of figure 13-27), it adds 
energy to the space through which it moves; 
that is, in moving outward the pulse carries 
and leaves behind it the energy which will 
constitute the stronger stationary magnetic 
field about the higher uniform current 
through the conductor. This concept is 
shown within the limitations of a simple 
drawing in part B of figure 13-27. Consider 
the instant that the distorted portion of the 
electric field is in the position shown. A 
stationary circular magnetic line, repre
sented by 1, has been established close to 
the conductor; a second magiietic line, 2, 
is being established, and line 3 will be es
tablished as the distorted portion moves out 
from the conductor. At the same time that 
the magnetic field is being built up about the 
conductor. the distorted electric field is 
diminishing and the resultant electric field 
is becoming zero. This is indicated by the 
straiglit electric lines between the conductor 
and horizontal line B. While the electron 
velocity (that is, the current) is changing, 
the field about the conductor is quite com
plex. For simplicity, it has become custom
ary to neglect the electromagnetic pulse and 
consider only the changing magnetic field, 
except when dealing with circuits designed to 
produce a maximum of radiation.
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13-112. SELF-INDUCTANCE.
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13-110. CHANGING MAGNETIC FIELD.

fl f2

13-25

3
B

a moving magnetic field and its associated 
electric field are always coexistent.

+

Figure 13-29. Self-induction in Terms 
of Electric Fields

Chapter 13 Section II 
Paragraphs 13-109 to 13-113

13-109. REDUCTION OF MAGNETIC 
FIELD. As in the case of the increasing 
current previously discussed, the distorted 
portions of the electric lines move outward 
from the conductor. In this case, however, 
the moving electric lines are pointed to the 
right and their associated magnetic field 
lilies point out of the paper. hi moving out
ward, this pulse cuts through the magnetic 
field already existing about the wire. Since 
the magnetic component of the pulse itself is 
opposite that of the existing magnetic field, 
the existing magnetic field is weakened. 
Note that the direction of the existing mag
netic force is not changed, but the resultant 
stationary magnetic field becomes weaker 
than that which existed before the current 
was reduced.

13-113. Although usually explained in terms 
of the changing magnetic field (Chapter 3), 
self-inductance can be explained simply in 
terms of the moving electric field about the 
charges in motion. First consider the elec
tron fields when the electron velocity is in
creased in conductor C, shown in part A of 
figure 13-29. Before the switch, SW, is 
closed, the current is zero. When the 
switch is closed, the current would change 
instantly from zero to its maximum value of 
I = E/R if the change were not opposed by 
the self-inductance of the conductor.

13-111. As previously mentioned, this com
plex action may be considered in terms of 
the magnetic field about the wire. In the 
case of an increasing current, the magnetic 
field is said to be expanding; therefore, its 
lines are moving out from the wire. In the 
case of a decreasing current, the magnetic 
field is considered to be collapsing; there
fore, its lines are moving toward the wire. 
It has been stated that a moving electric 
field and its associated magnetic field are 
always coexistent. The converse is also 
considered as a basic phenomenon; that is,

the field lines between reference lines B and 
C have moved farther to the right than the 
portions of the lines between the conductor 
and reference line B. In other words, lines 
between B and C have moved approximately 
to the positions that they would have occupied 
if the current had not been reduced. Note 
that the direction of the distorted lines and, 
hence, the electric force between lines A 
and B are now to the right; that is, the dis
torted portion will urge electrons in the same 
direction that the conductor current is flow
ing.
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13-116. INDUCTIVE FORCES.

13-118. CAPACITANCE.

Q = CV

13-120. DEFINITION AND EXPLANATION. o
13-26

where Q is the total charge on the plates, C 
is the capacitance, and V is the potential 
difference between the plates.

in connection with figure 13-28, the distorted 
portions of the electron field are now re
versed (see part C of figure 13-29). There
fore, the induced force and the applied force 
are in the same direction. Note that by now 
aiding the applied force the induced force is 
opposing the current change.

13-114. OPPOSITION TO CURRENT 
CHANGE.

Chapter 13 Section H
Paragraphs 13-114 to 13-122

13-117. If only the induced force were 
present in the conductor shown in part B of 
figure 13-29, it would urge electrons from 
point X toward point Y, thus generating a 
potential difference between the conductor 
ends, with end X becoming positive and end 
Y becoming negative. The induced force 
shown in part C, however, would urge elec
trons from point Y toward point X, causing 
X to become negative and Y to become posi
tive. These generated voltages, due to an 
induced force, are called induced voltages.

13-119. The amount of charge on a con
ductor is not only a function of physical 
characteristics, but it is also proportional 
to the applied potential. In electrostatics, 
the quantity of charge, Q, that can be stored 
on a set of parallel plates is expressed by 
the following equation:

13-121. Capacitance is the ratio of the 
quantity of electricity to the potential differ
ence ,or stated as a formula:

c =Q
V

13-122. Capacitance is a useful term be
cause it indicates how much charge is stored

13-115. At the moment the switch, SW, in 
figure 13-29 is closed, the applied voltage, 
E, produces an electric field through the 
conductor, C; this field is an applied force, 
fl, which urges the free electrons toward 
points of higher potential (upward in figure 
13-29). The current tries to rise instantly 
to its maximum value of E/R. However, as 
the electrons start their net movement up
ward, their velocity is changing while in
creasing from zero. The elemental field of 
each electron, therefore, becomes dis
torted, as explained in connection with fig
ure 13-27. Assume that two individual 
electrons, 1 and 2, are in the positions 
shown in part B of figure 13-29. When these 
electrons start upward under the influence of 
the applied voltage, their individual electric 
fields become distorted, so that the force in 
the distorted portion of the field of 1 is in a 
direction opposite that of the applied field. 
It is apparent that this distorted portion of 
the field about electron 1 is opposing the up
ward movement of electron 2. The field of 
every moving electron in the wire is simi
larly distorted； consequently, the upward 
movement of every electron is opposed. 
Thus, an opposing force is exerted, not only 
on electron 2, but at every point in the con
ductor . This opposing force is called the 
induced force, f2，and it prevents the cur
rent from instantly reaching its maximum 
value (equal to E/R). After the current 
reaches its E/R value, the electron velocity 
is uniform and the elemental electron fields 
are no longer distorted. Under this condi
tion, there is no induced force to oppose the 
electron flow, and the current is limited 
only by the resistance of the circuit. The 
opposing effect of inductance is present only 
when the current is changing, and the in
duced force is always in such a direction 
that it opposes the change. If the applied 
voltage, E, is reduced, the current must 
fall to a lower value. However, as explained
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=

V = QS

1 voltV = QS = 1 • 1
C = =

2 voltsV = QS

13-126. CHANGE OF C AS S IS VARIED.

C
V

13-124. EFFECT OF PLATE SEPARATION.

Q = CV

ground is 1 ggf. A charge, Q, of 1

Q =

C = Q/V

13-27

1 ・ 10-6 
~1

Q
V

Q may also be found by use of the following 
formula:

Chapter 13 Section H 
Paragraphs 13-123 to 13-127

13-123. Since C
ductor has a large capacitance if its poten
tial is raised only a small amount by a large 
quantity of electricity. For example, if the 
transfer of one microcoulomb of electricity 
from one set of plates to the other in a ca
pacitor changes its potential by 1 volt, then:

If the similar transfer of four times as much 
electricity (that is, 4 microcoulombs) 
changes the potential of a second capacitor 
by 1 volt, the capacitance of the second ca
pacitor is four times greater than that of the 
first, thus：

Assume that a conductor has 1 unit of charge 
and that its separation (that is, distance) 
from the earth is 1 unit, then:

The potential of the conductor will increase 
as S is increased. With S increased from 1 
to 2 units, then:

13-127. Since V changes as S is changed, it 
follows that C must also vary with changes 
in S, because:

constant of the medium between the plates, 
d is the separation between the plates, 4rr 
is a constant, and V is the potential differ
ence between the plates. If the height, S, 
above ground is substituted in the formula 
for the distance, d, between capacitor plates, 
the revised formula still applies. The charge 
on each plate is proportional to the potential 
difference, V. Since 4tt is a constant, if K 
and A are also held constant, the value of 
q = 皿 can be determined for various

13-125. The formula for the quantity of 
electricity, Q, was previously discussed as:

Consider that a wire 2 inches long and 0.05 
inch in diameter is parallel with, and 0.2 
inch above, the ground. Under this condi
tion, assume that the wire capacitance to

x io-12
coulomb (1 micromicro coulomb) changes the 
potential difference between the wire and 
ground by 1 volt, since:

= ・ l°-6= 4 . io-6 farad = 4 /if
V 1

on a conductor with a given potential. The 
farad is the unit of capacitance. A con
ductor has a capacitance of 1 farad when its 
potential is changed 1 volt by 1 coulomb of 
electricity; a capacitor has a capacitance of 
1 farad when the potential difference between 
its plates is changed 1 volt by a transfer of 
1 coulomb of electricity from one set of 
plates to the other. The capacitance of 
capacitors is generally much less than 1 
farad； it is usually measured in microfarads 
(juf) or in micromicrofarads (叩f).

今， a capacitor or con-

KAV
4TTd

where Q is the total charge on the plates, A 
is the area of the plates, K is the dielectric

KAV
4”S

values of the height above ground, S:

Q = 1
QS S

C = Q/V =

= 1-2

=1 • 10"^ farad = 1 pi
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and

V =Q/C
=

1 volt
0.5

Chapter 13 Section H 
Paragraph 13-127 (Cont)

The graph in figure 13-30 shows that the 
variation of the capacitance, C, and the po
tential, V, as S is increased by raising the 
wire from 0.1 inch above the ground to a 
height of 20 inches. Note that the graph 
values representing C are not accurate 
values, since they are based on an assumed

Assuming that the wire is at a positive po
tential with respect to ground and that the 
charge Q remains constant, the potential 
increases to 2 volts when S is doubled by 
raising the wire to a height of 0.4 inch. 
Although the wire retains the same quantity 
of electricity at the greater distance from 
ground, its capacitance is halved, since:

=5 x 10-13 farad

1 x 10-12
21 x 10-12

1 x 10-12

C = Q/V =— s
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13-128. INFINITY VERSUS ZERO.

C = Q/V = 1/8 = 0

13-29/13-30

Chapter 13 Section U 
Paragraphs 13-128 to 13-131

13-130. ZERO CAPACITANCE. Since the 
capacitance is inversely proportional to the 
potential difference, if V is made infinite by 
increasing S to an infinite value, the capaci
tance under this condition is said to be zero; 
that is:

value of 1 g/nf at a separation S of 0.2 inch. 
The only purpose of the graph is to show in a 
general way the decrease in capacitance C 
as spacing S is increased.

The concept that 1 (or any number) divided 
by an infinite value, that is, by co , is always 
equal to zero can be understood from an 
examination of figure 13-30. With increas
ing numerical values of S, C becomes small
er and smaller and approaches a value of 
zero. Consequently, if S is increased to a 
value greater than the largest number that 
can be written, it is reasonable to assume 
that C becomes zero in accordance with the 
mathematical concept that l/oo = 0.

13-131. INFINITE CAPACITANCE. Of 
course, it is impossible to move a wire to an 
infinite distance. However, scientists have 
concluded that the velocity at which electro
magnetic waves travel through free space is 
equal to the velocity of light； if we assume 
that a wire is in free space, its capacitance 
to ground is zero and the velocity at which 
an electrical disturbance travels along the 
wire is thought to be equal to the velocity of 
light in free space. The relationships of 
wire length, wavelength, and frequency are 
functions of the wire inductance, capaci
tance, and resistance.

13-129. It is reasonable to assume that as 
the separation, S, is increased to a distance 
greater than can be represented by any num
ber ,no matter how great the number, the 
potential, V, will also increase to a value 
which is too great to be represented by a 
number. A value which is so great that it is 
always greater than any number that' can be 
written is said to be infinite; an infinite value 
is represented by the symbol oo .
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section m

ELECTRIC TRANSMISSION

13-133. ANALYSIS OF LINE ACTION.

13-139. THEORETICAL CONDITIONS.

13-135. SIMPLIFICATION.

13-141. EQUIVALENT POSITIVE CHARGE.

13-31

13-137. MOVEMENT OF POINT OF 
CHARGE.

13-142. Although the positive charges with
in the wire cannot be moved along the line, 
the equivalent of a movement of positive 
charge in one direction is brought about by 
the actual movement of negative charge in

Chapter 13 Section HI 
Paragraphs 13-132 to 13-142

are so far removed from earth that their 
operation is not affected by anything ex
ternal to them.

13-134. The action of any transmission line 
can be analyzed by means of mathematical 
equations. The advantage of mathematical 
analysis is, of course, that a single equa
tion may explain a complicated circuit ac
tion precisely and quantitatively. Because 
this manual is intended primarily for those 
who have not had the opportunity to study 
mathematics, only a few of the most useful 
equations are included in the text.

13-136. In most transmission-line circuits, 
a number of electrical effects occur simul
taneously to produce the resultant line ac
tion. Wlienever possible, simplicity is ob
tained by first considering the line in terms 
of each electrical effect as though only that 
effect were present. For example, in ex
plaining the movement of voltage from one 
end of a line to another, the voltage (that is, 
the potential) at a point is considered as be
ing due to the excess charge existing at that 
point. The apparent movement of this ex
cess charge from point to point is then ex
plained by the effect of its field on other 
charges within the wire. In this manner, 
reflection and oscillation are first described 
without reference to capacitance, inductance, 
and resistance. Also, unless otherwise in
dicated, it is assumed in this section that the 
wires or lines are in free space; that is, they

13-140. Consider that point 0 in part A of 
figure 13-31 is the near end of a straight 
wire which extends to infinity; that is, the 
wire is so long that the far end can never 
be reached. Also consider that the wire is 
isolated in free space, so far from the earth 
that capacitance to ground can be neglected. 
Before an excess of one kind of charge is 
produced on its near end at 0, the wire is 
electrically neutral and every point on the 
wire is at the same potential. It is impossi
ble to illustrate the distribution of the mil
lions of opposite kinds of electric charge 
within the wire .

13-138. The apparent movement of an ex
cess of one kind of charge from point to 
point along a wire (hence, the movement of 
a point of charge or point of potential from 
end of the wire to the other) can be explained 
in simple terms.

13-132. APPLICATION OF BASIC 
CONCEPTS^ •
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13-143. FIELD DUE TO CHARGE.

13-32

4

Figure 13-31. Simplified Concept of 
Movement of Point of Plus Charge

Chapter 13 Section HI
Paragraphs 13-143 to 13-146

13-144. Theoretically, the electric field of 
the positive charge established at point 0 
extends in every direction from zero to in
finity. At the moment the positive charge is 
established, the resultant electric field with-

13-145. CURRENT IN VICINITY OF 
CHARGE.

the opposite direction. Suppose that a por
tion of the normal negative charge (repre
sented by electron A) is in some way moved 
from point 0 (see part A of figure 13-31). 
Wlien this is done, as shown in part B of the 
figure, electrical balance no longer exists at 
point 0, because positive charge X (inclosed 
in dashed-line oval) forms an excess posi
tive charge at point 0. In other words, the 
movement of electron A from point 0, and 
the consequent establishment of the positive 
charge, raise the potential of point 0. A 
potential difference now exists between point 
0 and every other point in the wire.

in the wire is strongest in the immediate 
vicinity of 0, and much weaker at points 
farther along the wire. For example, if the 
mutual attraction between the positive charge 
at point 0 and the electron designated as B 
at point 1 is 1 unit, the mutual attraction be
tween an electron designated as C at point 2 
(twice the distance 0-1 from zero) and the 
positive charge at point 0 may be less than 
1/4 unit. Similarly, point 3 is three times 
the distance 0-1； therefore, the attractive 
force at point 3 may be less than 1/9 unit. 
This difference in force is roughly indicated 
by the relative lengths of the arrows on the 
electrons.

75
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13-146. Consider that when the positive 
charge is produced at point 0, the resulting 
field urges every electron in the wire toward 
that point (see part B of figure 13-31). How
ever, because the greatest force is acting 
on the electrons which are nearest to the 
positive charge, the free electrons in this 
vicinity start moving toward point 0 at a 
greater velocity than the more distant elec
trons . This maximtim current to the point 
of positive potential reduces the potential at 
point 0. Electrons between points 0 and 1 
move away from point 1 much more rapidly 
than the more distant electrons move into 
point 1; therefore, point 1 (see part C of 
figure 13-31) now becomes positive because 
of its consequent momentary lack of elec
trons . As shown in part C of the figure, no 
positive charge has moved, but this current 
or movement of negative charge, designated 
as B, out of point 1 and iiito point 0 is the 
equivalent of moving the excess of positive 
charge (dashed-line oval) in the reverse di
rection (that is, from point 0 to point 1). 
Consequently, the potential of point 1 is now 
greater than the potential at any other point 
in the line.
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13-147 ・ TERMINOLOGY.

13-151. SPEED OF TRAVEL.

13-33

Chapter 13 Section IK 
Paragraphs 13-147 to 13-154

13-148. For simplicity, it has become 
customary to say that the charge or voltage 
moves clown the line. It should be noted, 
however, that individual positive charges 
within the wire have not changed their posi
tions ;the movement of a group of electrons 
to the left constitutes a current that has 
produced an equivalent movement of the 
point of positive charge or potential in the 
reverse direction (to the right). The poten
tial at point 1 thus becomes essentially the 
same as it would be if the original positive 
charge X had acttially moved along the wire.

position on the line. However, the equiva
lent positive charge—the point at which there 
is an excess of protons, and thus the point 
of electrical unbalance—travels down the 
line at the speed of light (186,000 miles per 
second). Note that the current in the wire 
is always maximum in the immediate vicin
ity of the equivalent positive charge as it 
moves along the line； that is, the voltage and 
current sweep down the line together and in 
phase. In an actual wire, the velocity is 
somewhat less than the speed of light in free 
space, because of the resistance and shunt 
conductance present in the wire. (The ef
fects of these electrical constants will be 
considered later).

13-152. A further examination of figure 13- 
31 will show that no individual electron has 
traveled any great distance from its original

13-153. MOVEMENT OF POINT OF 
NEGATIVE POTENTIAL.

13-150. With the equivalent positive charge 
moved to point 1 (see part C of figure 13- 
31), the greatest electric force is now act
ing on all the electrons between points 1 and 
2； therefoi'e, the free electrons in this vi
cinity now produce the maximum current 
and move very rapidly toward the excess 
positive charge designated as Y at point 1. 
In moving away from the positive charge 
designated as Z at point 2, the current flows 
into point 1 to neutralize the positive charge 
there. At the same tinie, however, this 
current flows away from point 2 and the 
positive charge Z effectively becomes the 
equivalent positive charge. As indicated in 
part D of figure 13-31, the equivalent posi
tive charge and, therefore, the point of 
positive voltage has already moved to point 
2, and will continue to move toward the far 
end of the line. In this assumed case, the 
length of the line is infinite and the positive 
charge could move clown the line forever 
without reaching the far end.

13-149. CONTINUED MOVEMENT OF 
CHARGE.

13-154. FIELD DUE TO CHARGE. The 
electi'ical unbalance caused by an excess of 
negative charge at point 0 will also travel 
down a straight wire in much the same man
ner as the equivalent positive charge. In 
part A of figure 13-32, the near end of the 
infinite line is again shown in its neutral 
condition. In part B of the figure, the near 
end of the line contains an excess negative 
charge (represented by electron A】).Since 
point 0 now has an excess number of elec
trons ,its potential is lower than that of 
every other point along the wire, and there 
is a potential difference or voltage between 
point 0 and every other point along the line. 
The field of the negative charge thus es
tablished at point 0 extends in every direc
tion to infinity. The direction of the elec
tric force of this negative charge is the re
verse of that of the positive charge previ
ously established at this end of the line (see 
part B of figure 13-31). This means that 
the electric field due to the excess negative 
charge at point 0 is forcing every free elec
tron away from the near end of the line. 
This force is greatest on the electrons in 
the immediate vicinity of the negative charge 
therefore, maximum current occurs at this
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13-158. REFLECTION OF CHARGE.
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point, since the nearest electrons move very 
rapidly away from point 0 toward point 1.

Figure 13-32. Simplified Concept of 
Movement of Point of Negative Charge

Chapter 13 Section m
Paragraphs 13-155 to 13-161
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13-161. As shown in part A of figure 13-33, 
if a positive charge is first established at 
the left end of the wire, it will move to the

13-155. MOVEMENT OF CHARGE. In this 
case, a negative charge can and does move 
along the wire from the positive charge, 
designated as X, toward point 1, to produce a 
balanced electric condition at the near end 
of the line. At the same time, the flow of 
current into point 1 produces an excess of 
negative charge at this point (see part C of 
figure 13-31). In turn, this increased nega
tive charge at point 1 causes the free elec
trons between points 1 and 2 to start moving 
rapidly toward point 2, and the point of elec
trical unbalance (inclosed in dashed lines in 
figure 13-32) continues to move down the 
line in the manner described (see parts C 
and D of figure 13-32). It should again be 
noted that, although it is said that the nega
tive charges move down the line with the 
speed of light, the actual displacement (that

0

A

©

is, distance of travel) of any individual elec
tron is very slight.

13-157. Whenever an excess of one kind of 
charge exists at a point, there is an elec
tric potential at that point. Consequently, 
when the equivalent positive charge is first 
established on the wire (see part B of figure 
13-31), there is a potential difference or 
voltage between point 0, which contains an 
excess number of positive charges, and the 
remainder of the line (which, for the mo
ment, contains equal numbers of positive 
and negative charges). As the negative 
charges in the line shift successively to the 
left to neutralize the positive charge, the 
point of electrical unbalance or positive po
tential moves down the line with the speed 
of light. As the point of potential moves 
along the line, the current is always great
est in its immediate vicinity; thus, the volt
age and current are said to travel in phase ・ 
Comparison of figures 13-31 and 13-32 will 
show that the movement of a point of nega
tive charge down the line is similar to that 
of the point of positive charge, except that 
the current due to the charge is in the re
verse direction.

13-159. Before studying the effects of the 
inductance, capacitance, and resistance dis
tributed along the length of an actual wire, 
you should first consider the movement of a 
charge along a wire of finite length. If an 
electric charge (whether positive or nega
tive) is established at either end of a rela
tively short uncharged line, the point of po
tential will move toward the opposite end of 
the wire.

-°0_► 
© ©

e- 
©

D©

©
B

B©
Y©

®/Y Z©



T.O. 31-1-141-14

DIRECTION OF TRAVEL

DIRECTION OF TRAVEL

13-164. OSCILLATION.

DIRECTION OF TRAVEL

DIRECTION OF TRAVEL

o

13-166. COMPLETE REFLECTION.

13-35

DIRECTION OF CURRENT

D

DIRECTION OF CURRENT

A

DIRECTION OF CURRENT 

c

+

13-163. The negative charge first estab
lished at the left end of the wire in part C of

Figure 13-33. Movement of Points of 
Charge on Wires of Finite Length

Chapter 13 Section HI 
Paragraphs 13-162 to 13-167

figure 13-33 moves to the right, and the 
equal negative charge first established at 
the right in part D of the figure moves to 
the left. Since the established charges in 
parts C and D are negative, the current is 
in the same direction as the movement of 
charge or potential.

right. However, if the positive charge is 
first established at the right end of the wire, 
it will move in the opposite direction (that 
is, to the left), as indicated in part B of the 
figure. As previously explained, the equiva
lent of moving a positive charge along a 
metallic conductor is actually accomplished 
by moving electrons (current) in the opposite 
direction. Since the equivalent positive 
charge shown in part A of the figure is mov
ing in a direction opposite that shown in part 
B, the current in part A is also the reverse 
of that in part B. (Arrows are shown within 
the wires to indicate the direction and ap
proximate position of maximum current.)
13-162. NEGATIVE CHARGE.

13-165. If you compare part A with part B 
in figure 13-33, it is reasonable to assume 
that when the positive charge first estab
lished at the left in part A reaches the right 
end of the line, the electrical condition of 
the line will be essentially the same as that 
of the line shown in part B of the figure. 
Under this condition, the positive charge 
will reverse its direction of travel and move 
back over the line toward its original posi
tion at the left. Following this line of 
reasoning, it is also reasonable to assume 
that upon reaching its original position at 
the left, the positive charge will again re
verse its direction of travel and move to
ward the right end of the line. Assuming 
that none of its original energy is radiated 
from the wire or lost within the wire, the 
positive charge shown in part A, or the 
negative charge shown in parts C and D, will 
continue to move back and forth, or oscil
late, along the wire forever.

13-167. In this case, the wire is assumed 
to be a good conductor and the medium sur
rounding the wire is assumed to be a per
fect nonconductor, or insulator. Conse
quently, as the positive or negative electric 
charge reaches either end of the wire, it 
encounters a perfect insulating medium 
through which it cannot move, and therefore 
must stop. Since it is assumed that the 
stopped charge has not lost any energy, its 
electric field exerts a force on every elec
tron within the wire. This force of the 
electric field on the electrons now causes a

DIRECTION OF CURRENT

B

:\i
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13-172. CAPACITANCE OF A WIRE.

13-174. SE LF-CAPACITANCE.

13-176. SIMPLIFIED EXPLANATION.

13-36

13-168. POLARITY OF REFLECTED 
CHARGE.

13-171. If you compare the current flow in 
part A of figure 13-33 with that of part B, 
you will see that there is a reversal of cur
rent when the excess charge or point of po
tential is reflected from either end of the

13-170. REVERSAL OF CURRENT WITH
OUT REVERSAL OF POLARITY.

Chapter 13 Section HI
Paragraphs 13-168 to 13-177

13-173. The capacitance of a wire consists 
of the capacitance between the wire and 
ground and other objects, and also the ca
pacitance of the wire itself, independent of 
ground and all other bodies.

reversal of current within the wire and a 
consequent movement of the charge back 
over the wire. Because the reversal of its 
direction of travel is comparable to the re
flection of light from the surface of a mirror, 
the charge is said to be reflected from the 
end of the line. The above-described re
flection is said to be complete reflection, 
for all of the energy reaching the end of the 
line is reflected back over the line; that is, 
no energy is dissipated in the medium at the 
end of the line. Whenever the terminating 
medium absorbs all the energy reaching it 
from the line, no reflection can take place. 
In some cases, only a portion of the energy 
may be absorbed in the terminating medium 
and the remainder of the energy is reflected 
back over the line , The various line ter
minations and their effects on reflection will 
be discussed m detail later.

line. This reflection of a charge (or.poten
tial) without reversal of polarity, but with a 
reversal of current flow, occurs whenever 
the line is terminated in a high impedance 
that is the equivalent of a high resistance. 
The negative charge (or potential) estab
lished at the left in part C of figure 13-33 
travels to the right end of the line and then 
reverses its direction of travel as shown in 
part D, but in traveling back over the line 
the negative potential does not reverse its 
polarity. In this case also, there is a re
flection of potential without a reversal of 
polarity, but with a reversal of current.

13-177. Consider that the wire illustrated 
in part A of figure 13-34 is isolated in free 
space and that oscillations can be stopped 
at the instant the opposite ends contain 
maximum charge. At this instant, slice 
end sections 1 and 2 from the wire and place 
them as indicated in part B of figure 13-34. 
These end sections and the dielectric mate-

13-169. A further examination of figure 13- 
33 will bring out a very important action 
which you must thoroughly understand. The 
equivalent positive charge represents a 
point of positive potential, or voltage, which 
moves from the left to the right in part A of 
figure 13-33. Upon being reflected, how
ever, the point moves from the right to the 
left, as shown in part B. Note that although 
this potential reverses its direction of 
travel, there is no reversal of polarity. In 
other words, regardless of its direction of 
travel, the charge is the equivalent of a 
point of higher potential which is moving 
back and forth over the line.

13-175. Theoretically, if a wire is moved 
to an infinite distance from the earth, the 
capacitance of the wire to ground and to 
other objects becomes zero. If it were pos
sible to study a wire under these theoretical 
conditions, it would be found that a charge 
could be taken from or added to the wire; 
that is, the wire has self-capacitance. This 
concept is at first somewhat difficult to un
derstand, because it cannot be visualized 
directly in terms of the familiar two-plate 
capacitor.
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13-180. RESONANT WIRE.
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Figure 13-34. Self-capacitance of a Wire
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13-178. INDUCTANCE OF A STRAIGHT 
CONDUCTOR.

B
I I1 r
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13-179. Every conductor, regardless of its 
size and shape, possesses self-inductance. 
This self-inductance may be explained either

rial about the wire form a very small two- 
plate capacitor; see points 1 and 2 in part C 
of figure 13-34. This end capacitance is 
only a portion of the self-capacitance ； there 
is also capacitance between each section and 
every other section in the wire. This idea 
of distributed self-capacitance is shown, 
within the limitations of a simple drawing, 
by the dotted-line capacitors between points 
3 and 4, and 5 and 6 in part C of figure 13- 
34.

13-183. It is possible to compare a length 
of wire directly with a coil and capacitor 
circuit. To show this practical equivalence, 
assume that the length of wire in figure 13- 
35 has points of charge that are moving back 
and forth over the wire. Now consider the 
total distributed capacitance of the wire as 
concentrated in the capacitor formed by the 
end sections, as shown in part B of figure 
13-34. This capacitance corresponds to the 
lumped capacitance, C, in figure 13-35. 
With a lumped inductance, L, equal to the 
distributed inductance of the wire, the LC 
circuit of figure 13-35 can be considered 
as a practical equivalent of the wire.

in terms of the magnetic field or in terms 
of the electric field. These explanations 
are equivalent and should cause no confusion 
if you remember that the magnetic field is 
an attribute of the electric field. Explana
tions in terms of the electric field are some
times more direct. The important point to 
remember is that every conductor has self
inductance .Thus, the shortest possible 
piece of wire has self-inductance. Although 
the amount of self-inductance in a short wire 
may be extremely small, its effect may be 
considerable at high frequencies.

13-181. The movement of a point of poten
tial or charge along a wire and reflection 
from one end to the other have been con
sidered without reference to the inductance, 
capacitance, or resistance of the wire. 
These simplified explanations show that a 
point of charge (or potential) necessarily 
moves because of the resultant electric 
field and its effect on charges in the wire. 
However, the relationship of wire length, 
frequency, and wavelength can be explained 
only by including the concept of inductance 
and capacitance in the discussion.

13-182. COMPARISON OF WIRE AND LC 
CIRCUIT.
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Figure 13-35. Oscillations in a Wire Versus Oscillations in an LC Circuit

13-184. CIRCUrr ACTION.

13-38
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13-185. Refer to figure 13-35, where the 
electrical conditions of a wire and its cor
responding LC circuits are represented for 
one cycle of oscillation. Times are given

by the time circle Ti through Tg (clockwise). 
The electric and magnetic fields are repre
sented by conventional lines of force. In the 
wire the point of maximum positive charge 
is represented by circled plus signs ( @ ®), 
and the point of maximum negative charge is

,、 止\Io©
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posed, there is again a potential, difference

13-39

represented by circled minus signs (0 0). 
The short arrows indicate the directions in 
which these points of charge are moving. 
The direction of current in the LC circuit is 
indicated by arrowheads on the connecting 
wires. The potentials of the wire ends and 
of the capacitor plates are represented by 
conventional plus and minus signs.

c. At time T3 the points of charge are 
together (superimposed) and there is no po
tential difference between the ends of the 
wire. At this same instant, the capacitor 
in the LC circuit is fully discharged, the 
capacitor voltage is zero, current through 
the inductance is maximum, and all of the 
circuit energy is in the magnetic field.

Chapter 13 Sectioh III

a. At time Ti (see figure 13-35), the 
maximum potential difference exists between 
the ends of the wire, and the points of charge 
are also at the ends of the wire. At this in
stant the distributed capacitance of the wire 
and the capacitor in the LC circuit are fully 
charged. Thus, in both circuits all of the 
energy is in the electric field. At this in
stant there is no current and, hence, no 
magnetic field about either circuit.

b. At time T2 the points of charge are 
moving from the ends of the wire and are 
closer together. Wliile the points of charge 
are in motion, there is current in the wire; 
consequently, there is a magnetic field about 
the wire. Note that the potential difference 
between the ends of the wire is decreasing, 
because the points of charge are moving 
closer together. At this instant the voltage 
across the capacitor in the LC circuit is 
also decreasing, because the capacitor is 
disc liar ging through the inductance. This 
discharge current produces a magnetic field 
about the inductance, L.

e. At time T5 the points of charge have 
reached the ends of the wire, there is maxi
mum potential difference between the wire 
ends, the current is zero, and the magnetic 
field is zero. All of the energy is again in 
the electric field. Conditions in the LC cir
cuit correspond to those in the wire； that is, 
the capacitor is fully charged, the capacitor 
voltage is maximum, the current is zero, 
the magnetic field is zero, and all of the 
circuit energy is in the electric field.

13-187. Resonant circuit theory shows that 
the frequency of a resonant LC circuit is a 
function of L and C. Comparison of a 
straight wire and the LC circuit of figure 
13-35 indicates that the frequency of oscilla
tion in a wire is also a function of L and C. 
In a wire the inductance and capacitance are 
distributed, instead of being lumped as in the 
familiar coil and capacitor circuit.

d. At time T4 the points of charge have 
passed one another in the wire, and, be
cause these points are no longer superim-

f. As explained for times Ti through T5, 
the circuit action continues through times 
T6, T7, and Ts，back to Ti，except that the 
points of charge move in the reverse direc
tion and capacitor C discharges in the op
posite direction through inductance L. One 
cycle of oscillation is completed when the 
original conditions of Ti are re-established.

A * A

between the wire ends. However, the 
points of charge have reversed their posi
tions and there is a consequent reversal of 
polarity. Compare T4 with Ti and T2・ 
Note that although the magnetic field is 
collapsing, its direction has not reversed. 
In the LC circuit the magnetic field is also 
collapsing without a reversal of direction. 
This collapsing field induces a voltage which 
causes current to flow in the original direc
tion; consequently, capacitor C is now 
charging with reversed polarity.

13-186. FREQUENCY, WAVELENGTH, 
AND WIRE LENGTH.

T.O. 31-1-141-14
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L oC = 2 X .0005

1/2ttYlC and the new LC product is:

where: LC = 180 x .001

Fr is m cycles

LC = 45 x 25 x 10-5 = 1125 x 10 .01125

o

13-192. EXAMPLES.

Wavelength

owhere:

13-40

L is in henrys

C is in farads

L = 90/2 = 45 ph

C = . 005/2 = .00025 pi 

and the new LC product will be:

13-190. VARIATION OF L, C5 AND Fr 
WITH WIRE LENGTH.

13-189. The equation for resonant frequen
cy in terms of L and C is:

Chapter 13 Section m
Paragraphs 13-188 to 13-195

13-191. With everything else equal, the 
distributed inductance and capacitance of a 
given wire are proportional to the wire 
length. Also, for a given frequency any 
combination of L and C that will give the 
required LC product (L x C) may be used to 
form a resonant circuit at that frequency. 
Now, if the wire length is doubled, the in
ductance and capacitance are both doubled 
and the LC product is four times as great; 
if the wire length is halved, the inductance 
and capacitance are both halved and the LC 
product is one-fourth as great. However, 
Fr varies inversely as the square root of 
the LC product. Therefore, if the wire 
length is doubled, the frequency is halved； 
if the wire length is halved, the frequency 
is doubled.

Wavelength, X , is in meters 
Velocity, V, is the speed of light 
(approximately 300, 000,000 meters/ 
sec)

Frequency F, is in cycles

13-193. Wlien L is in ph (microhenrys) and 
C is in /zf (microfarads), the required LC 
products for a frequency of 750 kc (kilo
cycles) is . 0450. Assuming that a . 0005-gf 
capacitor is to be used：

L = LC/C

If L and C are both doubled, as is the case 
when the wire length is doubled:

13-194. VARIATION OF WAVELENGTH 
WITH WIRE LENGTH.

The LC products of . 180 will correspond to 
a frequency of 375 kc. This is one-half the 
original frequency of 750 kc. If L and C are 
both halved, as is the case when a wire 
length is halved：

The LC product of . 00125 will correspond to 
a frequency of 1500 kc. This is twice the 
original frequency of 750 kc.

13-188. EQUATION FOR RESONANT 
FREQUENCY, Fr.

45 x 10-3
5 x 10-4

13-195. As previously discussed, there is a 
definite relationship between wire length and 
frequency. Since a definite relationship also 
exists between frequency and the wavelength 
of an electromagnetic wave, there must be a 
relationship among the three factors, wave
length ,frequency, and wire length. Con
sider the wavelength equation：

velocity 
frequency

=90 ph

=.180

L = .0450/.005 =

2 x 90 = 180 ph

=.001 pf
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=

=

X = 300/. 75 = 400 meters

For an F of 375 kc (. 375 me):

300/. 375 = 800 metersA
For an F of 1,500 kc (1.5 me): X/2

X = 300/1.5 = 200 meters

13-196. NATURAL FREQUENCY.

o
a.

13-202. LONG AND SHORT LINES.

13-41

13-199. It is sometimes convenient to ex
press wavelength in feet. One meter equals

These equations give the length in feet when 
it is assumed that the wave is traveling in 
free space. In practical work a correction 
factor must be applied.

13-201. There are two ways of designating 
the length of a line:

Chapter 13 Section IH 
Paragraphs 13-196 to 13-203

13-200. ELECTRICAL VERSUS PHYSICAL 
LENGTH.

39. 37 inches, or 3.28 feet. Thus, when the 
frequency is in megacycles, the wavelength, 
X , in feet is:

For the half -wavelength (X./2), this equa
tion becomes:

Wlien wavelength is given in meters and fre
quency is given in megacycles, this equation 
becomes:

13-198. CONVENIENT LENGTH EQUA
TIONS.

Referring to the frequencies discussed in 
the examples above, when F is 750 kc (.75 
me)：

b. Electrical length. This is the length 
of a line measured in terms of wavelength 
at the frequency normally used on the line.

Physical length. This is the length of 
a line measured in length units such as 
inches, feet, yards, meters, miles, etc.

13-197. From the foregoing equations it 
might be thought that for self-oscillations 
at a frequency of 1500 kc a wire would have 
to be 200 meters in length. Note, however, 
that to complete one cycle of oscillation, 
each point of charge travels the wire length 
twice (see figure 13-35), once from its 
original position to the opposite end of the 
wire, and once more in returning to its 
original position. Consequently, self
oscillations occur at a frequency which is 
such that the wire length is one-half the 
wavelength determined from the basic wave
length formula. The frequency at which self
oscillations occur is called the natural fre- 
quency or the natural resonant frequency. 
The time required for one cycle of oscilla
tion at the natural frequency is called the 
natural period of the wire.

X = 300/Fmc

984
F in me

3・28 x 300 x 106
F in me

492
F in me

3.28V
F in me

13-203. Power, telegraph, and telephone 
lines may be several hundred miles in length. 
Such lines are long in terms of distance, but 
are usually short in terms of wavelength. 
For example, 60 cycles is a commonly used 
frequency for power transmission. At 60 
cycles one wavelength, \ , in meters is：
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meters

and the length in miles is: B10 AMP

R2

3100 miles

13-42

300

Figure 13-36. Current Everywhere the 
Same in a Series Circuit

Chapter 13 Section LEI
Paragraphs 13-204 to 13-207

13-206. INSTANTANEOUS VOLTAGE AND 
CURRENT.

a. Part A of figure 13-37 shows a se
quence beginning at time Ti where the points 
of maximum charge are at opposite ends of 
the wire, indicating that the distributed ca
pacitance is fully charged, (This instant 
corresponds to time T] in figure 13-35). 
The voltage distribution curve is sinusoidal, 
with maximum potentials at opposite ends of 
the wire and zero potential at the center, C. 
At this instant, there is no current at any 
point in the wire.

13-205. Transmission lines cannot be con
sidered as simple series circuits. In series 
circuits the current is everywhere the same, 
as indicated by ammeters A, B, and C in 
figure 13-36. The current is not everywhere 
the same in the conductors of a transmission 
line. The constants R, L, C, and G are 
spread out or distributed along a wire, as 
was shown in part D of figure 13-6; they are 
not concentrated as they are in the simple 
series circuit shown in part A of figure 13-6.

The effects of distributed constants differ 
from those obtained with lumped constants. 
Consequently, variations of current and 
voltage must be determined at each point 
along a transmission line.

10 AMP<z>
c

0-
10 AMP

The 328-foot line is 328/3.28 = 100 meters 
in length ； therefore, its electrical length is 
100/10 = 10 wavelengths. In other words, a 
328-foot line used at 30 megacycles is elec
trically longer than a 100-mile line used at 
60 cycles.

13-204. VOLTAGE AND CURRENT
DISTRIBUTION. ~~~~—一

13-207. Although generally considered as 
an antenna, the resonant half-wave wire 
provides an excellent example of the effects 
of distributed constants. Assume that os
cillations are occurring in a wire of length 
A to B as shown in figure 13-37. Also as
sume that the action can be stopped at any 
one of times Ti through T17, so that the in
stantaneous voltages and currents can be 
measured at each point along the wire. Volt
age and current distribution curves can then 
be drawn for each time, T, represented.

3 x 108 
~~60~

20V 二

300
F in me

3 x 108
F in cycles

meters x (3. 28 ft/meter)
5280 ft

=5 x 106

5 x 106 x 3.28
528 x 10

100
3100,

=10 meters

Thus, a 100-mile line is only亏后 or 1/31, 
wavelength at a frequency of 60 cycles.
Such a line is long in terms of distance, but 
short in terms of wavelength. Now con
sider a line which is 328 feet in length and 
normally used in 30-megacycle circuits. In 
terms of distance, this line is extremely 
short when compared with the 100-mile 
power line discussed in the previous para
graph. However, one wavelength at an op
erating frequency of 30 me is:
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Figure 13-37. Voltage and Current Distribution.(Part B)
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Paragraph 13-207 (Cont)

c. Through times T2 to T5 the voltage 
decrease is in direct proportion to the cur
rent increase. Zero voltage and maximum 
current occur at time T5.

the voltage is falling; the current distribu
tion curve shows that the current is rising. 
Note that the current distribution is also 
sinusoidal, and that the maximum current 
is at the center of the wire.

DISTRIBUTION CURVES 
(CONTINUED)

b. The positive charge at point A and the 
negative charge at part B are reflected to
ward the opposite ends of the wire. At time 
T2 each point of charge has moved 22.5 de
grees from its original position at time Ti， 
(The arrows and degree markings below the 
wire indicate the direction and distance (in 
degrees) that the corresponding point of 
charge has moved with reference to its 
original position at time Ti.)The voltage 
distribution curve for this instant shows that

0A.B* e MAX.

H2.5 DEGREES TO IBO DEGREES
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DISTRIBUTION CURVES 
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Figure 13-37. Voltage and Current Distribution (Part D)
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that neither the current nor the voltage is 
everywhere the same along the wire.

e. At time T9 (repeated in part C of fig
ure 13-37), the maximum negative charge i 
at point A and the point of maximum positiv 
charge is at point B. Reflection again takes 
place and each point of charge moves back 
over the wire toward its original position at 
time Ti. Therefore, the voltage now de
creases and the current reverses, rising

d. After passing through zero voltage at 
time T5 (see part B of figure 13-37), the 
voltage reverses polarity and begins to rise, 
reaching its maximum value at time T9. 
During this time the current decreases from 
maximum to zero, but does not reverse. 
(Note that this action through time T9 cor
responds to times Ti through T5 in figure 
13-35). The sinusoidal distribution shown in 
figure 13-37 is due to the distributed induc
tance and capacitance of the wire. Notice
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13-208. TRAVELING WAVES.

13-211. SUMMARY.

13-213. STANDING WAVES.

waves.

13-215. VOLTAGE STANDING WAVE (VSW).

13-47

Chapter 13 Section III 
Paragraphs 13-208 to 13-216

13-210. TRAVELING CURRENT WAVES. 
Individual and resultant current waves for

13-214. Probably the most important result 
of reflection is the production of standing 

Reflection produces two elemental 
waves that travel in opposite directions over 
the wire. Because of this phenomenon, the 
resultant voltage and current distribution 
differs from that when there is no reflection.

times Ti，T3, and T5 in figure 13-37 are 
shown in parts D, E, and F, respectively, 
of figure 13-38.

the individual voltage waves are exactly 180 
degrees out of phase, as shown in part C of 
figure 13-38. There is, therefore, no re
sultant voltage on the wire at this instant.

13-209. INDIVIDUAL WAVES. At time T1 
(see figure 13-37), the point of maximum 
positive charge is at point A, and the point 
of maximum negative charge is at point B. 
If the point of positive charge is considered 
by itself, it produces at this instant a cer
tain distribution of charge and a correspond
ing voltage wave, as shown by the dashed- 
line waveform in part A of figure 13-38. 
Similarly, considered by itself, the point of 
negative charge produces a different distri
bution of charge and, hence, a different volt
age wave, as shown by the dash-dot wave
form in part A of figure 13-38. Since the 
points of charge travel along the wire, these 
two voltage waves also travel over the wire, 
and at any instant the resultant voltage wave 
is the sum of these two traveling waves. As
sume that the concentration of positive 
charge at point A makes this point 10 volts 
positive with respect to the center of the 
wire. Also, the voltage wave due to the 
negative charge at point B makes point A an 
additional 10 volts positive. The resultant 
potential at point A is the algebraic stun of 
these two potentials, or 20 volts. By simi
larly adding the potentials due to the various 
individual waves, the resultant voltage wave 
is shown by the solid-line waveform in part 
A of figure 13-38. At time T3 in figure 13- 
37, the points of maximum charge have been 
reflected and have traveled 45 degrees from 
the ends of the wire. The individual waves 
have also traveled 45 degrees along the wire, 
and are positioned as shown in part B of fig
ure 13-38. Addition of the individual waves 
at this instant produces a resultant voltage 
wave of 14 volts peak amplitude. When the 
points of maximum charge are passing each 
other, as shown at time T5 in figure 13-37,

13-216. As shown in part A of figure 13-39, 
a few of the instantaneous voltage distribu
tion curves for 1/2 cycle of oscillation in a 
wire of length A to B are drawn on the same 
graph. This graph indicates how the voltage 
at each point varies. Thus, assuming a peak 
voltage of 10 volts and reading downward 
along the time axis, the voltage at point A is

from zero at time T9 to maximum negative 
at time T13. From time T13 (see part D of 
figure 13-37), as the current decreases to 
zero at time T17, the voltage reverses and 
rises to maximum at time T17.

13-212. The current and voltage in a trans
mission line must be determined at each 
point along the line. The current is not 
everywhere the same as in a simple series 
circuit. Both the current and voltage are 
constantly changing at every point on a line. 
On any line in which reflections occur, the 
resultant instantaneous voltage, or current, 
at any point is the algebraic sum of two in
stantaneous voltages, or currents, at that 
point. These instantaneous voltages, or 
currents, are due to two individual waves 
which travel in opposite directions along the 
line.
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A

 ―VOLTAGE WAVE DUE TO POINT OF - CHARGE

—RESULTANT VOLTAGE WAVE

IN D.E.ANO F

  CURRENT WAVE DUE TO POINT OF + CHARGE
  CURRENT WAVE DUE TO POINT OF - CHARGE

  RESULTANT CURRENT WAVE
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Figure 13-39. Voltage Distribution Drawing and Graph Showing 
Sinusoidal Voltage at Each Point

Chapter 13 Section HI
Paragraph 13-217

TIO

along the wire, you will find that the voltage 
at every point is sinusoidal (except, of 
course, at the reference point X). How
ever, the peak amplitude at any point is a 
function of the distance of that point from the 
reference point X.

+10 volts at time T” +7.07 volts at time T2, 
+3. 8 volts at time T3, 0 volts at time T4, 
—3. 8 volts at time T5, —7.07 volts at time 
Tg, and —10 volts at time T7. This com
pletes the first half-cycle; the second half- 
cycle can be followed by reading upward 
from time T7 to T13. If you now fix your
self in position to see only the voltage at 
point A, you will see a sinusoidal voltage, 
as shown in part B of figure 13-39. In other 
words, if the voltage at point A is plotted 
against time on a separate graph, as in part 
B of figure 13-39, it will be a sinusoidal 
voltage. Similarly plotted against time, the 
voltage at point Y also will be a sinusoidal 
voltage, but the peak amplitude is only 7.07 
volts . By plotting the voltage at each point

13-217. METER READINGS. If you use an 
ac meter to measure the voltage at each 
point along the wire of length A to B, and if 
you plot the meter readings against a posi
tion on the wire, you will obtain the solid
line voltage curve, E, of figure 13-41. An 
ac meter does not show polarity; therefore, 
this curve is drawn without reference to 
polarity indications. Also, because the 
measurements are usually made with a

VOLTAGE AT A
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Figure 13-40. Current Distribution Drawing and Graph Showing 
Sinusoidal Current at Each Point

  CURRENT AT X
-一 CURRENT AT y

13-218. STANDING WAVES. The solid
line curve in figure 13-41 represents a 
standing wave of voltage. In other words, 
as measured with an ac meter, the voltage 
along the half-wave wire seems to be a wave 
that remains motionless. Actually, as indi
cated in parts A and part B of figure 13-39, 
the voltage at each point is constantly vary
ing. As will be explained later, the pres
ence of standing waves on a transmission 
line is a positive indication that reflection 
is occurring at some point on the line (us
ually at the load). In transmission line ap-

meter that reads in effective (root-mean- 
sqiiare) values, the amplitudes indicated in 
figure 13-41 are only . 707 of those indicated 
in part B of figure 13-39.

13-220. Again referring to the length of 
wire from A to B of figure 13-39, you can 
see that a number of the instantaneous cur
rent distribution curves are shown in part A 
of figure 13-40. By plotting the current at 
points X and Y against time, you will find 
that the current at each point in the wire 
varies sinusoidally, as shown in part B of

plications, standing waves are of consider
able importance; they enable measurements 
of frequency and wavelength, are an indica
tion of the amount of radiation that may be 
expected from the line, and are an excellent 
indication of how well the load is matched 
to the line.
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13-224. RIBBON WAVE.

13-222. TRANSMISSION OF ENERGY.
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Figure 13-41. Standing Waves of Voltage 
and Current on Half-Wave Wire
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Figure 13-42. DC Voltage Applied 
to Line

13-223. In any electric circuit the ability 
to do work (energy) is in the electric field. 
Basically, then, the problem in transmitting 
electric energy over appreciable distances 
is to bring the generated field to the load. 
When the load is connected directly to the 
generator, as shown in figure 13-23, the 
explanation that electrons are forced through 
the wires by electrical pressure is reason
ably satisfactory. This explanation is, of 
course, the familiar water analogy. A pump 
(electrical pressure) forces water (current) 
through pipes (wires). Such an analogy im-

13-221. You should remember that the half- 
wave wire (figures 13-39, 13-40, and 13-41) 
is used here as a means of explaining the 
cause and meaning of standing waves. You 
should also remember that these explana
tions of waves are simplified. In actual 
transmission lines the exact distribution of 
standing waves may differ considerably from 
that shown in these illustrations. Later dis
cussions will show that the phase and ampli
tude relationships of voltage and current 
waves, as well as their positions on the line, 
are a function of the type of line, the type of 
load connected to the line, impedance match
ing, and other characteristics of the particu
lar circuit arrangement.

figure 13-40. Measurements with an ac 
meter result in the dashed-line current 
standing wave shown in figure 13-41.

plies a continuous force through the wire 
and load, but there is actually no such con
tinuous force over a transmission line. 
Consequently, transmission over distances 
must be explained in terms of electric waves 
or, more precisely, electromagnetic waves.

\
8

13-225. In figure 13-42, a battery is con
nected through a relatively long two-wire 
transmission line to a load at the far end of 
the line. At the moment the switch is 
closed, neither voltage nor current is dis
tributed over the line. Point A becomes a 
point of positive potential, and point B be
comes a point of negative potential. As 
previously explained, these points of poten
tial move down the line. However, as the 
initial points of potential leave points A and 
B, they are followed by new points of poten
tial which the battery adds to A and B. This 
is merely saying that the battery maintains 
a constant potential difference between 
points A and B. A short time after the 
switch is closed, the initial points of po
tential have reached points Af and B*, and 
the wire sections A to A* and B to B* are at 
the same potential as A and B, respectively. 
The points of charge are represented by + 
and — signs along the wires, the currents in 
the wires are represented by short arrows, 
and the direction of travel is indicated by an
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13-226. SINUSOIDAL AND INCIDENT 
WAVES.
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Figure 13-43. AC Voltage Applied 
to Line

13-227. Wlien the battery of figure 13-42 is 
replaced by an ac generator, as in figure 
13-43, each successive instantaneous value 
of the generator voltage is propagated down 
the line at the velocity of light. The action 
is like that described for the ribbon wave, 
except that the applied voltage is sinusoidal 
instead of constant. Neglect possible tran
sients and assume that the switch is closed 
at the moment the generator voltage is pass
ing through zero to make point A become 
positive. At the end of one cycle of genera
tor voltage, the current and voltage distri
bution will be as shown in figure 13-43. In 
this illustration conventional lines represent 
the electric fields. For simplicity, the mag
netic fields are not shown, but their direc
tions are indicated by legends in the draw
ing. Points of charge are indicated by + and 
—signs, larger signs indicating points of

arrow below the line. Conventional lines of 
force represent the electric field that neces
sarily exists between the opposite kinds of 
charge on A to Ar and B to B*. Crosses 
(tails of arrows) indicate the magnetic field 
created by the electric field moving down 
the line. The moving electric field and its 
accompanying magnetic field constitute an 
electromagnetic wave that is moving from 
the generator (battery) toward the load. 
This type of electromagnetic wave is some
times called a ribbon wave, because it 
moves down the line much as a ribbon would 
if inserted at the battery and pulled toward 
the load. This ribbon wave travels approxi
mately at the speed of light in free space 
and, when it reaches the load, the energy 
reaching the load is equal to that developed 
at the battery. (This assumes no losses in 
the transmission line.) Assuming that the 
load absorbs all of the energy, there will be 
no reflection, and the current and voltage 
will be evenly distributed along the line. higher amplitude of both voltage and current. 

Short arrows indicate directions of current 
(electron movement). The waveform drawn 
below the line represents the voltage, E. 
and current, I. It is assumed that the line 
is infinite in length so that there is no re
flection. Thus, traveling sinusoidal voltage 
and current waves continually travel in 
phase from the generator toward the load, , 
or far end of the line. Waves traveling from 
the generator to the load are called incident

13-229. The discussion of oscillations in a 
half-wave wire showed that at certain in
stants all of the energy is in the electric 
field and that at certain other instants all of 
the energy is in the magnetic field. Examin
ation of the fields between the conductors in 
figures 13-42 and 13-43 shows that part of 
the energy is in the electric field and the re
maining energy is in the magnetic field.



T.O. 31-1-141-14

13-230. DIVISION OF ENERGY.
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Squaring:

E2/l2 = L/C

Cross-m ultiplying:

CE2 = LI2

Since CE2 = LI2, Wl = LI2/2 = CE2/2
13-234. SUMMARY.

13-235. ELECTROMAGNETIC WAVE.

13-232. VOLTAGE AND CURRENT.

13-5
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13-237. INCIDENT, REFLECTED, AND 
STANDING WAVES.b. Man can furnish energy to separate 

charges. The energy thus expended is then 
in the force (electric field) between the 
separated charges. Electric potential is a 
measure of the amount of work done in 
separating the charges, and the field will do 
the same amount of work in re-establishing 
an electrically neutral condition. Thus, volt-

wc.
This means that the energy is equally di
vided between the electric and magnetic 
fields (assuming high-Q lines; that is, WL/R 
is high)・

13-233. The foregoing equations indicate 
that the energy is in the electromagnetic 
field. This seems at variance with more 
familiar explanations in terms of voltage, 
current, and resistance. It might be well, 
therefore, to consider the relationship of 
fields and voltage and current.

a. Electrons and protons are particles of 
electricity; they cannot be created or gener
ated by man.

13-231. The maximum energy, W, stored 
in the inductance (magnetic field) per unit 
loop length is Wl = LI^/2； the maximum 
energy stored in the capacitance (electric 
field) per unit length is Wq = CE2/2. It can 
be shown that the impedance, Zo, of a line 
is:

13-238. When all of the energy in incident 
waves is absorbed by the load, no reflection 
can take place. However, if all of this 
energy is not absorbed by the load, the un
absorbed portion is reflected and travels 
back over the line toward the generator.

c. Energy in the electric fields about 
points of charge causes currents in the wire 
conductors. Thus, the potential differences 
and currents along a line are functions of 
the electromagnetic waves moving along the 
line.

age measurements in a transmission line 
are indirect measurements of the electric 
fields along the line.

d. It is extremely difficult to make 
measurements in the electromagnetic waves 
themselves. However, line voltages and 
currents can usually be measured directly 
or calculated from measurements made with 
relatively simple equipment. Consequently,

=E/I =VL/C

13-236. The action of any transmission is 
due to the basic phenomena that produce 
electric forces when electric charges are 
separated. If points of charge are estab
lished on a line, the resultant field causes 
current in the line, and the points of charge 
move along the line. The moving field is an 
electric field in motion, and produces a 
magnetic field； therefore, an electromagne
tic wave travels along the line. Because 
most of the energy is in the electromagnetic 
wave that is guided from generator to load, 
a transmission line is in effect a waveguide.

for most practical applications, line theory 
can be studied in terms of voltages and cur
rent.
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13-239. FREQUENCY, WAVELENGTH, 
AND WIRE LENGTH.
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Under this condition there are two waves on 
the line; incident waves travel from the 
generator toward the load, and reflected 
waves travel from the load toward the gen
erator . These incident and reflected waves 
combine to produce standing waves on the 
line.

13-240. Because of the distribution of L, 
C, and R along a line, there is a definite 
relationship among frequency, wavelength, 
and wire length. These relationships and 
the production of standing waves form a 
basis for many of the practical applications 
of transmission lines. Thus, lines are used 
as frequency and wavelength measuring de
vices, as one-to-one step-up, step-down, 
and impedance-matching transformers, as 
resonant circuits in oscillators and ampli-

13-242. Despite the fact that the energy is 
in the electromagnetic waves that the line is 
guiding, line operation is usually explained 
in terms of line voltages and currents. This 
is because it would be difficult to solve com
plex line problems by field theory, and the 
voltage and current equations are sufficient
ly accurate for engineering purposes. 
Throughout the remainder of this manual, 
therefore, lines will be discussed in terms 
of voltages and currents. The brief, simpli
fied discussions in this chapter should pro
vide a better understanding of the why and 
how of line action. A reasonably good men
tal picture of the invisible action which oc
curs is always an aid to understanding the 
operation of any electrical device.

fiers, and as excellent insulators in radio- 
frequency circuits.
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SECTION IV

TRANSMISSION LINES

13-243. GENERAL.

13-249. CHARACTERISTIC IMPEDANCE.
13-245. THE INFINITE LINE.

13-247. TERMINOLOGY.

13-51

=
cur-

13-244. Sections I through HI discussed 
transmission-line theory in terms of ele
mental charges, electric fields, magnetic 
fields, and electromagnetic waves. In this 
section the infinite line, characteristic 
impedance, lumped and distributed con
stants ,and practical applications are con
sidered in terms of line voltages and cur
rents ,and voltage and current waves.

13-246. The theoretical behavior of two 
parallel-wire conductors of infinite length 
forms a starting point or basis for studying 
practical lines. Stated simply, this theoret
ical line is of importance for the following 
reasons: (1) many lines, particularly power 
and telephone lines, are so long that they 
act approximately as infinite lines; (2) the 
transmission of electric waves over any line 
can be analyzed in terms of an infinite line; 
(3) any properly terminated line will act as 
an infinite line; and (4) the infinite line is 
the simplest to study.

of a line to current from a generator is 
called the input impedance, Zj^. Input 
impedance is expressed by the equation Zjn 
E/l, where E is the voltage and I is the 
rent at the input terminals of the line. The 
symbol Zr is used to indicate the impedance 
of the load at the receiving or load terminals 
of the line. Other terms and symbols will be 
introduced as required in the text.

Chapter 13 Section IV 
Paragraphs 13-243 to 13-250

13-248. Every transmission line has two 
ends, the end to which power is applied and 
the end to which the load is connected to re
ceive power. The first is called the send
ing end, the input 6nd, or the generator end; 
the second is called the :receiving end, the 
output end, or the load end. The opposition

13-250. The input impedance of any real 
line is a function of frequency and the load 
impedance. For any line there is one, and 
only one, value of load impedance that will 
make the input impedance equal to the load 
impedance. The required value of load 
impedance is equal to the input impedance 
of an infinite length of the particular line. 
This value of impedance is called the char- 
acteristic impedance. The concept of char
acteristic impedance is of particular impor
tance. When terminated at its load end by a 
value of Zr equal to its characteristic imped 
ance, Z°, any line has an input impedance 
equal to its characteristic impedance; that 
is, Zin = Zj? = Zq. When Zjn = Zp = Zo, the 
impedance (looking toward the load end) at 
every point in a line is also equal to Z°, the 
load impedance absorbs all of the energy 
reaching it from the generator, there are no 
reflections, and, hence, no standing waves 
on the line. These ideas of impedance match 
ing are of considerable importance and will 
be considered throughout this chapter.
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13-253. DC VOLTAGE APPLIED TO 
INFINITE LINE.

Figure 13-44. Propagation of Voltage and 
Current Along an Infinite Line

Chapter 13 Section IV
Paragraphs 13-251 to 13-257

)-------- o-
SWITCH

13-254. The development of a ribbon wave 
has been discussed in terms of the electric 
field and its effects on charges in the wires. 
We will now consider this same wave in 
terms of voltage and current.

13-252. According to the concept of infinity, 
an infinite line is so long that energy ap
plied at the near end will never reach the 
load or far end of the line. If none of the 
input energy ever reaches the load end of a 
line, it is feasible to assume that, regard
less of its value, the load impedance, 
will have no effect whatsoever on the input 
impedance, Zin. Suppose, for example, 
that a length of 500 miles is cut from either 
end of an infinite line ・ Whether the length is 
cut from the near end or from the far end of 
the line, the generator sees no difference in 
the line because the line is still infinite in 
length. Since neither the load impedance nor 
the cutting away of a length has any effect, 
we can deduce that the input or characteris
tic impedance of an infinite line is a function 
of line construction and frequency only. 
Carrying this deduction a little further, we 
can conclude that the characteristic imped
ance of any line is determined entirely by 
frequency and the line construction, that is, 
the size, shape, spacing, number, and elec
trical characteristics of the conductors, and 
the electrical properties of the dielectric 
material.

13-257. VOLTAGE WAVE. As illustrated 
in figure 13-44, at the moment the switch is 
closed, the battery voltage, E, is applied to 
the input terminals of the line. At this same 
instant capacitor Ci contains no charge ； 
therefore, it is a short circuit across the 
points A to B. Consequently, current I be
gins to flow through Li into Ci, but not be
yond the limits of A to B. As current I 
flows into Ci, this capacitor becomes 
charged and a voltage appears across A to 
B. Note that in this lumped circuit, Li de
lays the charging of Ci and no current can 
flow beyond the limits of A to B until Ci ac
quires some charge. As Ci charges, the 
voltage across it increases and causes cur
rent to flow through L2 into C2. As C2 
charges, its voltage increases and causes 
current to flow through L3 into C3, and this 
action continues down the line. First Ci 
charges to voltage E, then C2，then C3, etc. 
In other words, there is a voltage wave 
traveling along the line. This wave starts 
at the sending end and travels with a certain 
velocity, V. All of the line that the wave 
has reached is charged to voltage E, as 
shown in part B of figure 13-44. Beyond 
the wavefront, the line is not charged.

13-256. The distributed inductance and ca
pacitance of a line are represented in part A 
of figure 13-44 by a series of extremely 
small lumps. The line resistance, R, and 
the shunt conductance, G, are neglected, 
and the line is assumed to be infinite in 
length ・
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Figure 13-46. Generator and Load 
Connected by Long Transmission Line
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Figure 13-45. Generator and Load 
Connected Directly

13-259. VOLTAGE AND CURRENT WAVES 
SUSTAIN ONE ANOTHER. For the voltage 
wave to travel down the line, current I must 
flow through each L into the following C, but 
for current I to flow through the next L a 
voltage must first be built up across each C. 
This means simply tliat the voltage and cur
rent waves are mutually sustaining. This 
idea is in agreement with the theory that a 
moving electric field creates a magnetic 
field, and a moving magnetic field creates 
an electric field. This concept also agrees 
with the earlier statement that a magnetic 
field is an attribute or a different aspect of 
an electric field.

ing power. The power consumed in the re
sistor is equal to the power supplied by the 
generator. Assume that the same power
consuming device is connected to the gen-. 
erator by means of a long transmission line, 
as in figure 13-46. Although this circuit 
might appear to be identical with the direct
ly connected circuit of figure 13-45, it is 
now found that in the second circuit the 
power consumed in the load is less than the 
power supplied by the generator. Thus, the 
transmission line has characteristics that 
cause a power dissipation (loss) between the 
generator and the load. This power dissi
pation does not take place at any one point, 
but occurs equally along the entire length of 
the line. The electrical characteristics of 
the line that cause the power loss are dis
tributed uniformly over the entire line. For 
this reason, the characteristics are called 
the distributed constants of the line. If the 
power dissipation took place at a distant 
point on the line because of concentrated 
characteristics, as a coil concentrates

TRANSMISSION 
LINE

A

13-258. CURRENT WAVE. The voltage 
wave is necessarily accompanied by a cur
rent wave, I, as shown in part B of figure 
13-44. To charge Ci, current I must flow 
through Li; to cliarge C2, current I must 
flow through L2 ； etc .

13-261. The previous discussion has been 
simplified by neglecting the line resistance 
and shimt conductance. Certain effects that 
occur in lumped circuits also have been 
neglected. For example, the voltage across 
C in a lumped circuit does not build up to E 
and remain constant; clamped oscillations 
occur and the voltage across C is alternately 
greater and smaller than the battery voltage, 
E. However, these effects become negligi
ble as real line conditions are approached, 
because of the reduction in size and increase 
in the number of lumps.

Wlien a generator is connected di
rectly to a power-consuming load, the load 
may be represented as a simple resistor, 
as in figure 13-45. This is because only the 
resistance of the load is capable of dissipat-
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Figure 13-47. One Loop Mile of 
Transmission Line
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Figure 13-48. Distributed Series 
Resistance

inductance or a capacitor concentrates ca
pacitance,. the characteristics would be 
called lumped constants. There are four 
distributed constants: series resistance per 
unit length, series inductance per unit 
length, shunt capacitance per unit length, 
and shunt conductance (more commonly 
known as leakage) per unit length.

13-266. SERIES INDUCTANCE PER UNIT 
LENGTH. Self-inductance is that property 
of a circuit which causes a countervoltage 
to be induced in the circuit by a change of 
current in the circuit. In a transmission 
line through which a changing current is 
flowing, a voltage is induced all along the 
line. This indicates that series inductance 
is distributed over the entire length of the 
line. The magnitude of this series induct
ance is determined by the size of the wires 
and their separation. It increases as the 
center -to-center distance between the wires 
increases and as the diameter of the wire 
decreases. The distributed inductance is 
represented by the symbol 1, and is ex
pressed in henrys per loop mile. The total 
inductance per loop mile may be represented 
also in two halves, each half representing 
the inductance in one of the two conductors 
(see part A of figure 13-49), or it may be 
considered as concentrated in one conductor 
(see part B of the figure). The series in
ductance of a transmission line causes an 
opposition in the form of inductive reactance 
to the alternating currents. Inductive re-

mile. The series resistance per loop mile 
may be represented in an equivalent circuit 
(see part A of figure 13-48) where half the 
resistance is considered to be lumped in 
series with each wire； or (see part B of the 
figure) where the entire resistance is con
centrated in one conductor only.

13-265. SERIES RESISTANCE PER UNIT 
LENQTH. The total resistance of a trans
mission line is found by multiplying its se
ries resistance per unit length by the total 
lengtli of the line. Thus, if the series re
sistance of a line is 10 ohms per mile, and 
the length is 100 miles, its total resistance 
is 1000 ohms. The distributed resistance of 
'a transmission line depends on the size of 
the wires and the frequency of the traveling 
wave. The variation of resistance with fre
quency results from the phenomenon called 
skin effect. The resistance increases as 
the diameter of the wire decreases, and as 
the frequency of the transmitted wave in
creases. It is represented by the symbol R, 
and is expressed in ohms per loop mile. A 
loop mile (see figure 13-47) is the total length 
of both lines between two points 1 mile apart. 
Thus, a loop mile of line is 2 miles long, 
and the resistance in ohms per loop mile is 
twice the resistance of one conductor per
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Figure 13-50. Distributed Shunt 
Capacitance
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actance, Xl，is a fimction of frequency and 
is expressed by the formula Xl = 27TfL; 
therefore, as the frequency increases, the 
inductive reactance, or current-opposing 
effect, increases.

The distributed capaci
tance is represented by the symbol C; it.is 
expressed in farads per loop mile, and is 
indicated as a capacitor shunted across the 
two conductors (see figure 13-50). The 
important thing to keep in mind is that the 
distributed capacitance causes capacitive 
reactance to develop across, or in shunt 
with, the transmission line. This causes a 
shunting of the alternating current, and the 
result is that less alternating-current energy 
reaches the receiving end. Since capacitive 
reactance decreases when the frequency in- 

_1 
2irfC 

becomes greater as the frequency increases.

13-267. SHUNT CAPACITANCE PER UNIT 
LENGTH. A capacitor consists of two me
tallic conductors separated by a nonconduct
ing substance, such as air or some other di
electric. The capacitance is large when the 
area of the conductors is large, as in the 
case of two flat plates, and the capacitance 
increases when the distance between the 
plates is made smaller. In a capacitor, the 
separation of the plates is deliberately made 
a small fraction of an inch. A transmission 
line also consists of two metallic conductors 
separated by a dielectric. As a result, the 
line capacitance is distributed over the en
tire length of the line. However, the area of 
the surface of a length of transmission line 
is much less than the area of a conventional 
capacitor plate, and the distance between the 
lines is much greater than the separation be
tween the plates of a capacitor; the distri
buted capacitance of a transmission line ap
pears between the adjacent wires, and is 
called the shunt capacitance. The shunt ca
pacitance per unit length is determined by 
the size of the wires, the distance between 
the wires, and the nature of the dielectric 
material between them. The capacitance in
creases as the diameter of the wires in
creases, as the center-to-center separation 
of the wires decreases, and as the dielectric

13-268. SHUNT CONDUCTANCE PER UNIT 
LENGTH. Because the dielectric between 
the two wires of a transmission line is not a 
perfect insulator, a leakage current exists 
between the wires. The dielectric separates 
the wires of the transmission line over its 
entire length because leakage exists at every 
point along the line. In open-wire lines the 
dielectric between the conductors is air. 
Although dry air is an almost perfect insula
tor, outdoor air is seldom dry, and its con
ductivity increases greatly in damp weather. 
In cables the dielectric consists of the in
sulation surrounding the individual conduc
tors. The best insulators conduct extremely 
small amounts of current. Although cable 
leakage is unaffected by dampness of the out
door air (which is excluded by the outer 
covering of the cable), it does vary some
what with temperature. Since the leakage 
takes place through a conducting path between
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13-271. A transmission line which is more 
than one section long may be represented by

Figure 13-51. Distributed Shunt 
Conductance

an equivalent network formed by connecting 
two or more unit line sections, as in figure 
13-53. The electrical behavior of the line 
may then be studied by analyzing the be
havior of the equivalent network.

Figure 13-52. Line Section of Unit 
Length

T

_R_
~2

13-269. REPRESENTATION OF LINE BY 
EQUIVALENT NETWORK.

the wires, this corresponding line charac
teristic may be called shunt conductance, 
or leakage. It is represented by the symbol 
G; it is expressed in mhos per loop mile, 
and is indicated by the reciprocal of the re
sistance between the two wires (see figure 
13-51). Note that line leakage acts as a 
shunt to the flow of alternating currents in 
the transmission line, and, as a result, 
current shunted across the line cannot 
reach the receiving terminal.

13-273. Under certain conditions, a trans
mission line acts as an antenna and radiates 
power. Such power, of course, is not de
livered to the load. The input power to the 
transmission line, therefore, must be in
creased to make up for the power lost by 
radiation, just as it must be increased to 
make up for the power dissipated by the 
distributed line constants. At low frequen
cies, such as the frequencies used in nor
mal telephone transmissions, the amount 
of radiation is so small that it can be neg
lected. At higher frequencies, however, 
such as those used in radio transmission 
and some earlier telephone transmissions, 
the radiation is greater, and continues to

13-270. A unit length of transmission line, 
or line section, may be represented for 
convenience as an equivalent network com
posed of all four distributed constants of 
the actual line, as shown in figure 13-52. 
Three alternative representations of the 
actual ,line section are shown. The equiva
lent tee section, in C, is formed by placing 
the series constants (resistance and induct
ance) in one line, half on each side of the 
shunt constants (capacitance and conduct
ance) .It must be remembered that in fig
ure 13-52 the lumped elements, R, L, C, 
and G, are merely convenient representa
tions of properties that are actually distrib
uted over the whole length of the section. 
Their values are such that they would have 
substantially the same effect on a trans
mitted signal, and on any circuit connected 
to the line section, as the actual distributed 
constants of the section.

一、c

—
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Chapter 13 Section IV 
Paragraphs 13-274 to 13-278

13-276. CALCULATION OF LINE 
IMPEDANCE.

13-277. To demonstrate the meaning of 
characteristic impedance, the tee section 
representation shown in part A of figure 
13-53 is transformed first to a pi section, 
composed of three resistances, as shown in 
figure 13-54. Resistances alone are used, 
because the mathematics necessary to de
rive the value of a true characteristic im
pedance ,including inductance and capaci
tance ,of an actual transmission line is be
yond the scope of this manual. Using only 
resistances, the mathematics is much 
simpler, and the meaning of the results is 
the same as far as characteristic impedance 
is concerned.

13-278. Let the three resistances of the pi 
section shown in figure 13-54 be 300 ohms 
each, as shown in part A of figure 13-55. 
The input impedance of this line section is 
200 ohms, as illustrated. Now connect a

to obtain maximum transfer of power to the 
load. . ■

increase as the frequency increases. The 
radiation also increases with an increase in 
the length of the line. Usually, radiation is 
not considered as a line constant.

13-274. CHARACTERISTIC IMPEDANCE
OF LINE' '

13-275. The distributed constants of a 
transmission line determine its op/erating 
characteristics, which, in turn, a.ffect the 
signal being transmitted over the line. The 
most important operating characteristic of 
a transmission line is its characteristic 
impedance, Zo. For a given frequency the 
characteristic impedance of a transmission 
line is a property of the line itself, depen
dent only on its distributed con stants. It is 
entirely independent of the len/^th of the line, 
the internal impedance of the /generator sup
plying the line, and the magnitude of the load 
placed across the terminals c)f the line. The 
characteristic impedance does, however, 
vary with the frequency of the transmitted 
signal. The importance of characteristic 
impedance lies in the requirements it im
poses on the generator and load impedance
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Next, let the line be three sections long, as 
sihown in part C.

30 0
OHMS

o -♦ ~~ —I
30 0
OHMS

O Wy -o •中

110.5 
OHMS =

ZIN

second section ahead of the first, making 
the line two sections long, as shown in part 
B of the figure. The first section acts as an 
equivalent 200-ohm resistor across the 
pnd. Combining the resistance in the man
ner shown, it is found that the input imped
ance of a line two sections long is 175 ohms.
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13-282. TERMINATING IMPEDANCE?

,8Oo io8 9

13-63

Figure 13-56. Input Impedance Versus 
Transmission Line Sections

13-280. For an actual line with distributed 
inductance and capacitance, the input imped
ance also approaches the characteristic 
impedance as additional sections are con
nected, but more slowly.

13-279 . The values of input impedance 
found in paragraph 13-278 are plotted in 
figure 13-56. The graph shows that the in
put impedance of the transmission line de
creases toward a fixed value as the length 
of the line increases. Note that this is true 
because the amount of decrease becomes 
smaller and smaller as more and more sec
tions are added. The input impedance can
not decrease to zero because of the dis
tributed series resistance. When the line is 
very long (in consideration of the frequency), 
the addition of more sections causes prac
tically no change in the input impedance； 
that is, the input impedance takes on a con
stant value. This constant input impedance 
of a very long line is called the character-

as an equivalent 175-ohm resistor across 
the third section. The resistances are com
bined in the manner illustrated, resulting in 
an input impedance of 173.3 ohms for a line 
three sections long. If the line were com
posed of four sections, the first three would 
act as an equivalent 173. 3-ohm resistor 
across the fourth, and the input impedance 
would then be 173.2 ohms.

istic impedance of the line. Theoretically, 
the transmission line must be infinitely long

Chapter 13 Section IV 
Paragraphs 13-279 to 13-284

2 3 4 5 6 7
number of unit sections 

IN TRANSMISSION LINES

7 7

in order for the input impedance to be equal 
to the characteristic impedance of the line. 
But the graph shows that (for the example 
chosen), after taking only four sections, the 
line has an impedance value which is very 
nearly equal to its characteristic impedance.

13-284. To demonstrate this, a unit line 
section will again be represented as a pi 
section composed of three 300-ohm resis
tors, as shown in figure 13-54. Again, this 
is not a true representation of a transmis
sion-line section； however, the meaning of 
the results achieved is the same as for the 
more difficult problem involving shunt ca
pacitance and series inductance. Let the 
load across the line section be a variable

13-283. The input impedance of a transmis
sion line is also equal to the characteristic 
impedance of the line when, no matter how 
short or how long, it is terminated by an 
impedance equal to its characteristic im
pedance.

13-281. In the example previously dis
cussed the inductance and capacitance of 
the line were omitted for the sake of sim
plicity. For an actual transmission line, 
however, their presence causes the charac
teristic impedance to vary with frequency. 
K the characteristic impedance for a trans
mission line is assumed to be 600 ohms at 
1000 cycles, it will be slightly lower at 
frequencies below 1000 cycles. In most 
cases, the differences in the values of the • 
characteristic impedance are not great 
enough to be a source of difficulty.
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-
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resistor, as shown in part A of figure 13-57. 
The input impedance of the section is equal 
to the characteristic impedance of the line 
when the terminating impedance also is equal 
to the characteristic impedance of the line 
(in this case, 173.2 ohms).

13-285. When the load resistance is 50 
ohms, the resistances may be combined as 
shown in part B of the figure, and the input 
resistance will be only a little less than 160 
ohms. The graph in figure 13-58 shows how 
the input impedance varies as the load re
sistance ranges from 0 ohms to 300 ohms. 
Wlien the load resistance is 173.2 ohms, 
the input impedance may be calculated in the 
same maimer, and is found also to be equal 
to 173. 2 ohms. In figure 13-56, however, 
it is shown that the line section of figure 
13-54 had a characteristic impedance of 
173.2 ohms. The obvious conclusion is that 
when a line section is terminated by an im-

100-

10050 300

pedance equal to its characteristic imped
ance, the input impedance is equal to the 
characteristic impedance.

200-

173.2-

200
173.2

VALUE OF LOAD RESISTANCE IN OHMS

13-286. Any length of the same type of line 
.may be connected to the input of the section 

represented in figure 13-57, and the input 
impedance of the entire line will still be 
equal to the characteristic impedance of the 
line. In part A of figure 13-59, the first 
section represents one section of the new 
line connected to the input of the second 
section. The latter is the terminated line 
section of figure 13-57. Its input impedance 
has already been calculated to be 173.2 
ohms. This is the impedance in which the 
first, or new, section is terminated. The 
new section acts exactly as though it were 
terminated in a 173.2-ohm resistor, as 
shown in the equivalent circuit, at the right 
in part A of figure 13-59. It has been shown, 
however, that a section of line so terminated 
has an input impedance of 173.2 dims. If 
another section of line is connected to the 
output of this terminated line, making a line 
three sections long, as shown in part B of 
the figure, the same result will be obtained. 
The newly added section is terminated in the 
input impedance of the old sections. Since 
this was equal to the characteristic imped
ance of the line, the new input impedance of

o

o

o
13-64

Figure 13-58. Input Impedance Versus 
Load Resistance

Figure 13-57. Variation of Input 
Impedance
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・一6 TH——— 
SECTIONSECTION

the three sections is also equal to the char
acteristic impedance of the line. As the 
line increases in length. as shown in part C 
of the figure, each newly added section is 
terminated in an impedance equal to its 
characteristic impedance； therefore, the 
input impedance of the entire line is also 
equal to the characteristic impedance of the 
line. Also, the impedance looking toward 
the load from any point on the line is equal 
to the characteristic impedance.

13-287. The input impedance of a very long 
line is substantially equal to its characteris
tic impedance. This is true even when the 
long line is open-circuited or short-cir
cuited at its load end.

13-288. The preceding facts may be sum
marized as follows: the input impedance of 
a transmission line is equal to its charac
teristic impedance (1) when the line is very 
long, no matter what its termination, or

 .4 TH______—
SECTION

  EQUIVALENT -««-—" 
ESISTANCES

C
INPUT IMPEDANCE OF A VERY LONG LINE
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OHMS

300 I
OHMS- |
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13-291. POWER TRANSFER.

j
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600 
OHMS

900 
OHMS

r
(2) when it is terminated, no matter what 
its length, in a resistance equal to its char
acteristic impedance.

EM20 V
P«I2OX.I33»I6.OW

600 
OHMS

13-289. FACTORS AFFECTING CHARAC
TERISTIC IMPEDANCE.

Figure 13-60. Generator Operating into 
Variable Load

600 
OHMS

E»I2O V
P«EI=I2OX.I»I2W

300 
OHMS

600 |
OHMS |

13-293. Consider? the circuit in part A df 
figure 13-60, which shows a generator de
livering power to a 600-ohm resistor. Let 
the internal resistance of the generator be 
600 ohms, and let its voltage be 120 volts. 
The . calculations, show that the total output 
power of the generator is 12 watts, and that 
the power delivered to the 600-ohm load

E-I20V
P»l20X.08=9.6W

13-290. For a given frequency, the value 
of the characteristic impedance of a trans
mission line is determined by the values of 
the distributed constants of the line. These 
are determined by the size of wire used, 
the distance between the wires, and the na
ture of the dielectric between the wires. 
The value of the characteristic impedance 
mcreases as the diameter of the wire de
creases, as the center -to -center separation 
increases, and as the value of the dielectric 
constant decreases. Thus, the characteris
tic impedance is determined by the construc
tion of the transmission line and is in no 
manner dependent on the physical length of 
the line. In addition, characteristic imped
ance varies with frequency.

resistor is 6 watts. In part B of the figure 
the load resistor is changed to 300 ohms, 
causing the total output power of the genera
tor to change to 16.0 watts, and the power 
of the load to change to 5.33 watts. In part 
C of the figure the load resistor is changed 
to 900 ohms, causing the total output power 
of the generator to change to 9.6 watts, and 
the power to the load to change to 5.76 
watts.

P«I2R»(.I)2X6OO

P«6W

P»(.l33rX300»
5.33 W

13-292. The primary purpose of a trans
mission line is to transfer a maximum 
amount of power to the receiving end of the 
liiie from the transmitter antenna. The 
maximum power transfer occurs when the 
input impedance of the receiver (antenna) 
and the internal resistance of the generator 
(transmitter) are equal to the characteris
tic impedance of the transmission line. For 
this reason, the value of the characteristic 
impedance of a transmission line is impor
tant.

--------- I»E/R«I2OV/I2OO OHMS =
"1

P»(.0B)2X900«

5.76 W

--------- I«E/R«I2OV/9OO OHMS =
--i .133 AMP

I»E/R»I2OV/I5OO OHMS * 
08 AMP
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13-298. ATTENUATION OF CURRENT AND 
VOLTAGES.

DISTAN CE ALONG 
TRANSMI SSION LINE

13-297. A wave tra veling along a transmis
sion line is attenuated as it moves away 
from the generator. Jhe

13-299. Consider a trarsniission line ter
minated by a load having an impedance equal 
to the characteristic impedance of the line, 
as shown in figure 13-62. Because of the 
presence of the distributed! series resistance 
of the line, there will be a .series voltage

attenuation amounts 
to a gradual diminishing of the amplitude of 
the current and voltage waves.

13-296. TRANSMISSION LINE ATTENUA-

teristic impedance of the line. The input 
impedance of the line is also equal to its 
chiaracteristic impedance, requiring that 
the generator impedance also be equal to 
th(3 chai'acteristic impedance of the line. 
Thus, a 600-ohm line should be supplied 
frc»m a 600-ohm generator and be termin
ate d in a 600-ohm load； maximum power 
transfer can then take place at both ends of 
the line, and, therefore, from the actual 
generator to the actual load. Under these
conditions, the generator and the load are 
said to be matched to the line and to each 
other.

6

5.5

5

4.5

12000

13-295. Conclusions to be reached, based 
on the preceding discussion, are related to 
the characteristic impedance of a transmis
sion line as follows: To the generator sup
plying power to a transmission line, the line 
is the load; consequently, the generator will 
deliver maximum power when the input 
impedance of the line matches the internal 
impedance of the generator. At the receiv
ing end of the line, the line acts as the gen
erator ,delivering power to the load. The 
internal impedance of the line at the genera
tor end is the characteristic impedance of 
the line. Therefore, the generator will de
liver maximum power to the load when the 
load impedance is also equal to the charac-

13-294. The calculations of the values of 
power delivered to the load resistor in fig
ure 13-60, supplemented by additional cal
culations to provide enough points for a 
smooth curve, are plotted in the graph of 
figure 13-61. The graph shows that maxi
mum power is transferred from the genera
tor to the load when the input impedance of 
the load equals the internal impedance of the 
generator.

300 600 900

VALUE OF LOAD RESISTOR IN OHMS 

NOTE : CURVE IS BASED ON USE OF GENERATOR 
WITH INTERNAL IMPEDANCE OF 600 OHMS.
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Figure 13-61. Power Transfer to 
Variable Load

Figure 13-62. Attenuation of Current 
Voltage Waves Along a Transmission Line
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13-301. ATTENUATION OF TRANSMITTED 
WAVE.
13-302. In part A of figure 13-64, values of 
the voltage amplitude at different points

The ratio of 10 to 1 used here is 
not the same for all types of lines; 
the ratio varies widely according 
to the properties of the lines as 
well as the length of the individual 
sections.

s嘉'

have a value of 0.1 milliampere. For the 
second line section, the input and output 
voltage are 60 millivolts and 6 millivolts, 
respectively, and the input and output cur
rents are 0.1 milliampere and 0.01 milli
ampere ,respectively. The figures show 
that in the first line section the voltage 
amplitude is decreased by 540 millivolts, 
and in the second line section it is decreased 
by 54 millivolts; thus, in both sections the 
ratio of input and output voltages is 10 to 1. 
In the current-wave amplitude, the amount 
of decrease is 0.9 milliampere in the first 
section and 0.09 milliampere.in the second 
section; thus, the ratio of input and output 
currents is also 10 to 1 for both sections. 
In other words, the amount of decrease dif
fers from section to section, but the ratio 
of input and output values of current and 
voltage is the same for all sections, as long 
as they have the same characteristics.

13-300. If the distributed constants of the 
line are uniform over the e ntire length of 
the line (that is, if the distributed constants; 
have the same values for every unit section), 
the amplitudes of the vol tage and current 
waves decrease at the s,ame rate over the 
entire length of the lin% Figure 13-63, 
represents a line of least four unit line 
sections. The impedance of the line is 600 
ohms at all points ori the line. The voltage 
at the input terminals of the line is 600 milli
volts ,and at the ou tput terminal of the first 
section it is 60 millivolts. The decrease in 
voltage amplitude produced by the line sec
tion represents a ratio of 10 to 1. (This 
ratio was selected as an example.) The de
crease in current amplitude represents same 
ratio. Thus, if the input current has a value 
of 1 milliampere, the output current will

drop (IR) along the entire length of the line. 
In addition, some of the current will not 
travel over the entire line and reach the； 
load, because of the distributed leakage and 
capacitance between the wires, throug'h which 
part of the current will return to the genera
tor ・ The magnitude of both the current and 
the voltage waves, therefore, is diminished, 
and, since the power in the line is /a produtpt 
of the current and the voltage, the power •. 
gradually falls off as the distance from the 
generator increases. Figure 13-62 shows ' 
how the amplitude of the voltage., or the cur*« 
rent, of the transmitted wave is decreased 
by the series resistance and shunt leakage.

,~b-
E«600 MV 
I： IMA 

R-600 OHMSu
E・6MV E >.6 MV E«.O6 MV
I-.OIMA I>.00IMA I».OOOIMA

R»600 OHMS R*600 OHMS R«600 OHMS_ u_ _—Je — 3^ ■ ■ - 4th —



TRANSMISSION LINE PHASE

13-304.
DECREASING AMPLITUDES 
•ON A LINE WITH LOSSES

——飞 
CONSTANT AMPLITUDES 

ON A LOSSLESS LINE

13-303.
SHIFT?

The transmission line also causes 
a continuously increasing shift in the phase 
(phase shift) of the transmitted wave as it 
travels along the line toward the load.

600MV

DISTANCE ALONG THE LINE

A
ATTENUATION OF VOLTAGE WAVE

ly, there is practically no power loss. As a 
result, the voltage and current amplitudes 
will remain constant over the entire length 
of the line, as indicated by the straight 
broken lines in parts A and B of figure 13-64. 
This figure shows, then, that if there were 
no series resistance or shunt conductance in 
the line, the transmitted wave would be of 
constant peak-to-peak amplitude ； unfortu
nately, however, the presence of series re
sistance and shunt conductance causes the 
amplitude of a transmitted wave to be at
tenuated at a constant rate, as shown by the 
solid line in each part of the figure.

13-305. PHASE VELOCITY.
DISTANCE ALONG THE LINE

13-307. PHASE SHIFT CONSTANT.

13-69

Figure 13-64. Attenuation of Transmitted 
Wave

B 
ATTENUATION OF CURRENT WAVE

13-308. Figure 13-65 illustrates how point 
X, the peak value of the wave, moves down

13-306. When a wave is introduced on a 
transmission line at the sending end, a very 
small but definite amount of time goes by 
before it reaches the receiver. The wave 
moves along the line with a very high, but 
definite, velocity. Refer to the sine-wave 
signal in part A of figure 13-65. Point X 
represents a definite phase of the wave (in 
this case, the positive maximum phase). X 
is not a fixed point, but rather an imaginary 
one that should be thought of as being at
tached to the wave itself. This is called the - 
phase velocity, because it is the velocity 
with which a point representing a phase of 
the wave moves forward. Further, it is the 
velocity with which a carrier signal moves 
along a transmission line. The phase veloc
ity is not the same in all lines; it is determined 
by the characteristics of a particular line.

along the line are plotted and connected by a 
solid line. In part B of the figure, values of 
the current amplitude are treated in the same 
way. Note how the current and voltage am
plitudes decrease as the wave travels toward 
the load. The broken lines represent the 
values of voltage and current amplitude that 
would exist on a theoretically ideal line. An 
ideal line does not exist, because it is im
possible to construct a line without losses; 
the concept, however, serves as a compari
son reference for all practical cases. Also, 
under certain conditions, an actual line may 
approach the performance of a lossless 
(ideal) line. Such a line has little series 
resistance or shunt conductance; consequent-

T.O. 31-1-141-14 Chapter 13 Section IV 
Paragraphs 13-303 to 13-308
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Figure 13-65. Sine Wave Motion
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Chapter 13 Section IV
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13-313. The phase shift constant is deter
mined by both the frequency and the phase 
velocity of the transmitted wave. The way 
in which the phase shift constant is affected 
by the frequency of the transmitted wave will 
be considered in the following paragraphs.

13-312. VARIATION OF PHASE SHIFT 
CONSTANT.

13-314. In part A of figure 13-66, the sine- 
wave signal has a frequency of 10,000 cycles 
per second (cps). Point M on the wave moves 
along the line to point N with a velocity that 
is characteristic of the properties of the ideal 
line. In part B of the figure, the sine-wave 
signal has a frequency of 20,000 cps. Point 
X moves down the line to Y with the same 
velocity that point M moves to point N, since 
the velocity is fixed by the properties of the 
line.

the transmission line. It is important to 
remember that points X and Y, in part A of 
the figure, move with the wave, whereas 
points M and N, in part B, are fixed on the 
line. The waveform shown in part A repre
sents an instantaneous snapshot at a particu
lar moment of time (that is, a graph of in
stantaneous voltage at a particular instant, 
plotted against distance along the line). A 
short time later, X will occupy the previous 
position of Y, whereas the instantaneous 
value of the signal at part M will pass 
through a complete cycle. Thus, the phase 
represented by point X will progress from 
M to N. Meanwhile, Y will move to a new 
position farther along the line, or, with re
spect to the transmission line shown in fig
ure 13-65, it will be absorbed in the re
ceiver. This means that, during the period 
considered, the wave moves forward a dis
tance exactly equal to the distance between 
two maximum points (that is, the distance 
between two points of similar phase).

13-309. The distance between these two 
points of maximum amplitude is called the 
wavelength of the transmitted wave. The 
phase difference over this distance is 360 
degrees. If it is assumed, for example, 
that the* wavelength is 10 miles, there is a 
phase shift of 360 degrees over that length

of line. In 1 mile, the total phase shift 
would be 36 degrees for a 10-mile-long wave
length. The phase shift constant (also called 
phase constant) is the phase shift in degrees 
per unit length of line. The phase shift con
stant in the preceding example is 36 degrees

13-311. If the distributed constants of a 
line are uniform over the entire length of 
line, the phase shift constant is also uniform. 
Furthermore, if the entire length of the line 
is not an exact multiple of the phase shift per 
unit length, there will be a phase difference 
between the sending and receiving ends. For 
example, if the phase shift constant is 36 
degrees per mile in a uniform line 24 miles 
long, then the total phase shift is 24 times 
36 degrees, or 864 degrees. Dividing this 
by 360 degrees gives two complete cycles of 
the wave, with a remainder of 144 degrees. 
This 144 degrees represents the phase dif
ference between the transmitted wave and 
the received wave.
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10,000 CPS SINE WAVE

18 MILES —*1
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Figure 13-66. Phase Shift Constant

Therefore: B

f = frequency

13-71

DISTANCE 
ALONG LINE

DISTANCE 
ALONG LINE

a. Let V = the phase velocity in number 
of miles per second.

Chapter 13 Section IV 
Paragraphs 13-315 to 13-318

13-316. These results show that when the 
frequency of the transmitted wave on an ideal 
line is doubled, the phase shift constant is 
doubled also. If the frequency is tripled, 
the phase shift constant is also tripled. On 
the ideal line, then, the phase shift constant 
varies directly with the frequency of the 
transmitted wave.

13-315. Wlien the frequency is 20,000 
cycles, two cycles occur in the same time 
that one cycle requires at a frequency of 
10, 000 cycles. This means that during the 
time required for one cycle to develop from 
M to N, as shown in part A of figure 13-66, 
two cycles will develop over the same dis
tance ,from X to Y, as shown in part B of 
the figure. Assume that end of the distances 
M to N and X to Y is 18 miles, and that the 
phase shift constant is 20 degrees per mile. 
In part B, there is a phase shift of 720 de
grees in 18 miles； therefore, the phase shift 
constant is 40 degrees per mile.

d. If f = 2, you will have 2 cycles per 
second and, therefore, 360 degrees times 2, 
or 720 degrees per second.

(2) 360 degrees x f = the number of 
degrees per second.

13-318. This simple equation immediately 
shows the relationship between B, f, and V.
V depends only on the distributed constants 
of the line； f is the frequency of the applied 
signal. For example, if f is a constant, and
V increases, B decreases. Furthermore, 
since the phase velocity, V, is determined 
by the distributed constants of the line, the 
phase shift constant, B, is also affected by 
the distributed constants of the line.

(1) VB = the number of degrees per 
second.

For example, if f = 1 you will have 1 
cycle per second and, therefore, 360 de
grees per second, since there are 360 de
grees in each cycle.

where B = phase shift constant
V = phase velocity

! v ： V ; V
:i : 
j»360°-*^»- 360°*|

360°f
V

e. Equating ⑴ and (2), VB = 360°f.

13-317. The phase shift constant can also 
be determined by the phase velocity of the 
transmitted wave. This is shown easily by 
setting up and examining the relationship as 
follows:

B 
20,000 CPS SIGN WAVE
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o13-320. GROUP VELOCITY.

13-322. IDEAL LINE.

2

A

2

fl

B

Figure 13-67. Phase Velocity Versus Group Velocity
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36QQf
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DISTANCE 
ALONG LINE

Chapter 13 Section IV
Paragraphs 13-319 to 13-323

DISTANCE 
ALONG LINE

13-323. Assume that a complex wave com
posed of more than one frequency moves 
along a line on which the phase shift con
stant is directly proportional to the fre-

quency. Such a case is illustrated by two 
sine waves, fi and f2, in part A of figure 
13-67. Adding these waves point by point 
yields the resultant wave, F. The two com
ponent waves, bearing the phase relation
ship during time tj, move down the line a 
distance, dp. During time t2, the same 
phase relationship still exists; that is, the 
component waves, of different frequency, 
move down the line at the same velocity. 
Thus, the resultant is unchanged, since the 
phase relationship between the two component 
waves is still the same during time t2・ Thus, 
the envelope of the wave travels a distance, 
dg, which is identical with dp. The velocity 
with which an individual wave moves down 
the line is termed the phase velocity. The 
velocity with which the resultant, F. moves 
down the line is termed the group velocity. 
On the ideal line, where the phase shift con- 
stant varies directly as the frequency of the 
transmitted wave, the resultant and the com
ponent waves will have the same velocity. 
In such a case, there is no separate group 
velocity; it is equal to the phase velocity.

360°f
V

is proportional to f, then V must be a con
stant. (Looking at this conversely, if V is a 
constant, then B must be proportional to f.) 
Therefore, on an ideal line, the phase ve
locity, V, is the same for all frequencies.

dP2

13-321. In an ideal line, by definition, there 
is no attenuation, and the phase shift con
stant, B, is directly proportional to the fre
quency of the transmitted wave. From the 

Q«nOf
equation B = ——— , it can be seen that if B

13-319. The equation B =£222. also shows 
that the phase shift constant, B, is propor
tional to the frequency, f, as previously dis
cussed.
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13-324. ACTUAL LINE.

13-328. DISTORTION IN LINE.

13-329. DESIGN CHARACTERISTICS.

13-73

Chapter 13 Section IV 
Paragraphs 13-324 to 13-332

13-326. Although the group velocity may be 
thought of as the velocity of the envelope of 
the wave, it is not the velocity with which 
the intelligence is conveyed by a complex 
signal, such as an amplitude -mo dulate d car
rier. The intelligence is conveyed by the 
sidebands, at a velocity which is the phase 
velocity of the sideband components. Neither 
the energy of the wave nor the intelligence it 
represents can travel faster than the fastest、 
component of the wave.

13-331. Figure 13-68 illustrates the motion 
of an undistorted wave. The dotted line in 
part A represents a 500-cycle wave with an 
amplitude of 10 volts. The dot-and-dash 
line represents a 1500-cycle wave with an 
amplitude of 8 volts. The solid line repre
sents the resultant algebraically combined 
wave, which is composed of the 500-cycle 
and 1500-cycle waves.

13-332. Part B of figure 13-68 represents 
the same wave after it has passed through a 
transmission line that has an attenuation 
ratio assumed to be 2 to 1. As a result, the 
500-cycle wave (dotted line) now has an am
plitude of 5 volts, as compared with the 10 
volts it had before transmission. Likewise, 
the 1500-cycle wave (dot-and-dash line) is

13-325. Consider the case of an actual, 
rather than the ideal, transmission line. 
Because of the distributed constants of the 
line, the phase shift constant is not directly 
proportional to the frequency. Therefore, 
waves of different frequency do not move 
along the line with the same velocity. 
Rather, the highest-frequency wave moves 
with the greatest velocity. This is because 
of the skin effect, which reduces the induc
tive reactance, and therefore the inductance, 
at the higher frequencies. In part B of fig
ure 13-67, the transmitted wave?, fi and f2, 
and the resultant wave, F, start with the 
same relationships, as shown in part A of 
the figure. However, during a later time, 
t2, wave f2 has traveled a distance, dp2, but 
fl has traveled a shorter distance, dpi. 
Thus, the phase of fl has gradually dropped 
behind that of f2・ Wlien f] and f2 are added, 
the resultant, F, has its maximum amplitude 
at a point different from that on the ideal 
line. Its envelope, denoted by the broken 
line, has progressed a distance, dg, now 
greater than dpi or dp2. It has thus moved 
farther and faster than either of the com
ponent waves, fi and f2. The velocity of the 
envelope is the group velocity of the com
plex wave. Wlien it is not the same as the 
phase velocity, tlie group velocity is always 
greater than the phase velocity of any com
ponent of the complex wave on the transmis
sion line. (For waveguides, the reverse is 
true.)

13-327. It must be pointed out that, for 
simplicity, the attenuation of the waves has 
been ignored. Attenuation does occur, how
ever. As a matter of fact, the effects of 
attenuation and phase shift upon the trans
mitted signal are combined into a single 
constant, y, called the propagation constant, 
where y = oc + jB, with oc and B represent
ing the attenuation and phase shift, respec
tively. The symbol j represents an angular 
rotation of 90 degrees counterclockwise. 
The propagation constant, y, thus describes 
the effect that the transmission line has on 
the transmitted wave.

13-330. As a wave travels along a trans
mission line, its amplitude is attenuated 
and its phase is shifted. For the wave to be 
transmitted without distortion, it is neces
sary that each component of the wave be at
tenuated in the same proportion, and that 
the phases of the component waves be shifted 
by amounts directly proportional to their 
frequencies, no matter what the frequency 
components may be.
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Figure 13-69. Variation of Attenuation 
with Frequency

13-74

13-334. FREQUENCY DISTORTION.
13-335. In actual transmission lines, not 
all waves are attenuated the same amount;

13-333. Note also that the 500-cycle wave, 
shown in part B, has also had its phase 
shifted by an amount assumed to be 30 de
grees. The 1500-cycle wave must have its 
phase shifted by 90 degrees in order that the 
phase shifts reflect the same proportion as 
the frequencies. This is what occurs in this 
case: 1500:500 = 90°:30° =3:1. The phase 
of the resultant transmitted wave (solid line) 
necessarily has been shifted also, but note 
that the shape of the wave remains the same; 
it has not been distorted by its motion along 
the line.

T.O. 31-1-141-14
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J90° PHASE SHIFT OF 1500-CYCLE WAVE

J 3。° PHASE SHIFT OF 500-CYCLE WAVE

OUTPUT WAVE

A
INPUT WAVE
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Figure 13-68. Desirable Transmission 
Conditions

Chapter 13 Section IV
Paragraphs 13-333 to 13-336

13-336. The effect of the variation in at
tenuation on the shape of the transmitted 
wave is represented in figure 13-70. The 
input wave, shown in part A of figure 13-70, 
is the same as for part A of figure 13-68. 
Again, after moving along the line some 
specific distance (see part B of figure 13-70), 
the 500-cycle wave (dotted line) has an am
plitude of 5 volts because it has been attenu
ated in the ratio 10:5, or 2:1. However, the 
1500-cycle wave (dot-and-dash) line now has 
an amplitude of only 2 volts. Because the 
attenuation characteristics of the line are 
not ideal, there has been a greater attenua
tion; in this example, a ratio of 8:2, or 4:1, 
has been selected. Thus, the amplitude of 
the transmitted wave (solid line) has also 
been attenuated. Note, however, that the 
shape of the transmitted wave has been 
changed； that is, the wave has been distorted.

the attenuation increases as the frequency 
of the transmitted wave increases.. The 
solid-line curve in figure 13-69 demonstrates 
how attenuation increases with frequency. 
This results from the effects of the capaci
tance, leakage, inductance, and resistance 
of the line. The lower broken line repre
sents the constant attenuation which is de
sirable.

attenuated from 8 volts to 4 volts, which is 
also a ratio of 2 to 1. Thus, the amplitude 
of the transmitted wave (solid line) also has 
been attenuated, but note that its shape re
mains the same; that is, the wave is not 
distorted.
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Figure 13-71. Variation of Phase-Shift
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Figure 13-70. Frequency Distortion

13-337. PHASE DISTORTION.

13-339. REFLECTION.

13-340. REFLECTIONS ON AN OPEN LINE.

13-75

13-341. CAUSE OF REFLECTION. As has 
been previously explained, the impedance at

360°f
V 

it is evident that the phase shift constant, B,

This type of distortion, which is caused by 
the variation of attenuation with frequency, 
is often called attenuation distortion (or, 
sometimes, amplitude versus frequency 
distortion).

13-338. On actual transmission lines, the 
phase shift constant does not vary directly 
as the frequency of the transmitted waves, 
since the phase velocity varies with fre
quency. The broken-line graph in figure 
13-71 shows how the phase shift constant 
varies in the desirable (or ideal) case； the 
variation is directly proportional to fre
quency. The solid-line graph shows how 
the phase shift constant deviates from the 
ideal in an actual case; there is more devia
tion at the lower frequencies than at the high
er frequencies. This results from a change 
in the values of reactance of either the dis
tributed series inductance or the shunt ca
pacitance. These distributed constants af^ 
feet the phase velocity, V. Since B =

will change as the frequency changes. The 
effect of this variation of the phase shift 
constant is illustrated in figure 13-72. 
Again, the input wave shown in part A of 
figure 13-72 is identical with that shown in 
part A of figure 13-68. In part B of figure 
13-72, the 500-cycle wave (dotted line) has 
had its phase shifted 45 degrees lagging. 
However, since the 1500-cycle wave travels 
faster than the 500-cycle wave, the 1500- 
cycle wave lags less than 135 degrees, and 
in this case the 1500-cycle wave (dot-and- 
dash line) has had its phase shifted only 90 
degrees lagging. The phase of each com
ponent of the transmitted wave has been 
shifted, but not by the desired amount. As 
a result, the shape of the transmitted wave 
(solid line) has been changed in its motion 
along the line； that is, the wave has been 
distorted. This type of distortion, which 
results from the fact that the phase shift 
constant is not directly proportional to the 
frequency of the transmitted wave, is called 
phase distortion.

T.O. 31-1-141-14 Chapter 13 Section IV 
Paragraphs 13-337 to 13-341
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Chapter 13 Section IV
Paragraphs 13-342 to 13-344
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13-344. Incident and reflected waves pro
duce standing waves, as shown in figure 13- 
73. Incident voltage and current waves 
travel down the line with a certain velocity, 
and the reflected waves travel back at the 
same velocity. Incident voltage waves are 
reflected without a reversal of polarity. At 
each point on the line the incident and re
flected voltage waves combine, or add, to 
produce a resultant voltage which is the sum 
of the two. The exact maimer in which the 
two waves combine at any point is a function 
of the distance of that point from the point 
at which reflection starts. If the resultant 
voltages are measured and plotted along the 
line, the curve of voltage values forms a 
standing wave of voltage. Actually, the volt
age at each point (except the zero voltage 
points) is alternating. However, the rms 
(root mean square) value of the alternation 
at any point remains constant. An ac volt
meter ,then, reads a series of rms values

13-342. WATER ANALOGY. Reflection on 
a line may be compared with the reflection 
of water waves in a trough. When energy is 
applied to the water by a flat paddle at one 
end of the trough, a wave travels toward the 
opposite end of the trough. If the trough ex
tended to infinity, the waves would travel 
forever without bouncing back. However, 
the trough ends at a splash board and the 
wave of water splashes up on this splash 
board, raising a certain amount of water 
above the average level. As the water falls, 
its energy creates a new water wave, which 
travels back toward the paddle. The electric- 
wave action and the water-wave action both 
produce reflected waves. Since the current 
becomes a minimum and the voltage becomes 
a maximum at the output end of an open-cir
cuited line, the resultant voltage and current 
waves are 90 degrees out of phase. Figure 
13-73 shows this 90-degree phase difference 
between the voltage and current after reflec
tions are set up in an open-circuited line.

the output of an open-circuited or open- 
end line can be considered as infinite. When 
energy is first applied to the generator end 
of the line, a wave of current and a wave of 
voltage sweep down the line. These initial 
current and voltage waves eventually reach 
the infinite impedance at the open end of the 
line. In reaching this open circuit, the cur
rent must collapse to zero, because elec
trons cannot move beyond this point. When 
the current wave collapses, its magnetic 
field must also collapse. The collapsing 
magnetic field crosses the conductor near 
the end of the line and induces a voltage 
across the line. This induced voltage acts 
as a reverse generator, setting up new cur
rent and voltage waves, which travel back 
over the line toward the generator. Waves 
traveling from the generator toward the load 
are called incident waves； waves traveling 
back over the line toward the generator are 
called reflected waves.
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13-345. STANDING WAVES OF CURRENT.
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13-346. A condition similar to that for the 
voltage also exists for the current, except 
that current waves are reflected with a re
versal of polarity. The incident and re
flected current waves combine to produce 
standing waves of current. The maximum 
points of the standing waves of current are 
90 degrees, or one-quarter wavelength, 
apart from the maximum values of the volt
age standing waves (see figure 13-75).

13-348. The voltage and current relations 
on a short-circuited, or closed-end, line 
are shown in figure 13-76. Since a short 
circuit is a condition of zero impedance, 
the current at the closed end of the line is 
maximum and the voltage is minimum. Re
flection occurs on the closed-end line for 
the same reason that it occurs on the open- 
end line; that is, none of the energy in the 
initial wave is absorbed by the load. The 
high current in the short circuit represents 
energy which the zero-impedance load can
not absorb. The only place this current can 
go is back over the line； consequently, a 
wave of current is reflected from the load 
toward the sending end of the line.
13-349. REPRESENTATION OF STANDING 
WAVES.
13-350. Standing waves of voltage can be 
measured with an rf voltage indicator. As

r 一

L N

along the line. When these rms values are 
plotted, the curve represents a wave which 
appears to be stationary, or standing, on 
the line. Figure 13-74 shows a series of 
different positions of the generated (incident) 
and reflected waves which are added (heavy 
lines) to show how the standing waves are 
produced. Whenever two sine waves are 
added together, the sum is a sine wave. 
Therefore, the standing wave is a sine wave.
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Figure 13-74. Combining of Incident and Reflected Waves To Produce Standing Waves

13-78

a ANO b ARE NO LONGER IN PHASE, 
THEREFORE,S IS DECREASING.

a AND b ARE IN PHASE (SUPERIMPOSED
IN DRAWING) AND PRODUCE A MAXIMUM S.

CURRENT IS REFLECTED WITH REVERSAL 
OF POLARITY. 0 AND b COMBINE TO PRODUCE 
CURRENT WAVE S.

0 AND b ARE NOW REVERSED IN POLARITY； 
THEREFORE.S IS ALSO THE REVERSE OF 
THAT IN A.

AND b ARE AGAIN 180* OUT OF PHASE; 

IS ZERO.

a AND b ARE NO LONGER IN PHASE 
BUT ARE OF THE SAME POLARITY AS 
IN A AND B. S IS IDENTICAL TO THAT 
IN A.

0 AND b ARE AGAIN OUT OF PHASE 
AND S IS AGAIN ZERO.
The ACTION REPEATS a THROUGH H.

s is AGAIN INCREASING IN VALUE a AND b 
ARE AGAIN IN PHASE.

0 AND b ARE IN PHASE; CONCEQUENTLY, 
s IS MAXIMUM.

INCIDENT WAVE,a,IS REFLECTED AT X, 
reflected WAVE ,b,TRAVELS TO LEFT. 
WITHOUT REVERSAL OF POLARITY. 
GAND b COMBINE TO PRODUCE S.(SEE 
NOTES I AND 2).

a ANO b ARE 180 OUT OF PHASE;
CONSEQUENTLY,CURRENT IS EVERYWHERE

S IS AGAIN MAXIMUM. 
the ACTION REPEATS A THROUGH H.

0、/恣

o AND 0 ARE AGAIN IN PHASE AND S IS 
AT ITS MAXIMUM NEGATIVE VALUE.

NOTES*
1. EACH DRAWING IS »/8 CYCLE (OR 45。)LATER IN TIME THAN THE ONE ABOVE IT.

2. s IS INSTANTANEOUS VALUE OF a AND b.

a ANO b ARE 100° OUT OF PHASE;
X CONSEQUENTLY,THE RESULTANT,S,lS 

everywhere ZERO.

0 AND b ARE REVERSED IN POLARITY； 
CONSEQUENTLY,S IS NOW NEGATIVE.
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INFINITE LINE
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A
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SYMBOL X(LAMBDA) 
WAVELENGTH
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CIRCUIT

13-351. COMPARISON OF OPEN-CIRCUITED 
AND SHORT-CIRCUITED LINES.

Figure 13-78. Comparison of Open and 
Closed Line Conditions

Figure 13-76. Standing Waves on Short- 
Circuited Line

SHORT 
CIRCUIT

SHORT-CIRCUITED 
HALF-WAVE LINE

13-352. The voltage and current relation
ships for open and closed lines are the op
posite of each other, as illustrated by the 
half-wave lines of figure 13-77.

Figure 13-77. Voltage and Current on 
Open- and Short-Circuited Half- 

Wave Lines

Chapter 13 Section IV 
Paragraphs 13-351 to 13-353

Figure 13-75. Voltage and Current 
Standing Waves

13-353. The interrelationships between 
open-circuited, short-circuited, and infinite- 
line conditions is shown in figure 13-78. A 
comparison of parts A and B of the figure

TO INFINITY

shown in figure 13-74, high-voltage and low- 
voltage points do exist. The minimum 
points are called nodes, and the maximum 
points are called antinodes. Theoretically, 
on a line with no losses, the minimum volt
age or current is zero. However, there are 
losses in any real line, and some small 
amount of current must flow to supply the 
lost energy. Consequently, no true zero 
points exist on a real line. Few indicators 
are arranged to detect whether a standing 
wave is positive or negative. However, 
standing waves of voltage and current may 
be shown on one side of the base line (see 
figure 13-75). For convenience in drawing, 
most curves are made to show the voltage 
between the two conductors, and the current 
in one of the two conductors. In general, 
the top conductor (in the drawing) is used as 
a base line, or reference, for the waves, as 
shown in figure 13-76.
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Paragraph 13-353 (Cont)

shows that, for any length of line, the volt
age and current relations in a closed line 
are the opposite of those in an open line. 
The points of maximum and minimum volt
age and current must be determined from 
the output end of the line, because reflec

tion always begins at the output end. A line 
does not have to be any particular length 
to produce standing waves. Standing waves 
occur on any line that is not terminated by 
a resistance equal to the characteristic 
impedance.
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SECTION V

RESONANT LINES

13-354. GENERAL.

13-356. NONRESONANT LINES.

13-358. PRINCIPLES.

occur.

13-81

Chapter 13 Section V 
Paragraphs 13-354 to 13-359

13-355. On a line which has standing waves 
of current and voltage, energy from the 
generator is surging back and forth along 
the line, and most of this energy is in the 
electric and magnetic fields about the line ・ 
As waves of current travel along the line, 
the current points are surrounded by mag
netic fields. When the current is reduced 
to zero at the load end of an open-circuited 
line, the magnetic field collapses, but the 
energy cannot just disappear. Because there 
is no load to absorb it, this energy is trans
ferred to the electric field. The increased 
electric field is evidenced by an increased 
voltage at the open end of the line , Energy 
given to the line by the generator can serve 
only one of two purposes; it either adds 
energy to the electric and magnetic fields 
or supplies line losses resulting from heat 
and radiation. If there were no losses what
ever in the line, the generator could be re
moved and the line inductance and capaci
tance would discharge through each other in 
an oscillatory, self-sustained manner. 
From ac theory we know that, in the theo
retical LC circuit without resistance, this 
discharge of inductance and capacitance 
through each other would continue indefin
itely, once started, even with the applied 
voltage removed. With line resistance and 
leakage of appreciable magnitudes, the line 
inductance and capacitance discharge through 
each other against the line impedance, and 
the oscillations decay with the removal of 
the applied voltage. This corresponds to 
the similar decay of oscillation in an ordi

nary LC circuit with resistance. We can 
now say that a transmission line can act as 
a resonant circuit.

13-359. In a section of transmission line of 
finite length which is not terminated in its 
characteristic impedance and cannot absorb 
all of the energy fed into it, reflections will 

This causes stored energy to exist 
in the form of standing waves of voltage and 
current. Since this storage of energy 
causes the section of transmission line to 
act as a resonant circuit, it may be put to 
use like any similar LC combination. Aline 
of any wavelength can produce standing 
waves； however, to offer a resistive imped
ance at a particular frequency (become 
resonant), it must have an electrical length 
that is some multiple of a quarter wave
length. When this condition is met, the in
ductive and capacitive reactances cancel 
and the section behaves as either a series-

13-357. At this point consider briefly what 
is meant by a nonresonant line. A non- 
resonant line may be defined simply as a 
line which has no standing waves of current 
and voltage. Such a line is either the theo
retical infinite line or a real line which is 
terminated m a resistance equal to its char
acteristic impedance. The absence of stand
ing waves is an indication that all of the 
energy reaching the load is absorbed by the 
load.
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13-364. RESONANCE IN OPEN LINES.
a. Series resonance.

13-365. ODD QUARTER-WAVE LENGTHS.

13-366.

b. Parallel resonance.

13-362. DIAGRAMS.

13-367. EVEN QUARTER-WAVELENGTHS.

13-82

resonant or parallel-resonant circuit at the 
applied frequency. Only quarter-wave line 
sections or some multiple of quarter-wave 
line sections at the working frequency are 
considered as resonant line sections.

13-361. A resonant transmission line has 
many of the characteristics of a lumped 
resonant LC circuit composed of coils and 
capacitors. The more important character
istics that resonant lines have in common 
with the more familiar lumped resonant 
circuits are given below.

13-360. COMPARISON OF LINE AND LC 
CIRCUIT.

(1) Resonant rise of voltage across 
circuit elements.

(2) Low impedance across resonant 
circuit.

Chapter 13 Section V
Paragraphs 13-360 to 13-368

measured from the output end, the current 
is maximum and the impedance minimum. 
In addition, there is a resonant rise of volt
age from the odd quarter-wave point toward 
the output end. Thus, at all odd quarter
wave points the open-end transmission line 
is acting as a series-resonant circuit. Part 
C of figure 13-81 shows the equivalent cir
cuit for a quarter-wave line or any odd

The open-end line can be studied 
with the aid of figures 13-79 and 13-81. At 
all odd quarter-wave points (X/4, 3 X/4, etc)

13-363. In studying the applications of 
resonant transmission lines, you should 
carefully examine figures 13-79 and 13-80. 
These illustrations show the relationships 
of voltage, current, and impedance for 
various lengths of open- and short-circuited 
transmission lines. The impedance which 
the generator sees for various lengths of 
line is shown directly above the generator 
on the charts. The curves above the letters 
of various height indicate the relative values 
of the impedance presented to the generator

as it moves from right to left, and the cir
cuit symbols indicate the equivalent (lumped) 
electrical values for rf transmission lines 
of particular lengths. The standing waves 
of voltage, E, and current, I, applied to the 
impedance, Z, are shown above each line. 
These waves are shown on the chart as hav
ing the same maximum heights and as going 
to zero at the same minimum points. The 
last part of this statement actually would be 
the case only on an ideal line, that is, a 
line having no loses. Figures 13-81 and 
13-82 also show equivalent circuits of par
ticular lengths of lines which have been 
taken from figures 13-79 and 13-80.

multiple thereof (3X/4, 5X/4, etc). The 
impedance is a very low resistance, and 
would be zero if there were no losses in 
the line.

13-368. At all even quarter-wave points 
(X /2, 3X/2, etc), figure 13-79 shows that 
the voltage is maximum. The voltage on an 
even quarter-wave line never exceeds the 
applied voltage. Comparison of the trans
mission line with an LC resonant circuit 
demonstrates that at even quarter-wave- 
lengths an open-end line acts as a parallel-

(2) High impedance across resonant 
circuit.

(1) Voltage not in excess of applied 
voltage.
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13-369. LINE AS INDUCTANCE OR 
CAPACITANCE.

13-370. In addition to acting as LC resonant 
circuits, resonant open-end lines may also 
act as nearly pure capacitances or induct
ances .Figure 13-79 shows that an open- 
end line less than a quarter-wavelength long 
acts as a capacitance see part A of 
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Figure 13-81. Open Lines and Corresponding 
Lumped Circuits

resonant circuit, as shown in part F of fig
ure 13-81, which reflects the equivalent cir
cuit for a half-wave line or any even multiple 
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13-372. ODD QUARTER-WAVELENGTHS.

13-378. OTHER LINE TERMINATIONS.

13-374. EVEN QUARTER-WAVELENGTHS.

o
13-85

13-376. LINE AS INDUCTANCE OR 
CAPACITANCE.

13-373. The closed line can be studied 
with the aid of figures 13-80 and 13-82. At 
odd quarter-wavelengths the voltage is high, 
the current is low, and the impedance is 
high. Also, at no point on such a line does 
the voltage exceed the applied voltage.
Since these conditions are similar to those 
in a parallel-re sonant circuit, the shorted 
transmission line of odd quarter-wave length 
acts the same as a parallel-re sonant cir
cuit. Part C of figure 13-82 illustrates the 
equivalent circuit for a quarter -wavelength 
shorted line.

13-375. At the even quarter-wave points, 
the voltage is minimum, the current is 
maximum, and the impedance is minimum. 
Since this action is similar to series reso
nance in an LC circuit, a shorted transmis
sion line of even quarter-wavelengths acts 
the same as a series-resonant circuit. 
Also, looking from any even quarter-wave 
point toward the output end, there is a reso
nant rise of voltage to the adjacent quarter- 
wave point. Consequently, the standing 
waves of voltage may be of considerably 
greater amplitude than the applied voltage. 
Part F of figure 13-82 illustrates the equiva
lent circuit for a half-wavelength line.

13-381. Since a quarter-wavelength open- 
end line has low E and a high I, as shown in 
figure 13-79, there is a low impedance 
across points A to B in part A of figure 13- 
83. Conversely, since a quarter-wave- 
length closed-end line has a high E and a 
low I, as shown in figure 13-80, there is a 
very high impedance across points A to B in 
part B of figure 13-83. Now if this same 
quarter-wavelength line is terminated in its 
characteristic impedance, Zo> it immedi
ately becomes a nonresonant line and pre
sents an impedance across points A to B 
equal to Zo. In figure 13-84, no difference 
can be detected across terminal points A to 
B, whether the line is a quarter -wavelength 
(as in part A) or an infinite line (as in part 
B). In other words, the quarter-wavelength

13-379. EFFECT OF TERMINATING IN A 
RESISTANCE EQUAL TO Zo.

Chapter 13 Section V 
Paragraphs 13-371 to 13-381

13-371. RESONANCE IN SHORT-
CIRCUITED LINES. ~~~~

inductance (also see part D of figure 13-81); 
from A /2 to 3X/4 long, as a capacitance; 
and from 3 A/4 to X long, as an inductance. 
Part B of figure 13-81 shows that an eighth- 
wavelength open line acts as a capacitive re
actance numerically equal to the character
istic impedance, Zo, and part E of the fig
ure shows that a three-eighths-wavelength 
open line acts as an inductive reactance 
numerically equal to the characteristic 
impedance, Z°・

13-380. Any line, even if cut to a particular 
fraction of a wavelength, loses its resonant 
characteristics when it is terminated in a 
resistance equal to Zo.

13-377. Resonant closed-end lines, like 
the open-end lines, also act as nearly pure 
capacitances or inductances. Figure 13-80 
shows that a closed-end line of less than 
X /4 acts as an inductance (also see part A 
of figure 13-82), from X /4 to X /2 long, as 
a capacitance (also see part D of figure 13- 
82), etc. Part B of figure 13-82 shows that 
a X/8 line acts as an inductive reactance 
numerically equal to the characteristic 
impedance Zo, and part E shows that a 
3 X/8 line is equal to a capacitance numer
ically equal to the characteristic impedance, 
Zo. In part G of figure 13-82, termination 
in Zo is illustrated. The input impedance 
in this case is a resistance equal to Zo.
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Figure 13-85. Standing Waves Produced 
by Terminating Line in Reactance

Equal to Zq

13-383. A line terminated in a resistance 
equal to its characteristic impedance has no 
reflections present. However, if a line is 
terminated in a reactance of any value, 
standing waves are present. Part A of fig
ure 13-85 shows the standing waves on a 
line terminated in a capacitive reactance 
equal to the characteristic impedance. Part 
B of figure 13-85 shows the standing waves 
on a line terminated in an inductive react
ance equal to the characteristic impedance.

line in part A has none of the characteristics 
of a quarter-wavelength resonant line (see 
figure 13-83); it is just a nonresonant line.

D -o

Figure 13-84. Similarity of Quarter
Wave Line Terminated in Zo and 

Infinite Line

13-384. With a capacitive -reactance load, 
as shown in part A of figure 13-85, the first 
minimum point of voltage is closer than a 
quarter - wavelength to the output end of the 
line. Similarly, in part B of figure 13-85, 
the first minimum point of voltage is more 
than a quarter -wavelength from the output 
end of the line. With capacitive termination 
the voltage and current distributions has 
essentially the same characteristics as with 
the open-circuit output, except that the curves

A 
QUARTER-WAVE LINE TERMINATED IN Zo

 



T.O. 31-1-141-14

o

13-87/13-88

13-385. With inductive termination the 
voltage and current distribution has essen-

Chapter 13 Section V 
Paragraph 13-385

are shifted toward the output end of the line 
by an amount that increases as the capaci
tive reactance is decreased, that is, as the 
line approaches the closed-line condition.

tially the same characteristics as with the 
short-circuited output, except that the 
curves are shifted toward the output and by 
an amount that increases as the load react
ance approaches infinity, that is, as the 
line approaches the open-line condition.
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SECTION VI

TYPES OF LINES

13-386. GENERAL.

b. Cables or shield pair

c. Concentric (coaxial) line

d・ The twisted pair or field wire

13-388. OPEN TWO-WIRE LINE.

13-89

a. The open two-wire or parallel-con
ductor line

13-392. ATTENUATION IN OPEN TWO- 
WIRE LINE.

Chapter 13 Section VI 
Paragraphs 13-386 to 13-393

13-389. CONSTRUCTION OF OPEN TWO- 
WIRE LINE.

13-387. Transmission lines are usually 
classified according to their construction; 
a distinction is made between open-wire 
lines and the different types of cables. It is 
important for you to know where these differ
ent types of transmission lines are used. 
You should also understand the construction 
and characteristics of different types of 
lines, and realize the correlation between 
line characteristics and individual applica
tion. The four general types of transmis
sion lines are:

sion lines are used for commercial power 
lines, telephone lines, telegraph lines, and 
connecting links between an antenna and a 
transmitter or an antenna and a receiver.

13-393. Signal attenuation produced by 
open-wire lines is very low as compared 
with that produced by cables and field wires； 
it varies between . 035 and . 085 db (decibel) 
per mile, depending on the frequency, the 
wire size, the weather conditions, and the 
type of circuit. As the frequency increases 
from 500 to 5000 cycles, the amount of at
tenuation increases by about 50 percent. 
However, the signal attenuation increases 
by about 200 percent when the frequency in
creases from 5000 cycles to 50,000 cycles. 
At a carrier frequency of 140 kc, the amount 
of attenuation is approximately 0.38 db per 
mile. Loading (a method for reducing at
tenuation by increasing the line inductance) 
is never used with open-wire lines, because 
adverse weather conditions affect open-wire 
loading detrimentally. The attenuation char-

13-391. The choice of spacing between the 
two conductors of a pair, and between 
separate pairs, depends on the carrier fre
quency. The higher the frequency, the 
smaller the spacing between the conductors 
of a pair, and the greater the spacing be
tween pairs. The conductors are usually 
made of copper, or an alloy of copper and 
steel.

13-390. An open two-wire transmission line 
consists of two parallel conduction wires 
maintained at a fixed distance by means of 
insulating spacers or spreaders at suitable 
intervals, as shown in figure 13-86. This 
line is used because of its ease of construc
tion, its economy, and its efficiency. In 
practical applications, open-wire transmis-
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13-394. SHIELDED PAIR.

CONSTRUCTION OF SHIELDED

Eo
13-396.

WIRE SIZE

0.07010.15 0.00905#12 gage (104)

0.0496.74 0.00944#10 gage (128)

0.0324.11 0.00996#8 gage (165)

13-90

Figure 13-86. Construction of 
Two-Wire Line

All values are for dry-weather conditions.
All measurements are made at 68° Fahrenheit.

Table 13-1. Open-Wire Lines and Their Characteristics 
(Based on Standard Spacing of 8 Inches)

13-395.
PAIR.

INSULATING 
SPACERS

DC RESISTANCE 
(ohms per loop mile)

CAPACITANCE 
(gf per loop mile)

ATTENUATION
AT 1 KC 

(db loss per mile)

Parenthetical number in WIRE SIZE column is diameter of wire in thousandths of 
an inch.

Chapter 13 Section VI
Paragraphs 13-394 to 13-397

open-wire lines, with their various charac
teristics.

13-397. The outstanding advantage of the 
shielded pair is that the two conductors are 
balanced to ground； that is, the capacitance 
between each conductor and ground is uni
form along the entire length of the line, and 
the wires are shielded against pickup of 
stray fields. This balance is effected by the

acteristics of the line change with weather 
(the amount of attenuation increases in wet 
weather). Repeaters, which amplify the 
signal, are placed along the line when it is 
desired to increase the length of the tele
phone circuit. Because the attenuation on an 
open-wire line is low, the repeaters can be 
spaced relatively far apart, making the open
wire line a less expensive form of transmis
sion equipment to install. Maintenance, 
however, is more expensive to perform than 
it is for cable, especially under combat con
ditions . Table 13-1 lists different types of

Notes:
1.
2.
3.

The shielded pair, shown in figure 
13-87, consists of two parallel conductors 
separated from each other and surrounded 
by an insulating dielectric material, such as 
plastic copaline. The conductors are con
tained within a copper-braid tubing, which 
acts as a shield. The assembly is covered 
with a rubber or flexible composition coat
ing to protect the line against moisture and 
friction. Outwardly, it looks very much like 
an ordinary power cord for an electric motor.
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COPPER BRAND SHIELD

Figure 13-87. Shielded Pair

13-398. CONSTRUCTION OF CABLES.

13-91

DIELECTRIC 
MATERIAL

RUBBER 
COVERING

Chapter 13 Section VI 
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13-399. Although it is customary to dis
tinguish between lead-covered, rubber- 
covered, and submarine cables, the three 
types are basically the same in construction. 
Some cables, although not all, contain in
sulated conductors in the form of quads.

grounded shield which surrounds the con
ductors at a uniform spacing throughout their 
length. If radiation from an unshielded line 
is to be prevented, the current flow in each 
conductor must be equal in amplitude in 
order to set up equal and opposite magnetic 
fields which will cancel out. This condition 
may be obtained only if the unshielded line 
is well in the clear of all obstructions, and 
if the distance between the wires is small. 
If an unshielded line runs near either a 
grounded or conducting surface, one of the 
two wires is closer to the obstruction than 
the other. The capacitance between the 
closer conductor and the conducting surface 
is greater than the capacitance between the 
farther conductor and the conducting sur
face. These unequal capacitances act as 
unequal conducting paths for each half of the 
line, causing a greater current in the con
ductor closer to the nearby conducting sur
face. Because of these unequal line cur
rents ,radiation from the line is increased. 
The shielded line reduces these undesirable 
line radiations by maintaining balanced ca
pacitances to ground.

The cable conductors are transposed by 
twisting the two wires of each pair together 
and then twisting the pairs of each group of 
four wires together to form quads, and by 
spiraling the quads in opposite directions 
about the core of the cable. The number of 
quads varies from seven (14 pairs) to 150 
(500 pairs) per cable, or more. American- 
manufactured cables use the multiple-twin 
quad or bell quad, which consists of two 
twisted pairs, twisted together in a long 
twist. Cables of foreign manufacture use 
either the multiple-twin quad or a spiral- 
four quad, also called a star quad. This 
type consists of four wires laid together and 
twisted as a group in a long twist, the diagon
ally opposite wires being used as a pair. The 
conductors are usually either 19- or 16-gage 
solid copper. Some long circuits use each 
pair of a quad as a single conductor to de
crease the signal attenuation. On short local 
circuits you should use each pair of a quad 
as a single conductor to decrease the signal 
attenuation. However, on short local cir
cuits ,two-wire operation is permissible, 
each wire of a pair being used as a separate 
conductor. Table 13-2 lists various types of 
cables, with their characteristics.

13-400. LEAD-COVERED CABLE. You can 
use this type of cable in a permanent installa
tion to provide a comparatively large number 
of voice-frequency circuits. It may be laid 
above ground or buried. Other applications 
of this type include use as an entrance cable 
between the end of an open-wire line and 
office equipment, or as an intermediate 
cable between two sections of an open-wire 
line. The cable consists of many quads (up 
to 150 or more) encased in a flexible lead 
pipe, The close spacing between the con
ductors of a pair causes excessive attenua
tion. The attenuation varies between 2. 0 
and 3.8 db per mile at voice frequencies, 
depending on the size of the wire. The use 
of loading coils decreases the attenuation so 
that it varies between 0.15 and 0.5 db per 
mile. At carrier frequencies, it is not
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Table 13-2. Cable Conductors and Their Characteristics

2.670.069#26 gage 440

0.072 2.14#24 gage 274

0.082#22 gage 1.79171

1.260.084#19 gage 86

o

SHIELD o■COLOREDC

■WHITE

13-92

CONNECTOR 

o

SIZE OF CABLE 
CONDUCTOR

distances; it may also be used on spaced 
poles over distances up to 150 miles.

Figure 13-88. Rubber-Covered Cable 
Assembly

CAPACITANCE 
(gf per loop mile)

LOADING 
•COIL

FEMALE 
CONNECTORS

3 MALE 
CONNECTORS

DC RESISTANCE 
(ohms per loop mile)

ATTENUATION
AT 1 KC 

(db loss per mile)

Chapter 13 Section VI
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customary to use loading. Instead, closely 
spaced repeaters are used along the line, to 
make up for the relatively large amount of 
attenuation. 13-402. Spiral-four Cable Assembly CX- 

1065/G is made from spiral-four Cable 
WM-8/G, which is a recent development. 
WM-8/G cable is smaller and lighter than 
previously made spiral-four cable, and is 
also capable of use over wider frequency 
and temperature ranges. In the construc
tion of WM-8/G cable, plastic materials 
have been used instead of rubber for the in
sulation and the jacket (see figure 13-89). 
Four stranded-copper conductors are in
sulated separately with polyethylene and 
cabled around a polyethylene core. The 
cabled conductors are covered by an inner 
jacket of polyethylene, a carbon-cloth sta
bilizing tape, a stainless steel braid, and a 
thermoplastic outer jacket.

CONNECTOR

13-401. RUBBER-COVERED CABLE. In 
this type of cable, the insulation around the 
individual wires is rubber, or a rubber sub
stitute ,as is the covering over the quads. 
Since rubber-covered cables are compara
tively light and flexible, they may be in
stalled aerially, laid on the ground, or 
buried. The use of rubber insulation pre
vents the absorption of moisture which would 
occur with paper insulation, with consequent 
increase of attenuation. The cable assembly 
diagraimtically illustrated in figure 13-88 is 
an example of rubber-covered cable. It con
sists of four rubber-insulated, stranded 
copper conductors twisted to form a spiral- 
four quad. The rubber insulation of one pair 
of conductors is white, and the rubber insu
lation of the other pair is colored. A basket- 
weave steel-wire braid covers the paper, 
and a rubber jacket covers the entire core. 
The cable is available in 1/4-mile lengths, 
with male and female connectors at opposite 
ends for rapid interconnection. Each con
nector assembly contains a 6-millihenry 
loading coil. This cable is used for four- 
channel carrier operation over intermediate
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Figure 13-89. Plastic-Covered Cable, Showing Construction Details

Figure 13-90. Five-Pair Rubber Cable
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PAIR

WIRE 
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CLOTH 
TAPE

13-405. SUBMARINE CABLE. The sub
marine cable is used as an insert in either 
open-wire lines or cable when the line must 
traverse a body of water too wide to be 
spanned between poles. The submarine 
cable consists of paper-insulated conductors, 
lead-covered and wire-armored (that is, 
encased in a wire mesh). It is suitable for 
use in water to depths of 250 feet without 
danger of collapse of the sheath. Excessive 
water cannot penetrate along the cable, even 
though the sheath should fail at some point. 
At depths greater than 250 feet, there is 
danger of gradual collapse of the sheath； 
also, excessive water pressure may push 
the wires through the insulation, causing 
gradual failure of the cable. However, sub
marine cables are also made with extra-

13-403. Cable Assembly CX-1065/G con
sists of approximately a 1/4-mile length of 
Cable WM-8/G with a universal connector 
at each end. Loading coils are not built 
into the connectors as they were in earlier 
versions of spiral-four cable. Instead, 
Telephone Loading Coil Assembly CU-260/G 
may be inserted between the connector faces 
when required by the carrier equivalent 
design.

13-404. Rubber-covered cables also come 
in 5- and 10-pair types for use in voice- 
frequency communication. An example of 
5-pair rubber cable is shown in figure 13- 
90. These cables are used principally for 
short loops where a number of circuits are 
required. They are available with or with-

• out connectors at the ends. The conducting, 
or semiconducting, sheath about the cable 
stabilizes it. Cables are said to be non
stabilized if their distributed characteris
tics (capacitance, conductance, and resist
ance) increase by large amounts from dry 
to wet weather. The sheath reduces the 
effects of these changes. Five- and ten- 
pair cables are fairly stable, when in good 
condition, if water does not reach the con
ductors.
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Figure 13-91. Construction of Concentric (Coaxial) Line
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conductor. The losses in this type of line 
are higher than those in a well-designed 
tubular type of concentric line.

13-410. Because of the near perfect shield
ing, there is very little radiation loss from a 
coaxial line, and the line may be run close 
to, or attached to, metallic objects without 
causing any appreciable loss. In fact, one 
of the principal advantages of the coaxial 
line is that it may be laid over the most 
convenient route without increasing the 
losses due to attenuation within the line. 
The greatest disadvantage of a coaxial line 
is its relatively high attenuation, particu
larly at higher frequencies. The interior 
of tubular lines must be kept dry to prevent 
excessive leakage between the conductors. 
To prevent the condensation of moisture 
within them, tubular lines may be filled 
with dry nitrogen at pressures ranging from 
3 to 35 pounds per square inch. The nitro-

13-409. The electromagnetic fields about a 
two-wire open line extend into space; con
sequently, radiation losses may be high and 
the lines are likely to peak up interference 
from external sources. In a coaxial line, 
however, the electromagnetic fields are 
confined to the space between the inner and 
outer conductors ； that is, the coaxial line is 
almost a perfectly shielded line.

OUTER CONDUCTOR

dense cores and thicker sheaths for use in 
depths up to 1000 feet. A rubber-covered 
cable may also be used for submarine ap
plications if there is no danger that the cable 
will be damaged by excessive abrasion. 
When a rubber-covered cable is used under 
water, it is important that all connections 
and splices be made watertight.

13-408. The concentric or coaxial line has 
advantages which make it very usable for 
efficient operation at high frequencies. It 
consists of a wire within a tubular outer 
conductor, as shown in figure 13-91. In 
some cases the inner conductor is also 
tubular. The inner wire or conductor is 
insulated from the outer conductor by in
sulating spacers or beads spaced at regular 
intervals. The spacers are made of pyrex, 
polystyrene, or some other material having 
good insulating qualities and low loss at 
high frequencies. Flexible coaxial cables 
also are made with the inner conductor con
sisting of flexible wire insulated from the 
outer conductor by a solid and continuous 
insulating material. Greater flexibility is 
gained by using a metal braid as the outer

13-407. CONSTRUCTION OF CONCENTRIC 
LINE.



T.O. 31-1-141-14

13-411. CONCENTRIC CABLE ASSEMBLY.
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13-415. Figure 13-93. Twisted Pair
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13-95

gen is used to dry the interior of the line, 
and the pressure is maintained to insure 
that any nitrogen leakage will be outward.
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Figure 13-92. Typical Concentric 
(Coaxial) Cable Assembly

13-417. Field wires are a special type of 
twisted pair designed for use in situations 
where communication lines must be set up 
at great speed. Desirable transmission 
properties are sacrificed in favor of light 
weight and strength. The line consists of a 
twisted pair made of strong, light conductors 
insulated with rubber or a rubber substitute. 
Signal attenuation in this type of line is high

(1.5 db per mile if the wire is wet, at a fre
quency of 1000 cycles per second). Field 
wire lines, in general, are operated both 
without loading and without repeaters, so 
that their use is restricted to short dis
tances. The capacitance, leakage, and loss 
of this wire increase considerably with a 
change from dry to wet weather. The usable 
range may be increased, in some cases, by 
the use of loading or voice-frequency re
peaters. Repeater design for such lines is 
difficult, however, because of the sharp in
crease in attenuation when the wire becomes 
wet. Therefore, field wires are used for 
voice -frequency circuits where an apprecia
bly long talking range is not required. Fig
ure 13-94 shows field wire type WD1/TT, 
and gives some details concerning its con
struction.

The twisted pair, as the name 
implies, consists of two insulated wires 
twisted to form a flexible line witliout the 
use of spacers (see figure 13-93). It is 
generally used as an untuned (nonresomnt) 
line for low-frequency transmission. It is 
not used at the higher frequencies, because 
of the high losses occurring in the rubber 
insulation. Its chief advantage is that it may 
be used over short distances where more 
efficient lines would not be feasible because 
of mechanical considerations.

13-412. Figure 13-92 shows a typical con
centric or coaxial cable assembly, contain
ing two (there can be four or even eight) 
coaxial cables, in addition to several con
ventional pairs used for supervisory pur
poses. In carrier service, as many as 480 
two-way conversations may be carried 
simultaneously on any one such line.
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TRANSMISSION LINE PRACTICE

LINE PROBLEMS.13-418.

ATTENUATION IN LINE.13-419.

13-420.

c.

13-421. INTERFERENCE IN LINE.

13-423. CAUSES OF ATTENUATION.

a.
distorted waveshape. Obviously, these

13-97

13-424. The characteristics of a transmis
sion line which attenuate the signal may be 
summarized as follows:

d. The attenuation per unit length of line 
and the length of the line determine the total 
line attenuation. To this must be added the 
losses inherent in the equipment, in order 
to obtain the total attenuation of the circuit.

b. Reflection of power because of a mis
match at the joint of two dissimilar line sec
tions will result in a decrease in the power 
transferred to the receiver.

acteristic impedance of the transmission 
line will reduce the amount of power trans
ferred from the transmitter to the receiver.

c. Power losses will occur in pieces of 
equipment that are part of the communication 
circuit. Such losses are not really line 
losses, but they may be reduced by proper 
choice and maintenance of the line. The 
power losses due to mismatches between the 
line and the equipment may be reduced to a 
minimum by careful matching; losses in the 
equipment itself cannot be avoided.

Chapter 13 Section VII
Paragraphs 13-418 to 13-424

A mismatch between the impedances 
of the transmitter and receiver and the char-

e. If the characteristic impedance of the 
line varies with frequency, the match be
tween the line and the receiver is not con^ 
stant; thus, there is a variation in the power 
transfer.

f. Frequency distortion reduces the 
power transfer by amounts varying with fre
quency, reducing the power of the higher 
frequencies more than that of the lower fre
quencies. Consequently, a signal containing 
components of different frequencies will have 
a distorted waveshape. Obviously, these

13-422. In communication circuits, it is 
also necessary that the transmission line 
transmit only the desired signal. Interfer
ing signals, represented by reflections back 
along the line, may distort the desired sig
nal or even override it so that it is rendered 
unintelligible at the receiver.

The primary purpose of a trans
mission line is to transfer maximum power 
to the receiver at the receiving end of the 
line. Achievement of this purpose involves 
two separate factors. First, the line itself 
must absorb as little power as possible, 
delivering maximum power to the receiving 
end. Second, the power that arrives at the 
receiving end should all be absorbed by the 
load, and there should be no reflections 
back along the line. The former require
ment is met by keeping signal attenuation, 
due to the line, at the lowest possible value. 
The latter is met by proper matching of the 
load at the line.
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13-427. EFFECT OF LOADING.
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Figure 13-95. Effect of Loading
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Zo ■ 600 OHMS 
-------------

13-428. Which of the four distributed con
stants of the transmission line can be changed 
for loading purposes ? Reducing the distri
buted resistance lowers the attenuation, but 
it may be accomplished only by increasing 
the size of the wires. This, in turn, in
creases the amount of copper used and thus 
decreases the number of circuits per given 
cable size. Reducing the distributed capaci
tance by increasing the separation between 
conductors reduces the attenuation, and this,

E» y/PR 

-y/5 X 600 

-54.8V

in turn, also reduces the number of circuits 
per cable. The solution of the problem lies 
with the fourth constant, the series induct
ance. In practice, the value of this induct
ance is increased deliberately, whereas the 
other three constants are kept as small as 
possible. This corrective measure is called 
loading. The effect of loading on attenuation 
is illustrated in the following example: In 
part A of figure 13-95, assume that 5 watts 
is the input power, P, to a transmission line 
having a characteristic impedance of 500 
ohms. The ratio of input voltage to input 
current must be equal to the characteristic 
impedance, because the line is terminated 
with an impedance equal to the characteris
tic impedance of the line. As shown, the 
input voltage must be 50 volts, and the input 
current 0.1 ampere. Now, assume that the 
characteristic impedance of the line is in
creased by the inductive loading, as indi
cated in part B of figure 13-95. The char
acteristic impedance is now 600 ohms.
Since the input power is held constant, the 
input voltage is now 54.8 volts, and the input 
current 0.091 ampere. This reduction in

« JPR 
*J~5 X 500 
-50 V

zo - 500 OHMS

[» — o，■ I AMP' d Rnn •• r

13-426. The loading of a transmission line 
changes its characteristics and thus reduces 
the total attenuation, causing the character
istic impedance and attenuation per unit 
length to remain substantially constant over 
a desired frequency range.

power losses may be reduced only by alter
ing the characteristics of the transmission 
line.
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13-432. LOADING COILS.

13-434. LOADING LIMITATIONS.
13-430. METHODS OF LOADING.

FREQUENCY

13-99

WITH 
LOADING

WITHOUT 
LOADING

c. The combination of distributed ca
pacitance and lumped inductance acts as a 
filter. The curve for the attenuation of a 
loaded line (see figure 13-96) shows that 
this equivalent filter causes the attenuation 
to increase sharply when the frequency ex
ceeds a certain value, referred to as the 
cutoff frequency. Therefore, loading coils 
are usually designed to cover the band of

Chapter 13 Section VII 
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b , Distortion cannot be completely 
eliminated in a loaded circuit. The effective 
resistance of a loading coil varies with fre
quency, as a result of hysteresis and eddy 
current losses in the core of the loading coil.

a. The number of loading coils cannot 
be increased indefinitely; this would cause 
an increase in the series resistance, which 
would cancel the beneficial effects of load
ing.

13-433. Loading coils are so spaced that 
the change produced in a signal over a given 
distance differs little from the change that 
is produced over the same distance by a 
uniformly loaded circuit. The spacing must 
be such that there will be several coils per 
wavelength of signal; otherwise, the attenua
tion will increase rather than decrease. The 
coils are wound on toroidal cores, which are 
made of powdered soft iron or powdered 
permalloy, with a binder to hold the powder
ed metal together. The air pockets in the 
powdered metal reduce the possibility of 
saturation of the core, which would distort 
the signal.

which provides uniform loading, the com
plete length of line is wrapped with a tape 
of ferrous material, such as iron or per
malloy. This method is expensive. The 
other method uses loading coils spaced at 
equal intervals along the line.

13-429. Figure 13-96 shows that the at
tenuation over a wide frequency range is 
much less with loading than without loading. 
The same curves show that with loading the 
attenuation is practically constant over a 
wide range of frequencies, whereas without 
loading the attenuation increases as the fre
quency increases. With loading, therefores 
frequency distortion is virtually eliminated. 
Mathematically, it may be shown that load
ing causes both the attenuation and the char
acteristic impedance to be substantially con
stant. With the characteristic impedance of 
the line constant, there is no variation in 
match between the receiver and the trans
mission line. Hence, the power transferred 
to the receiver is constant, and is maximum 
over a wider range of frequencies.

current decreases the I^R losses along the 
line, so that if loaded and unloaded circuits 
receive the same amount of input power, 
more power is delivered to the receiver by 
the loaded circuit than by the unloaded cir
cuit.

13-431. Loading may be accomplished in 
either of two ways. (Both methods must 
provide an evenly distributed inductance to 
give the effect of a transmission line with 
distributed inductance.) In the first method,

Figure 13-96. Graph Showing Effect of 
Loading on Attenuation
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13-435. INTERFERENCE IN LINES.
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13-441. Five common electrical conditions 
are responsible for interference:

c. Electromagnetic coupling between the 
lines may produce crosstalk.

e. A resistive unbalance may be still 
another source of crosstalk.

13-442. ELECTRICAL CAUSES OF INTER
FERENCE IN LINES.

b. An unbalanced condition between 
pairs of transmission lines results in cross
talk caused by electrostatic coupling be
tween the lines.

13-440. SOURCES OF INTERFERENCE IN 
LINES.

d. Conductive coupling (which seldom 
occurs in well maintained lines) may cause 
crosstalk.

frequencies to be transmitted, with the cut
off frequency occurring beyond the upper 
end of this band.

13-437. Two types of interference may 
occur between adjacent line： noise and 
crosstalk. Both affect practical transmis
sion line operation to an important extent.

a. An unbalanced condition between the 
transmission lines and ground is the cause 
of noise induced by power-line equipment.

13-444. A transmission line is said to be 
balanced to ground if Ci and C2 are equal, 
that is, if the distributed capacitances to 
ground of the two conductors of the line are 
equal. This is the case when the two con
ductors are at equal distances from ground. 
Voltages are induced across the two con
ductors ,through the distributed capacit
ances, by current flow up from ground. If 
the line is balanced to ground, the voltages 
induced in the two conductors are equal and

13-436. The theoretical discussion of trans
mission line characteristics up to this point 
has assumed that the lines under considera
tion are isolated, that is, that they are far 
removed from ground, other transmission 
lines, and any type of current-carrying cir
cuit. Actually, isolated transmission lines 
are rare.

13-443. UNBALANCE TO GROUND. Dis
tributed capacitance exists between any two 
conductors of a transmission line. Similar
ly, there is distributed capacitance between 
ground and each conductor of a transmission 
line. This is shown in figure 13-97, in which 
Ci and C2 represent the capacitances be
tween the conductors and ground.

13-439. Interference is also produced by 
coupling between adjacent communication 
lines. Such interference is called crosstalk. 
The presence of crosstalk on a transmission 
line must be prevented, if possible, or at 
least reduced to a minimum because of the 
effect on the intelligibility of a message. 
Crosstalk exists when electrical energy is 
transferred from one communication circuit 
to another, causing the conversation on one 
circuit to be faintly audible on the other.

13-438. Most lines are near other trans
mission lines or near the surface of the 
earth, which itself is a conductor referred 
to as ground. Communication lines operate 
at low power levels; that is, the lines are 
called upon to transmit relatively small 
amounts of power. As a result, the lines 
are susceptible to noise interference from 
other electrical circuits, particularly power 
lines paralleling the communication lines. 
Most power lines carry current at a fre
quency of 60 cycles. The most troublesome 
interference arises from the harmonics of 
this 60-cycle frequency; these harmonics 
fall in the 250-cycle to 2700-cycle audio 
range.
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13-447. Figure 13-98, which is a diagram 
of two pairs of transmission lines, represent-

Figure 13-98. Distributed Capacitances 
Between Adjacent Conductors
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Figure 13-97. Distributed Capacitances 
Between Transmission Line and Ground

opposite, and the potential difference be
tween the conductors caused by the induced 
voltage is thereby zero.

13-446. UNBALANCE BETWEEN PAIRS.
Interference can take place between adjacent 
transmission lines because of a capacitive 
unbalance between the lines themselves.

CI4 
——北一・

C24
_一丑__

C23

----f----
CI3 

_ -)1--

ing two circuits, illustrates this condition. 
C13 is the distributed capacitance between 
conductor 1 of circuit I and conductor 3 of 
circuit II. Similarly, C14, C23, and C24 
represent the other distributed capacitances 
between the conductors of the two circuits. 
Energy may be transferred from one circuit 
to the other when the electric field of one 
circuit causes a voltage to be developed in 
the second circuit. For this reason, this 
type of unbalance is called electrostatic 
coupling, which results in crosstalk.

13-445. If the line is not balanced to ground, 
the induced voltages are not equal and there 
is a potential difference between the lines. 
This potential difference adds to the poten
tial difference between the lines resulting 
from the transmitted signal. It constitutes 
a new and unwanted signal added to the first, 
the waveform of which is distorted. In other 
words, the unbalanced condition between the 
transmission line and ground is a source of 
interference. Since power-line equipments 
cause a 60-cycle current flow from the 
ground, an unbalanced condition between a 
communication line and ground is the source 
of a 60-cycle tone in the communication line.

13-448. The equivalent circuit of the two 
circuits, or pairs of conductors, so coupled 
in a bridge circuit is shown in part B of fig
ure 13-98. If C13 = C14 and C23 = C24, the 
voltages on lines 1 and 2 divide in the same 
ratio across C13 and C23, and across C14 
and C24. Thus, equal voltages appear across

1
1
4： ci
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Figure 13-99. Effect of Magnetic Induction 
on Crosstalk

IRCUIT I
WIRE 2

13-449. This balance is achieved by proper 
physical positioning of the lines, so that the 
capacitances have the equality desired. For 
example, an unbalance exists if the separa
tion between conductors 2 and 3 is larger 
than the separation between conductors 1 
and 4; under this condition, C23 is smaller 
than C14, and a signal transmitted over cir
cuit n will add to its part of any signal 
simultaneously being transmitted over cir
cuit I as a result of the variation of the elec
tric fields between the conductors ・

13-451. CONDUCTIVE COUPLING. Con
ductive coupling exists when there is leakage 
between two pairs of conductors as a result 
of faulty insulation. Such coupling usually 
does not occur on well kept transmission 
lines.

13-452. RESISTIVE UNBALANCE. A re
sistive unbalance exists when the resist
ances in the two wires of a transmission 
line are unequal； it is caused by the presence 
of different gages of wire, improper splices, 
or other types of poor connection. Referring 
to figure 13-99, it may be seen that if con
ductors 3 and 4 of pair H are at equal dis
tances from conductor 2 in pair I, the in
duced voltages in conductors 3 and 4 are 
equal and no crosstalk results. If the re
sistances in conductors 3 and 4 are unequal, 
however, the induced currents in the con
ductors will be unequal. This difference in 
current will be added to the current of the 
transmitted signal, resulting in crosstalk. 
The obvious remedy for a resistive unbalance 
is to balance the circuit that has a wire con
taining additional moisture or to remove 
part of the excess resistance from the other 
line.

to the potential difference between the con
ductors (3 and 4) caused by the transmitted 
signal. The combination of the two potential 
differences results in an altered signal and 
a garbled message at the receiver.

equal capacitances, and no potential differ- 
ence exists between lines 3 and 4 because of 
the voltages on lines 1 and 2. The circuit 
is then said to be balanced. Note that for 
balance to exist irTthe opposite direction 
(that is, no voltage coupled from 3 and 4 into 
1 and 2), it is also necessary that C13 = C23 
and C14 = C24.

13-450. ELECTROMAGNETIC COUPLING. 
Electromagnetic coupling exists between two 
pairs when the magnetic field of one pair in
duces a voltage in an adjacent pair. Figure 
13-98 represents two pairs of transmission
line wires. The varying current in the wire 
pair of circuit I sets up a magnetic field 
about conductors 1 and 2. This magnetic 
field spreads out and cuts the magnetic field 
of conductors 3 and 4 of circuit H. If con
ductors 3 and 4 were at equal distances from 
conductor 2, they would be cut by an equal . 
number of magnetic lines of force; the volt
age induced in conductors 3 and 4 would thus, 
be equal, and there would be no potential 
difference between them resulting from the 
current in conductor 2. However, conductor 
3 is closer than conductor 4 to conductor 2. 
Therefore, both conductors in the pair of. 
circuit n will be cut by different numbers 
of lines of force, so that different voltages, 
e3 and e4, will be induced in the two con
ductors. There is, then, a potential differ
ence between conductors 3 and 4 as a result 
of the current flow in the pair of circuit I. 
This potential difference will be in addition
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13-456. Another basic element of circuit 
design is that in most of the longer voice- 
frequency cable circuits, and in all carrier 
circuits, the effect of near-end crosstalk is 
minimized by the use of separate paths for 
transmission in the two directions. In cable 
circuits, the wires carrying the transmis
sion in the two directions are physically 
separated as much as possible by placing

them in different layers or segments of the 
cable, or, in the case of high-frequency 
carrier circuits, in different cables. A 
comparable separation is obtained in open
wire carrier circuits by using entirely dif
ferent bands of frequencies for transmission 
in the two directions.13-455. In considering practical methods 

for keeping the crosstalk in long lines at a 
reasonable minimum, it is desirable first 
to consider the effects of certain basic de
sign features of long circuits with respect 
to crosstalk. In general, these will apply 
equally to both open wire lines and cable 
facilities, and at either voice or carrier 
frequencies. One such important feature is 
the effect of the location of telephone re
peaters with respect to crosstalk. Thus, it 
is obvious that if two circuits are in close 
proximity at a point near a repeater station, 
and one circuit is carrying the high current 
levels approaching the input of the repeater, 
the tendency of the first circuit to interfere 
with the second circuit is very great. The 
very small percentage of the current in the 
first circuit which may be induced into the 
second circuit will be amplified by the re
peater on that circuit along with, and to the 
same degree as, the normal transmission. 
The best practical remedy for this condition, 
of course, is to avoid such situations by 
keeping circuits carrying high-level energy 
away from low-level circuits as much as 
possible. Where such physical separation 
between the circuits is not feasible, differ
ences in energy level between adjacent cir
cuits can frequently be minimized by proper 
adjustment of repeater gains when the circuit 
is designed.

13-458. Aside from the above-mentioned 
techniques for avoiding crosstalk through 
circuit design methods, practical procedures 
differ considerably, depending upon the type 
of facility. It is desirable, accordingly, to 
analyze the problem separately for both 
open-wire and cable facilities.

13-459. In the case of open-wire lines, 
crosstalk reduction depends upon three 
principal factors: wire configuration on the 
poles, transpositions, and resistance bal
ance ・ Resistance balance is primarily a 
question of maintenance, and ordinarily 
presents no great difficulty. The use of 
high-frequency carrier facilities, with their 
much greater crosstalk possibilities, has 
led to the development of new configurations 
of open-wire lines in which the wires of in
dividual pairs are spaced closer together 
and the pairs are spaced farther apart. One 
standard pole-head configuration of this kind 
is illustrated in figure 13-100, where it may 
be noted that the separation between the wires

13-457. Furthermore, any near-end cross
talk occurring in spite of these physical 
separations is returned on the disturbed 
circuit to the output of an amplifier. Since 
the amplifier is a one-way device, the cross
talk can proceed no farther and does not 
reach the terminal of the circuit. Near-end 
crosstalk in such circuits is therefore of 
little importance, except insofar as it may 
be converted into far-end crosstalk by re
flection from an impedance irregularity. 
To avoid this latter effect, it is essential 
that all circuit impedances be so matched 
as to eliminate important reflection possi
bilities.
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Figure 13-100. Spacing of Wires To 
Minimize Crosstalk

of each pair is 6 inches and the horizontal 
separation on the crossarm between any 
two pairs is at least 28 inches.

13-460. The basic principle of transposi
tions was outlined in the preceding para
graph. It was noted there that a large num
ber of transpositions was needed in any long 
section of line to reduce crosstalk to the re
quired minimum. In the entire discussion, 
moreover, only two pairs were considered. 
In actual practice, an open-wire line usually 
carries many more than two pairs of wires, 
and obviously there are crosstalk possibili
ties between any two pairs on such a line. 
These possibilities are greater between the 
pairs that are adjacent to each other, but 
all of the other possibilities are sufficiently 
large that they must be taken into considera
tion in designing a transposition arrangement 
for the line , A practical arrangement must 
also guard against crosstalk between side 
and phantom circuits and between the phan
toms themselves, when such circuits are 
used.

13-461. There is still another extremely 
important factor which has not been con
sidered up to this time. This is the possi
bility of crosstalk from one circuit to another

by way of a third circuit. In a line carrying 
many circuits, there are a large number of 
these tertiary circuits by means of which 
crosstalk might be carried from any one 
pair to any other pair. Even the hypotheti
cal line that we considered in the first place, 
carrying only four wires, has two such 
tertiary circuits. These are the phantom 
circuit, made up of the two wires of one 
pair transmitting in one direction and the 
two wires of the other pair transmitting in 
the opposite direction; and the "ghost" cir
cuit, made up of the four wires acting as 
one side of a circuit, with a ground return. 
(Note that these circuits exist as tertiary 
crosstalk paths, regardless of whether a 
working phantom circuit is actually applied 
to the four wires.) Needless to say, the 
presence of these tertiary circuits in a line 
complicates the problem of designing an 
effective transposition arrangement. In fact, 
the problem can become so complicated that 
no attempt will be made here to analyze the 
problem in detail.

13-462. Transposition methods for open
wire lines are designed for unit lengths 
ranging from a few hundred feet to about 8 
miles. The purpose of the design is to ap
proach as closely as possible to a complete 
crosstalk balance in each such unit section. 
Any number of sections can then be con
nected in tandem. The nonuniformity in the 
length of sections is the result of discon
tinuities in the line, such as junctions with 
other lines, wires dropped off or added, etc. 
It is naturally desirable that such points of 
discontinuity coincide with junctions between 
transposition sections, where the crosstalk 
is balanced out.

13-463. Physically, there are two standard 
methods for effecting transpositions between 
wires on pole lines. These, which are 
known as point-type transposition and drop- 
bracket transposition, are shown respective
ly in figures 13-101 and 13-102. The former 
(point-type) is widely used in lines used for
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Figure 13-102. Drop-Bracket 
Transposition

Figure 13-101. Point-Type Transposition

core.

13-105

13-464. MINIMIZING CROSSTALK IN 
CABLE CIRCUITS.

13-467. Voice-frequency crosstalk between 
circuits in different quads of a cable can be 
reduced to a satisfactory minimum by splic
ing the successive lengths of cable in a more

13-466. At voice frequencies, magnetic in
duction (inductive coupling) between circuits 
in a cable is normally so small that it is of 
relatively little importance in causing cross
talk. The same cannot be said of electric 
induction (capacitive coupling). Despite the 
most careful manufacturing methods, the 
capacitance unbalances between cable con
ductors usually remain large enough to cause 
objectionable crosstalk in long circuits. You 
can guard against this crosstalk by the use 
of additional balancing techniques when you 
install a long toll cable.

13-465. The most striking feature of cable 
circuits, with respect to crosstalk, is that 
the conductors are crowded together. This 
is particularly true of the two wires of each 
circuit pair, which are separated by only 
thin coatings of paper insulation. As we have 
already seen, the close spacing of the two 
wires of a pair in which equal and opposite 
circuits are flowing tends to minimize the 
external effect of the electromagnetic field 
of the pair. Moreover, in the process of 
manufacture, the cable conductors are very 
thoroughly transposed by twisting the two 
wires of each pair together, by twisting the

carrier facilities because it does not change 
the configuration of the wires in the adjacent 
spans, as does the drop-bracket type. Where 
very high frequencies are used, this becomes 
extremely important. In fact, the sensitivity 
of these carrier equipments to crosstalk is 
so great that every possible effort must be 
made to avoid even slight deviations in the 
amount of sag of the wires in the spans be
tween poles.

two pairs of each group of four wires to
gether to form quads, and by spiraling the 
quads in opposite directions about the cable 

Also, cables are so manufactured 
and installed that their conductors are prac
tically free from series resistance unbal
ances or insulation leakages. On the other 
hand, the close spacing of many circuits 
within the cable sheath, as well as their 
proximity to the sheath itself, offsets the 
above advantages to a considerable extent.

T.O. 31-1-141-14 Chapter 矣5~” 八 
Paragraphs 13-464 to 13-467
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Figure 13-103. Balancing Adjacent Sections

13-106

or less random manner so that no two quads 
are adjacent to each other for more than a 
small part of their total length. This tech
nique ,of course, has no effect upon the 
crosstalk between circuits in the same quad. 
To reduce this circuit crosstalk, it is neces
sary to measure the capacitive imbalance of 
each quad at the time of installation and then 
to correct such unbalance if it is found to be 
large enough to cause serious crosstalk.

13-469. In the second method, the unbal
ances are counteracted in part by connecting 
small balancing capacitors into the circuits 
at one or two points in each loading section. 
This, combined with a limited number of 
"test splices", accomplishes the net result 
desired with great accuracy, and reduces 
the number of capacitance unbalance tests 
that have to be made when a cable is in
stalled. These balancing capacitors con
sist of short lengths of two parallel, in
sulated, fine-gage wire wound helically 
around a nonconducting core. Two termin
als of this tiny capacitor are connected 
across the two line conductors whose ca
pacitance is to be increased, and the other 
ends of the wires can be cut off at whatever 
point is necessary to give the capacitor the 
precise value required. A large number of 
these capacitors can be included within the 
sleeve at a splicing point. In certain cases 
where the cable conductors are to be used 
for 4-wire 'circuits, it is practicable to 
balance the capacitances for a whole re
peater section by adding capacitors of this 
type at one end. The capacitance balancing 
methods outlined above have been found 
adequate in practice for keeping crosstalk 
to a tolerable minimum in voice -frequenc y 
cable circuits. When carrier systems are 
applied to cable circuits, the crosstalk 
problem becomes more severe. In this 
case, while capacitive coupling is still of 
consequence, inductive coupling becomes 
much more important as a cause of cross
talk. In fact, at the higher frequencies it 
predominates over capacitive coupling as a

13-468. There are two principal methods of 
effecting this latter correction. One depends 
upon measuring the unbalances at several 
equally spaced splicing points within each 
loading section, and then splicing the quads 
together in such a way that a given unbalance 
in one section is counteracted by an equal 
and opposite unbalance in the adjacent sec
tion. This will perhaps be made clearer by 
referring to figure 13-103, where a cross 
section of the four wires of a quad is shown, 
with the capacitive values between the wires 
indicated by small capacitors. The wires 
marked 1 and 2 form one pair of the quad, 
and the wires marked 3 and 4 form the other 
pair. (The capacitances between the pairs 
themselves are not shown because they have 
no effect on crosstalk.) The ideal condition 
in such a quad is that the values of all four 
capacitances (A, B, C, and D) shall be equal, 
and that capacitance E shall equal capacitance 
F, and capacitance G shall equal capacitance

Chapter 13 Section VII 
Paragraphs 13-468 to 13-469

H • In this case there is no unbalance within 
the quad and no crosstalk. However, if it 
is found, for example, that capacitance A in 
a certain quad of one section of the cable is 
too low, this quad can be spliced to a quad 
in an adjacent section of equal length in 
which capacitance A is too high by an ap
proximately equal amount. The net un
balance of the connected quad over the two 
sections will thus be made to approach zero.
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possibilities are completely eliminated (as
suming that you have properly guarded 
against reflection effects) .
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Figure 13-104. Arrangements for Reducing Noise and Crosstalk in 
High-Frequency Carrier Equipments

cause of crosstalk by a ratio of about 3 to 1. 
Accordingly, additional crosstalk reduction 
measures must be applied to cable conductors 
used for such carrier equipments.

13-470. The crosstalk possibilities at these 
high frequencies are so great, in fact, that a 
number of basic changes in circuit design 
are required. In the first place, the carrier 
pairs are used for carrier transmission 
only. Next, the transmitting paths in the 
two directions are kept entirely separated 
by using separate cfebles for transmission 
east to west, and west to east. The circuits 
in the two directions are likewise kept separ
ated within the terminal offices and repeater 
stations, and shielded office wiring is used 
in all cases. This means that the energy 
levels of the carrier currents are approxi
mately the same in all physically adjacent 
conductors, and that near-end crosstalk

13-471. Far-end crosstalk between carrier 
pairs is minimized by balancing out the ca
pacitive and inductive couplings. In addi
tion, special precautions are taken to pre
vent interaction crosstalk between carrier 
pairs by way of the voice-frequency pairs in 
the cable. The most effective means of ac
complishing this is the complete transposi
tion of the entire group of carrier pairs be
tween the two cables at each repeater sta
tion. As may be seen from figure 13-104, 
such transposition automatically eliminates 
crosstalk by way of the voice-frequency 
pairs from the outputs of the amplifiers in 
the carrier pairs to the inputs of amplifiers 
in other carrier pairs. Carrier filters or 
noise suppression coils are also inserted in

T
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13-475. In using these coils to balance out 
crosstalk, measurements of the inductive 
coupling between each pair of conductors 
must be made and each coil adjusted to 
counteract this coupling. In a cable con
taining a large number of carrier pairs, the 
number of coils required at each repeater 
station becomes rather large, since one coil

----

■ .

the vo ice-frequency pairs at vo ice -frequency 
repeater stations, and certain other points, 
to discourage the transmission of induced 
carrier-frequency currents over the voice- 
frequency conductors.

13-473. An equal current flowing in a 
counterclockwise direction can be effected 
by means of tiny transformers connected 
between each carrier pair and every other 
carrier pair. However, since it is neces
sary to control the magnitude of the artifi
cially induced currents and also cause them 
to flow in either direction, depending upon 
the direction of the crosstalk current, the 
transformers must be designed so that the 
coupling between circuits can be adjusted 
and so that they can be poled in either direc
tion. The method used to obtain this result 
is indicated schematically in figure 13-105. 
Here it may be noted that there are really 
two separate transformers, one having a 
reversed winding in the disturbing circuit so 
that a current, I, flowing in the disturbing 
circuit will induce oppositely poled voltages 
in the disturbed circuit. If the cores of the 
two transformers are centered as shown in 
the drawing, the induced voltages will be 
exactly equal and the net effect on the dis-

Figure 13-105. Principle of Crosstalk 
Balancing Coil

13-472. The methods of balancing out ca
pacitive coupling between the carrier pairs 
themselves are essentially the same as were 
discussed above in connection with voice- 
frequency transmission. In balancing out 
crosstalk due to inductive coupling, different 
methods must be used. The fundamental 
problem involves the balancing of every 
carrier pair against every other carrier 
pair in the same cable, in each repeater 
section. The method used depends, in effect, 
upon counteracting the crosstalk currents 
with equal currents flowing in the opposite 
direction. Thus, if in a given disturbed cir
cuit a crosstalk current is flowing in a clock
wise direction, you will wish to set up an 
equal current in the circuit flowing in a 
counterclockwise direction.

turbed circuit will be nil. By moving the 
two cores as a unit in either direction, how
ever, one or the other of the induced volt
ages can be made to predominate. Thus, if 
the cores are moved to the left, voltage ei 
will be increased while voltage e2 will be 
decreased by a like amount. The result will 
be a current flowing in a counterclockwise 
direction in the disturbed circuit. On the 
other hand, moving the cores to the right 
will cause a clockwise current in the dis
turbed circuit, the value of which will de
pend upon the extent of the movement of the 
cores.

13-474. In practice, the balancing coils are 
designed to have a mutual inductance rang
ing from approximately +1.6 to —1.6 micro- 
henrys for the two limiting positions of the 
cores. The coils are mounted in cylindrical 
containers arranged for rack mounting. The 
position of the coil cores is screw-con
trolled； the core can be moved through its 
maximum travel of 1/2 inch in about 16 
complete screw turns.
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13-476. APPLICATION OF RESONANT 
LINES. ~ ~

13-478. Rf lines are used for many purposes 
other than the transmission of power from

Figure 13-106. Method of Connecting 
Crosstalk Balancing Coils
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13-479. LINE SECTIONS AS PARALLEL- 
RESONANT CIRCUITS.

one point to another. For example, rf lines 
are used as:

Line sections in parallel -re sonant 
circuits.
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13-480. Above 50 me, the difficulty of con
structing efficient tuned circuits with com
mon coils and capacitors makes some other 
type of circuit desirable. Sections of trans
mission line can fill this need, and are used 
widely where space and weight considera
tions permit. Quarter-wave closed end and 
half-wave open-end resonant line sections 
both offer the characteristics of parallel 
resonance. They also have a high Q at fre
quencies where tank circuits with lumped 
property elements become inefficient or use
less. Close to resonance, the impedance 
curve for a quarter-wave closed-end or 
half-wave open-end resonant line resembles 
the impedance curve for a conventional 
paralie 1 -resonant circuit using lumped- 
property elements. The curves differ at 
points farther from resonance, because the 
reactance of the line section depends on the 
reflection effect which produces standing 
waves, and not on any lumped capacitance 
or inductance. Resonant-line sections may 
be used as tank circuits in either single-

is required for every possible combination 
of pairs. In practice, also, an additional 
coil is used for each quad to provide suffici
ent margin for balancing out side-to-side 
crosstalk. Thus, 20 pairs require a total 
of 200 coils, 40 pairs require 800 coils, and 
the maximum of 100 pairs requires 5000 
coils ・ The coils are installed in unit panels 
arranged for balancing 20 pairs, and addi
tional inter-group panels are added as suc
cessive 20-pair carrier groups are put into 
service. A special crisscross wiring ar
rangement ,such as that indicated in figure 
13-106, is employed. This is necessary in 
order that the currents in any two pairs 
shall flow through the same number of coils 
before reaching the coil that balances these 
two pairs, thus insuring that the phase shift 
up to the balancing coil will be approximate
ly the same on both pairs.
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b. Line sections in series-resonant 
circuits.
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13-110

A 
UNBALANCED

COAXIAL - LINE 
SECTION

B 
BALANCED

EQUIVALENT CONVENTION 
TANK CIRCUIT

Chapter 13 Section VII 
Paragraph 13-481

EQUIVALENT CONVENTIONAL 
TANK CIRCUIT

ended or push-pull arrangements, depending 
on the requirements of a particular applica
tion. A line section, any circuit, or any 
part of a circuit is said to be balanced when 
it is composed of two or more potential 
paths which operate similarly with respect 
to ground, as in a push-pull circuit. An un
balanced line section or circuit is one in 
which a single potential path operates at 
some value above or below ground. An 
example of this is the plate circuit of a 
single amplifier. A horizontal parallel
wire section is considered to be balanced. 
However, the concentric line and the two- 
wire line operated with one wire much closer 
to the ground than the other is considered to 
be unbalanced.

PARALLEL-LINE 
SECTION

13-481. RESONANT LINE IN TANK CIR
CUITS. Parallel-resonant line sections used 
as tank circuits in single-ended and push- 
pull arrangements are shown in figure 13- 
107. In a properly operated coaxial line, 
the outer skin of the outer conductor carries 
no rf current, and may be grounded. The 
outer skin of the inside conductor is above 
ground potential, and is at a relatively high 
impedance above ground. For this reason, 
the unbalanced coaxial line is usually found 
in single-ended circuits where it is desired 
to use line sections in place of lumped- 
property tank circuit elements. A common 
unbalanced arrangement is shown in part A 
of figure 13-107, together with a simplified 
schematic of a conventional tank circuit. In
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the parallel-wire line section, shown in part 
B of the figure, rf current flows in both con
ductors. Both are above ground potential, 
and they present equal impedances to ground; 
therefore, the line is considered balanced, 
and is particularly well adapted to the re
quirements of push-pull tank circuits. In 
both balanced and unbalanced circuits at the 
resonant frequency, the line section appears 
to the source as a high, pure resistance； 
energy is stored in the line, and very little 
power is required from the source to main
tain this condition. The two-wire re sonant
line section is generally used in the fre
quency range of 50 to 300 me, because the 
tank circuit is somewhat more easily tuned. 
However, radiation losses can occur from 
two-wire sections, particularly at the higher 
frequencies. This reduces the effective Q 
and decreases the impedance at reasonance, 
resulting in a decrease in efficiency as the 
frequency is raised. Since coaxial lines are 
self-shielding, radiation losses from coaxial- 
line sections are extremely small, and there 
is little loss of Q from this source. Reso
nant-line sections macle from coaxial line 
are more difficult to tune, however, because 
of their physical arrangement.

13-482. TUNING. Re sonant-line sections 
used as parallel -re sonant circuits differ 
from the conventional lumped-property com
ponents in their response to the harmonics 
of the fundamental resonant frequency. For 
example, a quarter-wave section of a closed 
line will act as a parallel-re sonant circuit 
to the fundamental frequency. However, at 
twice the fundamental frequency (second 
harmonic), the quarter-wave section acts as 
a series-resonant circuit. The impedance 
curves of figures 13-79 and 13-80 show that 
a line section theoretically offers maximum 
or minimum impedance at every harmonic 
of the fundamental frequency. Actually, 
these curves are not a true representation 
because the end effect causes the open end of 
a resonant line operating at a harmonic to 
behave as if the section had been lengthened

physically by a fraction of a wavelength. The 
section does not become resonant exactly at 
the second harmonic, but somewhat above 
it. When a lumped reactance is usedacross 
the line for tuning purposes, the end effect 
is increased. Wliere it is necessary to tune 
a line section, a variable capacitance (see 
part A of figure 13-108) is often used to avoid 
changing the actual physical length of the 
line. This capacitor shortens the effective 
wavelength of the resonant section, thus 
reducing the space taken up by the tank cir
cuit. However,- the presence of such a

Figure 13-108. Common Tuning Methods 
for Two-Wire and Coaxial Resonant- 

Line Sections
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13-484. COUPLING TO RESONANT-LINE 
SECTIONS. As long as the total length of a 
line section is resonant, both the generator

lumped capacitance upsets the response of 
the section at the harmonic frequencies. 
Other methods of tuning resonant sections 
may be used; the most common forms are 
shown in part B of figure 13-108.

Chapter 13 Section VII
Paragi'aphs 13-483 to 13-485

13-485. IMPEDANCE AND Q. In coaxial- 
line sections, the inside surface (pertaining 
to diameter D) of the outer conductor and 
the outside surface (pertaining to diameter d) 
of the inner conductor, are called the ef
fective surfaces. The ratio of their diame
ters, D/d, is a main factor in determining 
the unloaded Q of a line section using air as 
the dielectric. The highest unloaded Q is 
obtained when the ratio of diameters is 3.6 
to 1, that is, when the inside diameter of the 
outer conductor is 3.6 times the outside 
diameter of the inner conductor. The actual 
unloaded Q of a line section in practical use 
is also influenced by the operating frequency. 
This is shown in part A of figure 13-109, 
with the Q increasing as the effective diame
ter of the outer conductor becomes a larger

and the load may be tapped on at any desired 
impedance point. This is frequently done to 
make the impedances match, just as con
nections are tapped on a conventional tank 
circuit coil. No matter where the generator 
or the load is tapped, the tank circuit will 
appear resistive. When coupling inductively 
to the two-wire line section, a hairpin loop 
is used. Since the rf field about the two- 
wire resonant-line section is not confined, 
the hairpin loop may be placed at the neces
sary distance from the line section to give 
the desired degree of coupling. Inductive 
coupling to the coaxial-line section is me
chanically more difficult because the field is 
confined almost entirely within the outer 
conductor. A small loop is inserted through 
an opening in the outer conductor, and pro
vision is often made for rotating the loop to 
provide control of the degree of coupling. 
Wlien the loop is at right angles to the field, 
maximum coupling is achieved； when it is 
parallel to the field, coupling drops to a 
minimum, and would go to zero except for 
the small capacitance coupling between the 
loop and the inner conductor. To reduce 
losses, the two leads from the coupling loop 
are frequently brought out in the form of a 
flexible coaxial cable.

13-483. Two-wire sections should be spaced 
no farther apart than 1/10 wavelength at the 
resonant frequency, or radiation losses may 
become excessive. Spacing large-diameter 
conductors too closely also introduces 
losses, resulting from eddy currents, and 
adds to the danger of voltage breakdown and 
arcing. For this reason, parallel wires 
should not be closer than about twice the 
diameter of one conductor. When tuning two- 
wire line sections by means of a short-cir
cuiting strap, as shown in part A of figure 
13-108, the strap must make a very low- 
resistance contact with the conductors be
cause any appreciable resistance will seri
ously reduce the Q of the tank circuit. When 
a shunt capacitance is used, the capacitor 
must have minimurn distributed inductance 
and the lowest possible losses. Supporting 
the capacitor entirely on the line conductors, 
so that no solid dielectric is in the electric 
field, is the most practicable means of main
taining a high Q. A telescoping tube may be 
moved inside the line to change the effective 
length of the inner conductor. Coaxial-line 
sections may also be tuned by means of a 
shorting disk or a lumped capacitor. The 
lumped capacitor must have low loss and 
high Q. It may be connected at the open end 
of the line, which gives the greatest tuning 
effect per unit of capacitance, or by tapping 
down on the line, which has less effect on 
the circuit Q. If the shorting-disk method 
of tuning is used, the disk must make perfect 
electrical contact to avoid the introduction of 
additional contact resistance. Different 
methods of tuning coaxial lines are illus
trated in part B of figure 13-108.
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and the graph shows the effect of making the 
inner conductor smaller to change the D/d 
ratio. The maximum unloaded impedance 
at resonance occurs at a much higher ratio 
of D/d than the ratio which gives maximum 
Q. However, a tank circuit must usually be 
loaded if it is to be of any use, and loading 
always causes a reduction of the Q and the 
effective impedance. If a heavy load is con
nected to a line section designed maximum 
unloaded impedance, a D/d ratio of 9 to 1, 
the result may be an effective impedance 
nearly as low as the unloaded impedance of 
a line section designed for maximum Q, that 
is a D/d ratio of 3.6 to 1. This drop in ef
fective impedance is not particularly impor
tant, since the resonance curve will remain 
sharp. In commercially available line sec
tions ,the D/d ratio will vary from 2：1 to as 
high as 10:1. Line sections that regulate the 
frequency in measuring devices require 
special construction methods; for example, 
the surfaces of the lines may be machined 
to exact tolerances, or they may be built up 
to the correct size by electrolytic deposit, 
to attain the desired D/d ratio for maximum 
Q. For two-wire line sections, the effects 
of loading on both the impedance and the Q 
are similar. The curves in part B of the 
figure are approximately true for two-wire 
sections if the ratio of center-to-center 
spacing to the radius of the conductors is 
substituted for the ratio of the diameters, 
D/d. The characteristic impedance of the 
two-wire line varies in the same straight- 
line manner, but the actual values will be 
double those shown for the coaxial line.

DIAMETER D = 16

8

4

13-113

fraction of a wavelength. Obviously, this is 
limited by the available space in the equip
ment, although for laboratory purposes, 
where high Q is important and space is not, 
very large diameters may be used. The 
diameter of the inner conductor in each case 
is kept at the D/d ratio, 3.6 to 1. As shown 
in part B of figure 13-109, tlie diameter of 
the outer conductor is maintained constant,

13-486. ADVANTAGES OF QUARTER
WAVE OVER LONGER RESONANT-LINE 
SECTIONS. It might seem that a half-wave 
section would have a higher Q than a quarter
wave line section, since you can store more 
energy in the half-wave section. However, 
the longer section also increases line losses, 
so that the Q remains about the same. Al
though the longer-line section suffers less 
reduction in Q than the quarter-wave section,

T.O. 31-1-141-14 Chapter 13 Section VII
Paragraph 13-486
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Figure 13-110. Two-Wire Line Section 
Used as Push-Pull Plate Load Impedance

13-488. PRACTICAL APPLICATIONS.
13-489. VACUUM-TUBE CIRCUIT IMPED
ANCE. The characteristics of vacuum tubes

RF
CHOKE

you can use large conductors to reduce the 
effective rf resistance and thus improve the 
Q. You can tap the load on the tank at the 
desired impedance point. Harmonic re
sponse is controlled easily in a quarter-wave 
tank circuit, since it responds to odd har
monics only; the half-wave tank circuit, 
however, responds to both odd and even 
harmonics. You can practically eliminate 
the third harmonic by loading the tank with a 
small value of capacitive reactance to in
crease the end effect or by tappmg the tank 
to the third-harmonic voltage node. Although 
quarter-wave and half-wave line sections are 
most commonly used, the statements macle 
here about the basic quarter-wave sections 
are also true for sections composed of any 
odd multiple of a quarter-wave. Statements 
about half-wave sections hold true for any 
multiple of a half-wave.

Z iooa

are such that high impedances are often re
quired in the grid, plate, and cathode cir
cuits of amplifiers and oscillators. Reso
nant-line sections are used widely for these 
purposes at frequencies of 30 to 1000 me, 
since high Q values are more conveniently 
obtained with these sections than with lumped- 
property tank-circuit elements. Figure 13- 
110 shows a low-power push-pull circuit us
ing a ha If-wave resonant-line section, which 
is a combined oscillator and amplifier de
signed for operation at 400 me. The half- 
wave re sonant-line section used as the plate- 
load impedance offers a high impedance at 
the effective midpoint. The de plate voltage 
for the tube is applied at the low-impedance 
midpoint, through the two 100-ohm resistors. 
These resistors help to damp out parasitic

13-487. TWO-WIRE VERSUS COAXIAL
LINE TANK CIRCUITS. The two-wire line 
is much more easily tuned and coupling is 
more convenient, but radiation from the 
parallel conductors is likely to be high if 
any unbalance is present. Unbalance may 
be caused by an unbalanced condition at 
either the source or the load, or by the fact 
that one conductor is either closer to ground 
or closer to a grounded object than the other 
conductor is. Wlien radiation occurs, not 
only is power lost, but energy may be coupled 
back into the grid circuit, causing either re
generation or degeneration, and upsetting 
proper operation of the stage. Coaxial-line 
sections are more difficult to tune, but the 
self-shielding construction encloses all of 
the field except where an end is open； thus, 
the possibility of stray coupling is reduced 
considerably. This means that the coaxial 
tank circuit may be located closer to other 
circuit elements, resulting in a more com
pact physical arrangement with fewer losses.
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13-490. FREQUENCY-CONTROLLING 
ELEMENTS. Oscillators operating in the 
30-mc to 1000-mc region require accurate 
frequency control. Circuits using crystal- 
controlled frequencies, overtone circuits, 
or frequency multipliers can be used; how
ever, for many purposes, some other fre
quency-control element is desirable. Par
allel-resonant line sections can be con
structed to control frequency with an ef
ficiency and frequency stability comparable 
to that of the crystal. A Hartley oscillator 
operating at 200 to 220 me, with a coaxial- 
line section used as the tuned-grid circuit, 
is shown in part A of figure 13-111. The 
coaxial section uses a tubular inner conduc
tor ,but the outer conductor is a square 
shield instead of the more familiar cylindri
cal shield. As long as the field distribution 
is uniform, however, the section could offer 
a high Q and good frequency stability. You 
can tap the inner conductor at the desired 
impedance points and inductively couple the 
incoming signal to the line. You adjust the 
section to exact resonance by means of a 
capacitance which is paralleled by a temper
ature-compensating capacitor to avoid fre
quency changes during operating changes. 
A number of oscillator circuit arrangements

oscillations. The plates of the tube feed into 
the desired high impedance at the input end 
of the line section. The line section is ad
justed to exact resonance by the capacitor 
(see figure 13-110) at the output end. A 
hairpin loop is used to couple the antenna 
to the line. The stability and efficiency of 
the amplifier depend largely on the tank
circuit Q. By using the re sonant-line sec
tion, the Q is increased approximately two 
to five times over that which you might ex
pect from conventional coils and capacitors 
operated in the same circuit at the same 
frequency. Although the circuit shown here 
is balanced, the improvement in Q, stabil
ity, and efficiency can be obtained in single- 
tube amplifiers using unbalanced coaxial 
resonant-line sections as circuit impedances.

are possible when you use the balanced line, 
the two-wire line, or the unbalanced line as 
resonant circuits. The main consideration 
is low loss and high-Q design to increase 
efficiency and minimize instability. The 
similarity of this circuit to one with lumped 
properties is shown in the equivalent circuit, 
part B of figure 13-111.

13-491. METALLIC INSULATORS. Since a 
quarter-wave closed-end resonant-line sec
tion offers a high impedance to currents at 
the resonant frequency, it may be used as a 
stand-off insulator (insulating stub) for a 
transmission line carrying that particular 
frequency. Part A of figure 13-112 shows a 
X/4 stub used as an insulator in a two-wire 
line section, and part B of the figure shows 
the stub in a coaxial line. In order to offer 
the highest possible impedance to the trans
mission line, the Q must be very high. This 
requires that the insulating section be of 
low-loss construction and cut to an exact

HEATER

+ I •
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Figure 13-112. Resonant-Line Section Used 
as Metallic Insulator

The necessary characteristic impedance of a 
quarter-wave section required to match a 
600-ohm transmission line to a 73-ohm an
tenna is calculated as follows:

THIS POINT 
MAY BE GROUNDED

TEE STUB OFFERS 
HIGH IMPEDANCE TO LINE，

X. STUB. OFFERS HIGH 
4 IMPEDANCE TO LINE

Chapter 13 Section VII 
Paragraph 13-492

electrical quarter-wavelength. For trans
mission lines operating at single frequencies, 
this arrangement is stable and mechanically 
strong and makes an efficient insulator, but 
it is highly sensitive to frequency. If the 
signal frequency is varied above or below 
the resonant frequency of the stub, the im
pedance of the stub is lowered and the stub 
will act as a capacitance or an inductance 
across the line. The sensitivity of such a 
line to small changes of signal frequency 
may be reduced somewhat by spacing stubs 
at odd quarter-wavelengths along the line. 
The additional stubs will minimize reflec
tions and are effective on a relatively short 
line. A common method of broadbanding or 
reducing the frequency sensitivity is to in
corporate ,into the line, half-wave sections

13-492. IMPEDANCE TRANSFORMERS.
The inverting action of a quarter-wave line 
section also makes such a section a con
venient device for use as an impedance 
transformer. Impedances may be stepped 
up or stepped down, as desired, and the line 
section may be operated in a balanced or 
unbalanced condition. The balanced two- 
wire impedance transformer and its equiva
lent circuit are shown in part B of figure 
13-113. The unbalanced coaxial impedance 
transformer and its equivalent circuit are 
shown in part C of the figure. The imped
ance curves in part A of the figure demon
strate the impedance inversion which takes 
place. A mathematical relationship exists 
which makes it easy to calculate the char
acteristic impedance the line section must 
have to provide the desired match. This 
relationship states that the square of the 
characteristic impedance equals the product 
of the input impedance and the load imped
ance, or：

which have a lower characteristic impedance 
than the rest of the line. A stub is connected 
at the midpoint of each added half-wave sec
tion. This arrangement does not affect the 
characteristic impedance of the line, but 
cancels reactances and broadens the imped
ance curves of the stubs. As a result, the 
line frequency may vary up to 15 percent 
from the resonant frequency without serious 
loss of insulator efficiency.

=Zjn • Zload
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Used as Impedance Transformers
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13-494. GENERAL PROPERTIES. The 
quarter-wave open-ended section and the 
half-wave closed-end section behave like 
series-re sonant circuits at the resonant

operating frequency. Part A of figure 13-114 
illustrates the X/4 section, part C the X /2 
section, and part B the equivalent conven
tional circuit using lumped property ele
ments . The input impedance seen by the 
energy source at points 1 and 2 is low at 
resonance and is always a pure resistance.. 
The Q would be infinite and the input imped
ance value would be zero, except for the 
losses in the line section. With low-loss 
lines, a high Q is obtained； therefore, the 
actual input impedance approaches zero.
To the source, this looks almost like a short

The quarter-wave line section must have an 
impedance of 209 ohms to provide the neces
sary match. Any two-line sections may be 
matched in this manner if the impedances 
are resistive. A line section used as a 
transformer is often called a Q section, and 
may be any odd number of quarter-wave
lengths . To save space and make it less 
frequency-sensitive, a single quarter-wave 
section is normally used. The sensitivity 
to changes in frequency becomes greater as 
the ratio of input to load impedance increases. 
In the example mentioned above, the imped
ance transformation ratio is 600 divided by 
73, or approximately 8 to 1. Under these 
conditions, the operating frequency might 
vary by several percent without seriously 
affecting the impedance match. At high 
ratios, however, a frequency deviation of 
as little as 1 percent will cause a mismatch 
and result in loss. Ordinarily, the Q sec
tion is made with a fixed characteristic 
impedance. For some applications, it may 
be necessary to adjust the output impedance 
because the load or source impedance is not 
known accurately. You can vary the spacing 
of two-wire line sections to achieve this, 
but in the coaxial line you must use a special 
type. This type has an elliptical outer shield 
and an inner conductor of the same shape, 
which may be rotated independently. Chang
ing the position of the inner conductor with 
respect to the outer conductor varies the 
characteristic impedance.

060? x 73
^43,800

ABa LOW IMPEDANCE 
CD « HIGH IMPEDANCE
ZOSZ>N

4

I

B
TWO-WIRE IMPEDANCE TRANSFORMER AND 

equivalent circuit

A 6 LOW IMPEDANCE 
C 5 HIGHER impedance

ZO=ZINXZLOAD

COAXIAL IMPEDANCE TRANSFORMER AND 
EQUIVALENT CIRCUIT
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AND ODD HARMON ICS, SECTION 
IS MULTIPLE OF X/4,AND ACTS 
AS A SERIES - RESONANT CIRCUIT

Figure 13-115. Re sonant-Line Sections 
Used as Bandpass Filters

circuit. The series-resonant effect is the 
same in either two-wire or coaxial-line sec
tions . The series-resonant line differs from 
the parallel-re sonant line only in that the 
quarter-wave section is open-ended and the 
half-wave section is close d-ended. The im
pedance ,Q, the tuning, and other practical 
considerations apply equally to the use of 
the line sections as series or parallel- 
resonant circuits.

AT 2ND, 4TH , AND OTHER 
EVEN HARMONICS,SAME 
SECTION IS MULTIPLE OF 
X/2, AND ACTS AS A PARAL
LEL-RESONANT CIRCUIT. 

tEEh 
HIGHZ

o
e)
e>
b

transmitter

other filter types for suppression of all the 
harmonic frequencies. Part A of figure 
13-115 illustrates the manner in which even 
harmonics are practically eliminated from 
an antenna transmission line by inserting an 
open-end quarter-wave section in one side 
of the main line. This X /4 section offers a 
low impedance, as shown in part B of figure 
13-115, and does not prevent current flow 
at the fundamental frequency. At the second 
harmonic, however, the wavelength is 
halved, and the same section becomes a 
half-wave open-end section which acts as a 
parallel -re sonant circuit. An extremely 
high series impedance, therefore, blocks 
the second harmonic. At the fourth har
monic ,the filter becomes a full-wave sec
tion, and at every even harmonic, the sec-

13-495. PRACTICAL USES. Resonant-line 
sections functioning as series-re sonant cir
cuits are used where it is desired to present 
a low, purely resistive impedance to a nar
row band of frequencies. One of the most 
common applications is as a bandpass filter, 
used either alone in a transmission line to 
suppress harmonics, or in conjunction with .
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13-500. A closed-end stub is generally used 
for convenience of adjustment. In practice, 
the standing-wave ratio must be determined 
by means of a probe and an indicating device 
Maximum and minimum voltage or current 
points are located, and the maximum voltage 
is divided by the minimum to give the swr.

13-498. PRACTICAL USES. Line sections 
are often used as reactances to remove 
standing waves from transmission lines by 
tuning out or canceling reactive components 
in mismatched loads. Line sections also 
find applications as low-loss substitutes for 
lumped reactances in filters.

quencies than can be obtained with lumped- 
property reactances. The reactance of line 
sections, however, changes much more 
rapidly with frequency than that of lumped- 
property components.

tion is a multiple of a half-wavelength and 
behaves as a half-wave section to block these 
frequencies. At odd harmonics, the same 
section becomes a multiple of the basic 
quarter-wave section and offers a low imped
ance that permits the current of the odd
harmonic frequencies to pass. If it is de
sired to eliminate these odd harmonics, 
another means must be used, since any at
tempt to use a resonant-line section for this 
purpose results in excessive loss at the 
fundamental frequency. Fortunately, you 
can eliminate the third harmonic, which is 
the most troublesome, in the resonant-line 
tanl< circuit of the final amplifier by captive- 
loading or tapping the tank.

13-497. GENERAL PROPERTIES. A line 
section other than a X/4, or a multiple of a 
X/4, functions as a reactance. The value of 

reactance may be high or low and it may be 
inductive or capacitive, depending on the 
electrical length and the line termination. 
An open-end line section less than X/4 be
haves as a capacitive reactance, and a 
closed-end section of the same length offers 
inductive reactance. For sections exactly 
X/8 or odd multiples thereof, the theoretical 
reactance is numerically equal to the char
acteristic impedance of the line. Part A of 
figure 13-116 gives the reactance curves for 
line sections up to 1 wavelength. In a theo
retical line with no losses, pure reactances 
with zero power factor would exist, but in 
any practical line a small resistance is 
present. This, results in a resistive value 
in series with the reactance of the line sec
tion, as shown in part B of figure 13-116. 
At approximately a X/8, or multiples there
of, the reactance offered by the line section 
is equal to the characteristic impedance. 
The reactance results in a definite power 
factor, but in a section of well designed line 
it will be very small and the section can 
function as an extremely low-loss reactance 
with much greater efficiency at higher fre-

13-499. LINE-MATCHING STUBS. Wlien a 
transmission line is used to feed a reactive 
load, such as some antenna arrays, stand
ing waves are set up because of the load 
mismatch. To provide a proper impedance 
match and eliminate the standing waves, a 
stub is used. The stub is placed at a point 
on the line where the resistive component is 
equal to the characteristic impedance of the 
line. At this point there is also a reactive 
component (see part B of figure 13-116) and 
the length of the stub is adjusted until its 
reactance is equal and opposite that of the 
line. When this is done, the line is matched 
at that point and standing waves are elimin
ated from this point back to the input end, ,or 
source. For this reason, the stub is placed 
as near to the load as is practicable, even 
though there are four points on every elec-- 
trical wavelength of line where the resistive 
component equals the characteristic imped
ance ・ The approximate location for the 
stub, as well as the stub length, can be 
found by using the chart of figure 13-117; 
however, because of variations in practical 
lines, some final adjustment is necessary.
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The stub is then connected to the line at the 
point determined from the chart. A closed- 
end stub always is placed between the last 
voltage maximum on the line and the input 
end—never between Emax and the load end. 
Usually, a simple final adjustment of stub 
length completes the matching procedure.
If the swr of the line is at least 10 or more, 
the adjustment of the stub is critical. Fig
ure 13-118 illustrates the effect of stub 
matching on a line with standing waves.

When the line is not stubbed, the source 
sees an impedance that may be any value, 
depending on the length of the line; standing 
waves appear along the line, as shown in 
part A of the figure. With the stub attached 
at the proper point, as in part B of the fig
ure, the source sees an impedance which is 
equal to the characteristic impedance of the 
line and the resonant section of the line 
matches the load impedance, no matter what 
its value may be. An alternate method of

R LESS THAN ZQ
> R GREATER
£ than z0

AT EXACTLY X/8 AND 3/8X, Zeffn Z0 
EFFECTIVE IMPEDANCE

Chapter 13 Section VII 
Paragraph 13-500 (Cont)
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Figure 13-117. Stilb Length and Position 
for Impedance Matching
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ADJUSTABLE 
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connecting the stub is shown in part C of the 
figure. It is much easier to use single-stub 
matching with two-wire lines than with 
coaxial lines, because of the greater con
venience of measuring the s\vr and moving 
the stub. The stub section should be identi
cal, both physically and electrically, to the 
main line.

13-501. DOUBLE-STUB MATCHING. In 
coaxial lines, the difficulty of moving the 
stub along the line for final adjustment is 
eliminated by using two stubs, which are ad
justable in length by means of shorting 
plungers. These stubs are located anywhere 
on the load end of the line (see figure 13- 
119), but the spacing between the stubs must 
be exactly X/8 or an odd multiple thereof. 
The arrangement will not handle the variety 
of complex load impedances that the movable 
single stub will handle, but where the swr is 
not unusually high it is effective and rela
tively noncritical. The second stub functions

SOURCE 
SEES Zj/

STUB

13-121

c
ALTERNATE METHOD FLAT SECTION

COAXIAL LINE

Figure 13-119. Double-Stub Impedance 
Matching

Figure 13-118. Effect of Stub Impedance 
Matching
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Figure 13-120. Stubs Used as Impedance 
Transformers
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75-OHM 
LOAD

13-504. CONVERTING FROM BALANCED 
TO UNBALANCED IMPEDANCES. A bal
anced condition in a transmission line is de
fined as a condition in which equal or nearly 
equal amounts of positive and negative volt
ages appear above or below a reference 
point, which may be ground or some estab
lished voltage. In high-gain antenna sys
tems it is usually essential to have fairly 
good balance to ground if the intended di-

as a compensating adjustment, giving an 
electrical effect which moves the position 
of the first stub.

13-502. STUB AS IMPEDANCE TRANS
FORMER. The matching stub, in combina
tion with the short resonant section of line 
between it and the load, acts as an imped
ance transformer. To eliminate the stand
ing waves, it transforms the complex load 
impedance into a resistive impedance equal 
to Zo. Since this is true, the stub may also 
be used for transforming the line imped
ance to match the line to the source. The 
load-matching stub is located and adjusted 
as already described, and a second stub is 
placed at the input end to match the line to 
the source in exactly the same maimer. 
Thus, the impedances shown in figure 13-120 
are matched perfectly and the transmission 
line operates without standing waves.

13-505. Wlien the impedances of the de
vices to be connected already match and no 
impedance transformation is desired, a 
bazooka type of line-balance converter, 
called a balun, is widely used. This is a 
quarter-wave shield which is placed around 
the end of the coaxial line. Part A of figure 
13-121 shows a closed-end quarter-wave 
coaxial section between the detuning sleeve 
and the outer braid of the unbalanced line. 
This causes a high impedance to exist be
tween points 1 and 2. The inner conductor, 
labeled 3, is already a high impedance with 
respect to ground. Part B of the figure 
shows that point 2, which was formerly at 
ground potential, is now free, and its imped
ance to ground will depend on the load to 
which it is connected. If points 2 and 3 are 
connected to a balanced line, they will as-, 
suine equal impedances, and point 1 will be 
at ground potential. The equivalent circuit, 
shown in part C of the figure, demonstrates 
the 1:1 transformation in terms of lumped- 
property components. The bazool<a con
verter gives excellent performance as long

rective pattern is to be obtained； if such an 
antenna were connected directly to an un
balanced coaxial line, either the load bal
ance or the line operation, or both, would 
be upset. The unbalance would shift the 
electrical feed point of the load away from 
the designated point, changing the ohmic 
value and introducing reactance into the ef
fective load impedance. On the other hand, 
a balanced load would act as an interruption 
or discontinuity in the line. Any discon
tinuity in a transmission line can cause 
standing waves. For example, if you put 
rf current on the outside braid of the coaxial 
line, causing unwanted radiation, and couple 
the load reactance back into the source, the 
discontinuity will cause standing waves, if 
the impedance of the antenna is purely re
sistive and matches the line impedance. 
Obviously, you must use some means of 
converting from an unbalanced to a balanced 
condition.
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as the operating frequency does not vary 
more than a small percent. It may also be 
operated in the reverse manner, to convert 
from a balanced to an unbalanced condition.

Figure 13-121. Bazooka Line-Balance 
Converter
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Figure 13-122. Phase Inverter Used as 
Line-Balance Converter
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13-506. Another type of balun or line- 
balance converter (see figure 13-122) is the 
half-wave phase inverter, which acts as an 
impedance transformer with a 4:1 ratio. 
Since the phase inverter is \/2, a negative 
peak appears at 2 every time a positive peak 
appears at 1, and since both peaks appear 
on the inner conductor, they have a high 
impedance with respect to ground. If each 
peak has a value of 50 volts, as measured 
to ground, the voltage across 1 and 2 will be

100 volts. This is a voltage ratio of 2:1, 
which gives an impedance ratio of 4:1. Like 
the bazooka converter, the phase inverter 
may be operated in either direction and is 
highly efficient only within a narrow range 
of frequencies.

13-507. HALF-WAVE LINE SECTION AS 
1:1 TRANS FORMER. Because a X/2 line 
section or any multiple thereof repeats the 
input impedance at the output end of the line, 
it can be used as a 1:1 transformer. If a 
source having an impedance of 600 ohms is 
connected to the input end of the line, an 
impedance of 600 ohms will appear at the 
output end, no matter what the characteris
tic impedance of the line may be. The same 
is true of the load impedance, and its actual

,.一
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value appears unchanged at the input end. 
Therefore, if a sourde and a load are 
matched, and thereby have impedance values 
that are approximately equal, they may be 
connected by a half-wave line section. This 
is convenient where the source and load are 
approximately matched, but are separated 
physically by some distance. By using a 
line that is a multiple of a half-wavelength, 
the two may be connected without a mis
match. Because no actual matching is done, 
it is now possible to connect a source and a 
load whose impedances differ greatly. 
Coaxial or two-wire line may be used.

Figure 13-123. Time Delay Obtained with 
Line Sections

13-508. LINE SECTIONS USED FOR TIME 
DELAY. In electronic apparatus, it may be 
desirable to have a difference of a fraction 
of a second between the time an electrical 
impulse arrives at one point and the time 
the same impulse arrives at another point. 
Because of the velocity factor, an electrical 
impulse is slowed down in a transmission 
line and requires a definite period of time 
to travel through a given length (see part A 
of figure 13-123). Therefore, a time delay 
can be obtained by using a suitable length 
of line to connect the two points. You must 
use the velocity factor to calculate the cor
rect length. Another means for providing 
the desired time delay is shown in part B of

13-509. LINE SECTIONS AS PHASE 
SHIFTERS. When a time delay between 
two points is required, it may or may not 
be necessary to maintain an exact phase 
relationship between them. When it becomes 
necessary to produce a definite change of 
phase, you can use a line section of the ap
propriate length between the two points, or 
you can cut the lines to the proper effective 
difference in the two lengths connecting the 

For example, if a phase shift of 
90 degrees is required, the line should be 
A/4 or any number of full wavelengths plus 
X/4. This is important, because it is pos
sible to use any number of full wavelengths 
of line to introduce a desired time delay, 
but the phase shift is determined by the 
fraction of a wavelength left over at the end 
of the line of full wavelengths.

the figure. In this method, the impulse 
from the source travels a short length of 
line to arrive at point 1, but has farther to 
go to reach point 2. This extra distance 
provides the time delay between points 1 
and 2.

13-510. COMBINED PHASE SHIFTING AND 
IMPEDANCE TRANSFORMATION. A half
wave section of two-wire line shorted at 
both ends, as shown in figure 13-124, is 
frequently used as a phase shifter and im
pedance transformer; it is referred to as a 
half-wave frame . If an rf source is con
nected at points 1 and 2 of part A of figure 
13-124, or any desired impedance points, 
the standing waves of voltage and current 
are demonstrated by curves E and I, which, 
in turn, result in the impedance curve Z. 
The load is tapped on at whatever location 
offers the proper impedance match, and the 
phase shift is determined by the distance in 
electrical degrees between points 1 and 3 or 
2 and 4. The lowest impedance points are 
at the shorting bars, and the highest are at 
points 5 and 6, X/4 away. This makes possi
ble a wide range of transformation ratios. 
Beyond 5 and 6 the impedance decreases and

B M------TIME DELAY—*!

INSTANTANEOUS VOLTAGE

AA/Wy
「 一 &

VELOCITY FACTOR LESS THAN I

| SO,2ce] J • 1
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Figure 13-124. Half-Wave Frame Used as 
Phase Shifter and Impedance Transformer

Chapter 13 Section VII 
Paragraphs 13-511 to 13-512

13-511. LINE SECTIONS FOR ENERGY 
STORAGE. A transmission line or a line 
section may also be used to store pulses of

Z RATIO I ， 
TO 4 PHASE 
SHIFT 50'

Z RATIO I 
TO 4 PHASE 
SHIFT 85°

the current again rises, but in opposite 
phase. Therefore, there are two points on 
each conductor which offer the same imped
ance but different phase relationships. If 
you move the load to 7 and 8, the impedance 
is the same, but the phase is not. This is 
true because the half-wave frame is actually 
composed of two quarter-wave sections con
nected in series. Part B of figure 13-124 
shows the phase relationships.

energy in the form of standing waves and 
deliver them at a desired rate. Delays of 
approximately 1 to 2 microseconds can be 
obtained in this manner. Longer times, 
however, are impracticable, because of the 
length of line that would be necessary. When 
longer time delays are necessary, it is 
possible to construct artificial delay lines, 
as has been previously discussed, composed 
of lumped-property capacitance, inductance, 
and resistance to achieve the same purpose.

13-512. LINE SECTIONS FOR SWITCHING 
FUNCTIONS. In installations where a trans
mitter and a receiver use the same antenna, 
a means must be provided for switching 
from one to the other. This keeps damaging 
amounts of power out of the receiver cir
cuits and prevents the loss of feeble incom
ing signals. Mechanical switching is satis
factory at the low frequencies, but at the 
higher frequencies it causes losses by in
troducing discontinuities which set up stand
ing waves in the transmission line. Special 
gas-discharge tubes are used in conjunction 
with quarter-wave and half-wave re sonant
line sections (see part A of figure 13-125) to 
solve this problem. At point X, which is 
close to the transmitter, the line to the re
ceiver is tapped off. On the receiver line, 
X/4 from point X, a tube is connected which 
short-circuits the line when excited by suf
ficient rf energy. Another special tube is 
connected a short distance from X toward 
the transmitter, at the end of a half-wave 
line section inserted in one side of the main 
line. Part B of figure 13-125 shows the ac
tion of the switch in the transmitting position. 
The tube in the X/2 section causes a short 
circuit which is reflected back to complete 
the main line. The energy from the trans
mitter then enters the receiver line and 
causes the tube there to discharge, but this 
creates a \/4 closed-end line section be
tween the tube and point X, which offers a 
high impedance at the input end. Only enough 
energy is admitted to keep the gas tube dis
charging, and none can get through to damage
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Figure 13-125. Line Sections for Switching Functions
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X
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the receiver. As soon as the transmitted 
energy is interrupted or stopped, both tubes 
become open circuits, as shown in part C of 
the figure. Incoming rf signals, which might 
otherwise be lost in the transmitting circuit,

TT

find an open circuit toward the transmitter. 
Since received signals are too weak to ener
gize either tube, there is no danger that the 
conditions will be reversed.

\
SHORT CIRCUIT
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SECTION vm

ARTIFICIAL TRANSMISSION LINES

13-513. GENERAL.

13-515. CIRCUITS.

13-127

13-516. Although the delay characteristics 
and charging action of rf lines make them 
useful in some radar applications, they can
not be used in others, chiefly because they 
would have to be excessively long. An actual 
rf line would have to be several hundred feet 
long for some uses in radar. Even if a line 
of such length could be coiled, it would oc

cupy more space than is available in an air
craft. Thus, so far as airborne equipment 
is concerned, actual transmission lines are 
out of the question. For this reason artifi
cial lines are used instead of actual lines.

Chapter 13 Section Vin 
Paragraphs 13-513 to 13-519

13-514. An artificial transmission line can 
be thought of as an electrical network com
posed of lumped inductance and capacitance, 
and in certain applications lumped resist
ance as well. The artificial line has char
acteristics similar to those of an actual 
transmission line. Although the primary 
purpose of a transmission line is to guide 
the transfer of energy from one place to 
another, the transmission line has charac
teristics which may be useful for other ap
plications. For example, if you apply a 
voltage to the input terminals of a line, a 
definite amount of time passes before the 
voltage appears at the output terminals. In 
other words, the line has the ability to de
lay voltage and current and the longer the 
line the greater the delay. If a voltage must 
be applied to the grid of a tube 1 or 2 micro
seconds after it has been applied to another 
part of the circuit, a length of transmission 
line can be placed ahead of the grid to pro
vide the necessary time lag.

13-517. Artificial lines possess all the 
characteristics of actual lines, but do not 
have the bulk and physical length of actual 
lines. They are constructed by first deter
mining the capacitance and inductance of the 
desired line, and then lumping these vari
ables into equivalent inductors and capaci
tors. The result is an electrically equiva
lent, but physically different, line.

13-519. In any line, time is required for a 
voltage change to travel the length of the line. 
This time characteristic makes it possible 
to slow down the transfer of a voltage change 
in its travel from one circuit to another.

13-518. Part A of figure 13-126 shows an 
actual two-wire line. Part B of the figure 
shows the equivalent circuit for each section 
as it is when the section is split into two 
parts and its characteristics measured. 
Since both sections have identical charac
teristics, the two can be joined together (see 
part C of figure 13-126). The final circuit, 
shown in part D of the figure, lumps the in
ductive and capacitive characteristics of 
each section and simulates the artificial 
line. As you can see, the artificial line 
performs just as an actual line would per
form, but it occupies much less space.
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NVLC = 2.协.5 - 10-3・ 0.05 • 10-6Td o10-4 . 5 . io-8

2 • 5 - 10-6

10 • 10一6 seconds

10 microseconds
Vlc .

Td

where:

Td = time delay in seconds

N = niunber of sections

L = inductance per section in henrys

13-128

L

C 
CIRCUIT OF TWO SECTIONS TOGETHER

L/2

L/2
zva

L/2

C-CAPACITANCE PER SECTION 
L-INDUCTANCE PER SECTION

L/2

Chapter 13 Section VIH 
Paragraphs 13-520 to 13-522

THIS HALF IS THE SAME. SO 
CIRCUIT IS DUPLICATED.

C = capacitance per section in farads

To calculate the time delay for the entire ar
tificial line shown in figure 13-127:

13-521. In one radar set the time base is 
generated in such a way that it does not 
start until after the first radar echo returns 
to the receiver. For these signals to be 
displayed at their correct range mark, they 
are sent through an artificial rf delay line, 
which delays the signals just enough that the 
very first returning signal does not arrive 
at the cathode-ray tube until the time base 
has begun to form. Although a large num
ber of video frequencies are present in the 
signal going through the line, all of them 
are delayed the same amount.

13-520. The artificial line shown in figure 
13-127 provides a means of delaying a volt
age square-wave pulse 10 microseconds. 
This line is constructed with an inductance 
of . 25 millihenry in conjunction with one 
half of the lumped 0.5-millihenry inductance, 
to create a total inductance of 0.5 millihenry 
working with a capacitance of 0.05 micro
farad in each of the two sections. To com
pute the time for a voltage change to move 
through one section, use the equation T = 
V LC ・ The equation for time delay for the 
entire line is:

13-522. Another phenomenon of rf lines is 
the manner in which the lines charge and

L ANDC MEASURED FOR THIS HALF

=2

=2

=n Vlc

10-12
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Figure 13-127. Artificial Delay Line

tp

L = 0.5 mh per section

N = . 05 /xf per section

13-129

PULSE EMERGING

EFFECT OF LINE ON VOLTAGE CHANGE

that the end of the line has a continuous rise 
in voltage which equals the applied voltage.

.25 mh

discharge when a de voltage is applied to 
them. When de is applied to a line in which 
the source impedance is matched to the line 
impedance, half the source voltage appears 
across the line impedance at the time the 
battery is connected to the line. A voltage 
change is thereby produced across the line. 
Figure 13-128, which shows the oscilloscope 
picture at the sending end, illustrates this 
condition. This voltage change travels down 
the line, charging the line as it goes. When 
the voltage change reaches the open end, it 
is reflected and starts back along the line.

The following are the calculations for the 
time duration, both forward and rearward, 
of the pulse generated in the artificial line 
shown in figure 13-127:

13-523. All capacitors charge to half the 
battery voltage when the voltage change is 
going down, and to full battery voltage when 
the voltage rise is coining back. The oscil
loscope picture in figure 13-128, at the 
center of the line, illustrates this condition. 
This change in voltage is commonly called a 
step voltage. When all capacitors have been 
charged to a value equal to the battery volt
age ,current stops flowing from the battery. 
By observing the oscilloscope picture which 
illustrates the end of the line, you will note

.5mh

Chapter 13 Section VIII 
Paragraphs 13-523 to 13-525

• 25mh 
z-VWX

N = 2 sections

2nVlc" =2-2 j/o.5 - 10-3 ・.05 - IO” 

1/25 • 10~12

13-524. When this line is discharged into a 
resistance equal to its characteristic imped
ance, the result is a square wave that has a 
constant amplitude and a duration equal to 
twice the time for the pulse to travel the 
length of the line. The amplitude is equal to 
half the charge voltage because the line dis
charges through its own impedance and the 
load impedance, Zr, which are connected in 
series. This cuts the load voltage by half 
and produces a drop in voltage that immedi
ately travels down the line and back to the 
starting place, as shown in figure 13-129. 
As the end of the line is open, the reflection 
there is in phase. This produces a voltage 
across the load impedance, Zr, equal to 
half the charge voltage, and which lasts for 
twice the time of one-way travel on the line.

=4・

=4 • 5 - 10-6

= 2N〃LC

13-525. Usually, an artificial line is con
structed to generate this square wave. When 
the L and C for each section are known, the 
time duration of the square pulse, tp, is:

tp =

=20 . IO"6

=20 microseconds
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Figure 13-128. Mechanics of Charging Artificial Line

13-130

---- -----------------
THE CIRCUIT OF THE LINE

土

Zi ■ z。

EQUIVALENT CIRCUIT 
DURING CHARGE

Chapter 13 Section VUI 
Paragraph 13-526

AT SENDING END
10 - TIME BATTERY IS CONNECTED

When an artificial line is not terminated in 
its characteristic impedance, Zo, several 
trips (reflections) are required for complete 
discharge. This means that discharge can
not be completed in a single round trip.

AT CENTER OF LINE
OSCILLOSCOPE PICTURES

The calculations for finding the Zo of the 
artificial delay line shown in figure 13-127 
are as follows:

13-526. In figure 13-129 there are three 
oscilloscope pictures that show the discharge 
action of an artificial line across Zr. When 
Zr is large, the pulse is tall. But this is 
followed by several smaller steps, called 
tails. These tails exist because the line 
does not completely discharge during the 
first trip, and more trips are necessary for

complete discharge. When Zr is small, the 
change that is reflected not only cancels the 
voltage left on the line, but also recharges 
the line to a smaller voltage in the opposite 
direction, producing an oscillatory output 
,waveshape. To calculate the Zo value of the 
line, use the following formula:

-TIME VOLTAGE ARRIVES 
AT OTHER END

・十十 
o »d 2扁

■r：rr
i i

-t—
% *d 2,c

•矽

AT END OF LINE
2td - TIME VOLTAGE ARRIVES 
BACK AT SENDING END

Z。

J»7~ --
二 T
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The characteristic impedance is as follows:

100 ohmsZo

OF LINE INTO ZR

‘。td 2td
START OF DISCHARGE

Er-r-r
E/2

PAST THE HALF-DISCHARGED POINT

z；

CIRCUIT OF LINE

Figure 13-129. Discharging Artificial Line Through Zr

13-131

5 . 10-4
5 • 10-8

E/2 
CORRECT PULSE BECAUSE 
Zr' 一 一

13-529. A pulse can also be formed by a 
short-circuited line. The operation of the 
line depends upon the energy stored in the 
magnetic fields around the inductors in the

EFFECT OF SMALL 
Zr. PULSE OSCILLATORY

Chapter 13 Section VIH 
Paragraphs 13-527 to 13-529

13-527. An artificial pulse line is capable 
of producing a nearly perfect square-wave 
pulse which has an amplitude of several 
thousand volts. For purposes of compari
son, a vacuum-tube multivibrator and am
plifier circuit that could provide a similar 
output would weigh 100 pounds and occupy a 
space of several cubic feet. On the other 
hand, a pulse-forming line of equal capacity 
would consist of a few inductors and capaci
tors and occupy a space of only about four 
cubic inches.

EQUIVALENT CIRCUIT
OF LINE 

DURING DISCHARGE

13-528. Figure 13-130 shows a simplified 
radar transmitter which uses a pulse line. 
In it a conventional power supply charges 
the pulse line through a diode tube to 4000 
volts. The diode prevents the line from dis
charging through the power supply. When 
you close the switch, a 1-microsecond, 2000- 
volt pulse is generated. The step-up trans
former increases this 2000 volts several 
times. This voltage serves as the cathode 
voltage for the transmitter; the plate of the 
transmitter tube is at ground potential. The 
transmitter oscillates during the time cath
ode voltage is applied, a period of 1 micro
second. Thus, a radio -frequency signal of 
1-microsecond duration (or a radar pulse) 
is radiated by the antenna.

Z。
0.5 > 10-3

0.05 - 10-6

= Mo4 = lO^

EFFECT OF LARGE ZR. q. 
PULSE TALL BUT 
FOLLOWED BY SEVERAL 
SMALLER STEPS BECAUSE 
LINE IS NOT COMPLETELY 
DISCHARGED ON FIRST 
TRIP VOLTAGE MAKES 
SEVERAL TRIPS, CAUSING O 
SEVERAL STEPS

OSCILLOSCOPE PICTURES 
OF VOLTAGE ACROSS ZR

二 z,
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WAVESHAPE AT PRIMARY 
OF TRANSFORMER
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line. The line is charged from a constant- 
current source, and produces a voltage 
across the load, Rl・ Part A of figure 13- 
131 shows a short-circuited line during 
charge. At the instant the constant-current 
source is connected to the line (see T1 in 
part B of figure 13-131), a current, Io, flows. 
If RL is equal to the characteristic impedance 
of the line, Zo, the current is divided equal
ly between the line and Rl. A wave of volt
age whose amplitude is one-half IqZ0 travels 
down the line, and is reflected back up the 
line with a polarity which is opposite that at 
the short-circuited end. This reflected wave 
travels back to the input end.

13-530. The voltage pulse generated at the 
load during the charging period has an am-

STEP-UP 
TRANSFORMER

ANTENNA

V

_______________ I
TRANSMITTER AND POWER SOURCE
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plitude of — loRL. It lasts the length of

13-536. LIQUID MEDIA.

13-533. SUPERSONIC DELAY LINE.

13-133

Chapter 13 Section VIII 
Paragraphs 13-531 to 13-538

timing cannot vary more than 0.5 micro
second.

plitude of — loRL. It lasts the length of 
2

time it takes the pulse to travel to the end 
of the line and back. This is the pulse 
shown from T1 to T2 in part B of figure 
13-131.

13-531. The voltage across Rl is now 
zero ・(The line is effectively shorting the 
load.) A constant current, Io, is flowing 
through the inductances of the line, and the 
line is fully charged with magnetic energy. 
The current flowing down the line during 
charge is reflected in-phase, and the in
cident current and reflected current add, 
doubling the current on the line.

13-535. The principal elements of a super
sonic delay line are the transmission media 
and the electromechanical transducers. In 
the supersonic delay line, electrical im
pulses are changed into sound impulses; 
after they have traversed a transmission 
medium, they are converted back into elec
trical signals , Since sound waves travel 
more slowly than electrical waves, delay is 
introduced. For frequencies in the mega
cycle range, quartz crystals are the most 
satisfactory transducers. Liquids (water 
and mercury) and solids (fused quartz) are 

• normally used as the transmitting medium.

13-537. Figure 13-132 illustrates a typical 
mercury delay line. The signal is applied 
to a quartz crystal, which is the electro
mechanical transducer. (A transducer is a 
device that converts electrical energy into 
mechanical energy, or vice versa.) The 
crystal undergoes changes in thickness due 
to the piezoelectric effect； thus, electrical 
energy is converted into mechanical energy 
(vibrations). The vibrations of the crystal 
are communicated to the mercury as super
sonic ,or ultrasonic, waves. The waves 
travel down the tank with the mercury act
ing as a transmission medium.

13-534. The supersonic delay line has two 
generator purposes： (1) to delay an elec
trical signal, such as a trigger or a range 
mark, and (2) to delay a pulse carrier with
out introducing distortion. In present-day 
radar methods, comparison of video signals 
with each preceding signal is a necessity 
for efficient Moving Target Indicator (MTI) 
operation. Recent advancements in the de
velopment of electronic equipment have in
dicated an increasing need for triggers whose

13-532. At time T3 the constant-current 
source is disconnected from the transmis
sion line. A voltage pulse that is exactly 
similar to the charging voltage pulse is de
veloped across Rl as the magnetic energy 
stored on the line is discharged. The dura
tion of the pulse is the time it takes the cur
rent to travel down the line and back (T3 to 
T4). At time T4 the line is discharged com
pletely. As the magnetic fields about the 
inductances collapse, half the current
(-~Io) flows through the load and half charges 匕
the capacitors. As the current tends to de
crease through the inductors, the capacitors 
discharge, maintaining the current constant 
to the end of the pulse.

13-538. On reaching the end of the tank, 
the waves are reflected by a reflecting plate. 
The reflectors consist of circular surfaces 
arranged on the two opposing ends of the 
tank. They are formed in the walls of the 
tank by grooves cut around these areas. If 
the reflecting surfaces make good contact 
with the mercury, they will tend to absorb 
the mechanical vibrations. For maximum 
reflection capabilities, a rough surface is 
used, with air trapped in the pockets of the 
rough surface area. This provides a mis
match to the mercury that causes almost
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13-539. In mounting the crystal, you must 
be careful to support and protect it so that 
it will not bend or break. The crystal must 
be aligned accurately with the tube axis. 
Provision must be made to attach electrodes 
to the crystal surface so that there will be 
no interference with the crystals sonic op
eration. Elimination of unwanted multiple 
echoes is a requirement for lines that must 
reproduce the pulse shape accurately. This 
is accomplished by reducing the time the 
signal is applied to the delay line so that the 
remaining wave can be damped out. The 
thickness vibration of the crystal is usually 
at the crystal* s lowest resonant frequency. 
Some crystals are backed by steel on the 
sides that are not in contact with the merc
ury. In other crystal mountings the crystal

TANK FILLED 
WITH MERCURY

Chapter 13 Section VIH 
Paragraphs 13-539 to 13-541

perfect reflection. This process is re
peated over several paths. The waves 
finally strike a crystal at the opposite end 
of the tank and produce electrical impulses. 
The piezoelectric effect here changes the 
mechanical energy back to electrical energy.

is backed by mercury, which makes plating 
unnecessary on that side. The large acous
tic impedance of the mercury likewise loads 
the crystal and widens its bandpass charac
teristic ・ In the mercury delay line shown in 
figure 13-132, direct mercury-to-crystal 
contact is used at both the input and output 
of the delay line. The mercury acts as the 
ground side of the electrical input and output 
circuits. Insulated plates on the opposite 
sides of the crystals provide the other elec
trical connections for crystal operation.

13-541. Fused-quartz delay lines are me
chanical delay circuits that depend upon the 
time it takes mechanical ultrasonic waves to 
pass through the fused quartz. Normally, 
each quartz delay line is contained in a her
metically sealed shell. Figure 13-133 shows 
the multiple-symmetry type of fused-quartz 
delay line. Transducer crystals with a 
resonant frequency near the frequency of 
the carrier signal convert electrical input 
waves to supersonic mechanical waves.
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Chapter 13 Section VIU 
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SIGNAL IN

13-542. A polygon-shaped quartz block is 
used to provide surfaces from which the 
signals are reflected. The facets, or sides, 
of this polygon are precision-ground at the 
necessary angles to obtain the desired sig
nal reflection path. Figure 13-133 illus
trates the theoretical polygon-shaped quartz 
crystal. The sides and angles of an actual 
fused-quartz delay line of 14 sides would 
vary. In figure 13-133, the signal is fed in 
at side 2 and fed out at side 11. Some of the 
facets of the multiple -symmetry quartz de
lay line reflect the signal as many as three 
times. The figure shows only one of the 
possible paths which the signal may use.

13-543. Fused-quartz delay lines of the 
multiple -symmetry type and mercury delay 
lines are used because of their ability to de
lay signals faithfully by much longer times 
than electrical delay lines. In the propaga
tion of acoustical waves, there is much less 
phase and amplitude distortion than in the 
electromagnetic waves. Such delay lines 
can also be constructed to withstand severe 
conditions of temperature and pressure, 
and may be stored indefinitely without any 
harmful effects. ' Fused-quartz delay lines 
may be mounted in any position for operat
ing. One factor which limits the operation 
of fused-quartz delay lines is that spurious'
心. <.匕'..，'

13-135
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13-136

13-544. MAGNETOSTRICTION DELAY 
LINE.

Chapter 13 Section Vin 
Paragraphs 13-544 to 13-550

13-545. The basic material used in the con
struction of a magnetostriction delay line is 
a nickel ribbon or tube. Kinking should be 
avoided, because serious reflections occur* 
at kinks or dents. The driver coil is ap
proximately the same as the pickup coil, the 
pickup coil having more turns than the driver 
coil. A nonmetallic, nonmagnetic material 
is used as a coil mount, with the coil cen
tered very accurately on the coil form. The 
output coil requires a polarizing magnetic 
field for proper operation. You should pre
vent undesired end reflections by some 
means of mechanical dampening (usually a 
rubber moimt).

13-548. The magneto str iction effect may 
be described as the change in dimensions of 
a ferromagnetic material when it is sub
jected to a longitudinal magnetic field. The 
maximum variations occur in the length of 
the material, with smaller changes occur
ring in the volume of the material.

13-549. In figure 13-134, VI is a twin 
triode whose grids are biased beyond cutoff. 
A positive pulse drives both grids of VI 
positive, causing a short pulse of current 
to flow in each plate circuit. Each plate 
circuit of the twin triode contains three 
coils, with a set of relay contacts in paral
lel with each coil. The driver coils are 
wound around the magnetostriction line of 
nickel tubing. The relays are remotely con
trolled. If any relay contact is opened, the 
plate current pulse flows through the associ
ated coil and creates a magnetic field along 
the longitudinal axis of the nickel tubing. 
This field sets up a shock wave in the tubing 
because of the magnetostriction effect.

other orientations. As the field intensity in
creases, the atoms with unstable orientation 
shift suddenly. The corresponding sudden 
changes in the interatomic force of the face- 
centered cubes of nickel crystals set up 
elastic vibrations that act upon adjacent 
atoms and are thereby transmitted. The 
sum of a large number of these sudden local 
shifts in orientation results in the observa
ble magnetostriction effect, which is used in 
present-day electronic equipment.

13-550. A mechanical stress is felt along 
the tubing in the vicinity of the driver coils. 
The shock wave travels from its source to
ward the end of the line with a velocity of 
0.187 inch per microsecond. When this 
shock wave reaches the end of the line, most 
of the energy is absorbed in the rubber tub
ing that is clamped around the end of the line. 
The driver coils may be spaced so that the 
time required for the shock wave to travel 
from one coil to another mnets the time re
quirements of the equipment used.

13-547. The application of a magnetic field 
increases the stability of the atoms aligned 
with the field, and decreases the stability of

13-546. The main theory of ferromagnetism 
is based on the assumption that a ferromag
netic crystal is composed of a large number 
of regions, each of which is spontaneously 
magnetized to an intensity that is a function 
of the temperature alone. Wlien the net 
over-all magnetization is zero, these regions 
are aligned in equal numbers along the vari
ous directions of easy magnetization of the 
crystal. The effect of a magnetizing field 
is to alter this uniform distribution so that 
most of the regions lie in that direction of 
easy magnetization which most nearly coin
cides with the field.

secondary signals are produced in the line 
because the sigiial travels paths other than 
that corresponding to the desired delay time; 
these signals must be attenuated to a level 
at which they can be ignored. Another im
portant factor concerning the use of the 
fused-quartz delay line is the amount of 
signal attenuation in the line. Some radar 
systems have a requirement of less than 60- 
db signal attenuation.
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Figure 13-134. Magnetostriction Delay Line
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Chapter 13 Section VUI
Paragraph 13-551

13-551. A permanent horseshoe magnet 
mounted near the tubing provides a magnetic 
field in the vicinity of the pickup coil. The 
shock wave, which actually compresses the 
nickel tubing, travels down the tubing and 
shifts the lines of flux created by the perma
nent magnet. As the lines of flux cut the 
pickup coil, a voltage is induced. Because

T------------------」一 一

W Q E " H

of the short duration of the shock wave and 
the direction of the magnetic field, a short 
negative pulse is applied to the grid of V2. 
The magnetostriction delay line has been 
satisfactorily developed as a flexible device 
for delaying pulses, for the mixing of pulses, 
and for generating codes.
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SECTION IX

TRANSMISSION LINE MEASUREMENTS

13-557. DECIBEL.

10 logio —- or Pl over P2

13-139

13-555. UNITS OF TRANSMISSION 
MEASUREMENTS.

Chapter 13 Section IX 
Paragraphs 13-552 to 13-558

13-553. A transmission line may cause 
deterioration of a transmitted signal in many 
ways—by frequency versus attenuation char
acteristics of a transmission line; by at
tenuation of its power； by distortion of its 
waveshape; and by permitting interference. 
You must devise methods to minimize these 
types of deterioration.

terms of a unit called the bel, a name de
rived from Alexander Graham Bell, the in
ventor of the telephone. With this unit, the 
output power level is said to be 1 bel below 
the input level when the input and output 
powers are in the ratio of 10 to 1. In this 
case, the bel is used as a unit of attenuation. 
If the output power level is 10 times the in
put power level, it is said to be 1 bel above 
the input. In this case, the power ratio of 
input to output is 1 to 10, and the bel unit is 
a gain.

13-554. Suppose that a repeater is to be in
stalled somewhere on the line to make up 
for the power loss. The amount of amplifi
cation to be provided by the repeater should 
be determined by the amount of power loss. 
It would be inefficient to keep rebuilding a 
repeater until it provided the necessary 
amount of amplification; however, if the 
amount of power loss could be ascertained, 
the required amount of amplification would 
be known, and it would be easy to build the 
repeater to provide the amount of amplifica
tion necessary to make up the loss. To do 
this, there must be a way to measure and 
express numerically the power loss, dis
tortion, and crosstalk of a transmission 
line, the power gain of an amplifier, and 
the performance characteristics of com
ponents such as filter and equalizer networks 
that might be used with them.

13-556. BEL. The ratio of the input and 
output powers was formerly expressed in

13-552. NEED FOR TRANSMISSION
PERFORMANCE MEASUREMENTS.

13-558. The bel proved to be an inconven
iently large unit. It was found desirable to 
use a unit which more closely expresses 
commonly encountered (smaller) power 
ratios without using fractional parts of the'・ 
unit. For this reason, the decibel has been 
universally adopted. As its name implies, 
a decibel (db) is one-tenth of a bel. Today, 
power ratio is expressed as a definite num
ber of decibels. Because the decibel is a 
unit one-tenth as large as the bel, the num
ber expressing a power level in decibels 
(abbreviated N^) is 10 times as large as the 
number of bels. The formula for determin
ing power level in decibels is:，Number of 
decibels, Ndb = 10 logio —- or Pl over P2

Pl
for special reasons discussed later. Apply
ing this formula, a power ratio of 100 to 1 is 
expressed as 20 decibels, or 20 db, instead 
of 2 bels; a power ratio of 2 to 1 is expressed 
as 3.01 decibels, instead of 0.3010 bel.
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Ndb =10

o13-561. USE OF DECIBEL.
Ndb = 10 log 4.06

—6.085 dbNdb

o
Ndb = +1° log = +1。log

13-140

Chapter 13 Section IX
Paragraphs 13-559 to 13-565

(Note that the subscript 10, denoting the 
base of the common system of logarithms, 
is omitted. This is general practice when 
no misinterpretation is possible, and is 
followed throughout)・ Reference to a table 
of common logarithms shows that the loga
rithm of 4. 06 is 0. 6085. Hence:

Smce the input power is greater than the 
output power, the power change is clearly 
one of attenuation. By rule 2, the answer 
is prefixed by a minus sign. Thus：

13-559. It should be noted that although the 
decibel is one-tenth of a bel, the power 
ratio expressed by 1 decibel is not one- 
tenth of the power ratio expressed by 1 bel. 
One decibel expresses a power ratio of 1.26, 
because the logarithm of 1.26 is 0.1, and 
the number of decibels is 10 times this 
logarithm.

13-564. For example, assume that the 
power input to a transmission line is 10 
milliwatts, and the power output is 2.46 
milliwatts. By rule 1, the larger power 
(the input) is Pi, and the smaller power is 
P2. The number of decibels of power change 
is then expressed as follows:

will be a positive number. Rule 2： Prefix 
to the answer a plus sign if the power change 
is a gain, or a minus sign if the power chang* 
is a loss.

13-565. As an example of a power gain, 
consider a repeater amplifier having an in
put power of 2 milliwatts and an output power 
of 400 watts ・ By rule 1, the larger power 
(the output) is Pi, and the smaller power 
(the input) is P2. Both powers must be ex
pressed in the same units. Hence, the in
put power of 2 milliwatts is expressed as 
0.002 watt. The power change is then cal
culated as follows:

=10 log 4.06

400 
0.002

10.00
2.46

=10 - 0.6085 = 6.085

=10 log

13-563. In converting a power ratio into its 
decibel expression, the following two rules 
should be followed. Rule 1: In the formula

PiNdb = 10 log choose the larger power

as Pi and the smaller power as P2, regard
less of whether the larger power is at the in
put or the output. The power ratio will then 
always be greater than 1, and its logarithm

13-562. CONVERSION OF POWER RATIO 
TO DECIBELS. The decibel, like the bel, 
may be used as a unit of efther attenuation 
or gain, expressing the decrease in power 
caused by a transmission line or a piece of 
equipment, or the increase in power caused 
by an amplifier. In order to distinguish 
whether a given number of decibels of power 
change refers to gain or loss, the number of 
decibels is customarily preceded by a plus 
sign or a minus sign. Thus, a power change 
of +6 db refers to a gain, and a power change 
of —6 db refers to a loss.

13-560. MEANING OF DB. The decibel is 
a unit of power ratio—not a unit of power. 
When a transmission line causes an attenua
tion of 10 db, the output power is only one- 
tenth of the input power. The attenuation 
figure does not state the amount by which 
the power has changed. If the input power 
is 100 watts and the output power is 10 watts, 
the line has absorbed 90 watts of power. If 
the input power is 1 watt and the output 
power is 0.1 watt, the line has absorbed 0.9 
watt of power. In both cases, the power 
ratio is 10 to 1, and the attenuation is 10 db.

Pl
-P2

=+10 log 200,000
=+10 - 5.3010 = +53.01 db
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25 db = 10 log —

2.5 =log 质

12 db = 10 log

1. 2 = log —-

Ndb = -1。db -20 db -10 db +30 db =—10 db

13-141

Pl 瓦
Since the number of decibels is given as 
positive, it is known from rule 3 that the

Pl
"P2

Pl
P2

13-567. CONVERSION OF DECIBELS TO 
POWER RATIO. If it is required to find the 
power ratio of a circuit for which the gain 
or loss in decibels is known, a reversal of 
the procedures described for the preceding 
paragraphs can be used. The following rule 
applies. Rule 3: If the number of decibels 
is positive, the circuit has a power gain, 
and the output power is greater than the in
put power; if the number of decibels is nega
tive, the circuit has a power loss, and the 
output power is less than the input power.

The total power change is —10 db, indicating 
a net power loss in a ratio of 10 at the input 
to 1 at the output.

In this example, as a short cut, the plus 
sign (indicating that the power change is a 
gain) is inserted at the start, and carried 
through to the final answer.

13-566. It should be noted that whether a 
power change is a loss or a gain, it is neces
sary to know the power ratio. In the case of 
an amplifier, the power gain is the power 
ratio required. The voltage gain of an am
plifier is not the same as the power gain.

circuit has a gain, and that its output power 
is 15. 85 times its input power.

13-569. As a second example, consider a 
power change of —25 db. The minus sign 
is disregarded temporarily, and the power 
ratios are determined in the manner already 
explained, as follows：

Chapfer 13 Section IX 
Paragraphs 13-566 to 13-571

A table of logarithms shows that 15. 85 is the 
number which has the logarithm 1.2. There
fore:

Since the number of decibels has a minus 
sign, the circuit attenuates the power, and 
its output power is less than its input power 
by a ratio of 1 to 316.2.

13-568. As one example of how to deter
mine the ratio of output and input powers 
when the ratio is expressed in decibels, as
sume that there is a circuit known to have a 
power change of +12 db. Inserting this value 
in the formula, and dividing both sides by 
10:

13-570. ADDITION OF POWER CHANGES. 
The total number of decibels of attenuation 
or gain of a circuit is the algebraic sum of 
the attenuations and gains of its stages or 
sections, each expressed in decibels. For 
example, consider the transmission-line 
network of figure 13-135. There is a power 
loss of —10 db in the first section of the 
line, a power loss of —20 db in the equip
ment between the sections of the line, a 
power loss of —10 db in the second section 
of line, and a power gain of +30 db in the 
repeater. The total power change is:

=316.2

=15.85 13-571. Reference to table 13-3 provides 
an explanation of this result. Each —10-db 
loss represents a power-loss ratio of 10 to 
1. The —20-db loss represents a power

Pl
P2

Pl
P2

Pl
P2
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TRANSMITTER

13-572. TABLE OF DECIBELS.

Over-all loss

Table 13-3. Power Ratios oLOSSES GAINS

1 260.79 21 1.26
2 37 60.63 1.6
3 .5 50 2.0 100
4 .4 60 1502.5
5 .32 68 3.2 220
6 ,25 30075 4.0
7 .2 80 5.0 400
8 .16 84 6.0 500
9 .126 7.987.4 690 o.110 10.090 900

20 .01 99 100.0 9,900
30 .001 99.9 1,000.0 99,900
40 .0001 99.99 10,000.0 999,900

13-142

10Ti
1000

Chapter 13 Section IX
Paragraphs 13-572 to 13-574

NUMBER OF 
DECIBELS

Figure 13-135. Power Changes in 
Transmiss ion-Line Network

POWER-RATIO
FACTOR

POWER-RATIO
FACTOR

EQUIPMENT 
LOSS- 

-20 DB

TRANSMISSION
LINE LOSS 
-IO DB

An over-all loss in a ratio of 10 to 1 is ex
pressed as —10 db, the same result ob
tained by algebraic addition of the primarily 
calculated decibel losses and gains of the 
circuit sections.

REPEATER 
GAIN » 

430 DB

% POWER 
GAIN

—o
CHANGE

OF POWER3 
-10 DB

—o

% POWER
LOSS

13-574. The manner in which table 13-3 can 
be used is illustrated by a consideration of 
all the figures on one line.

loss ratio of 100 to 1. The +30-db gain 
represents a power gain ratio of 1 to 1000. 
The over-all loss is the product of these 
ratios:

13-573. In order to eliminate the need for 
extensive calculations and reference to a 
table of logarithms each time a power ratio 
must be expressed in terms of decibels, 
reference may be made to a table, such as 
table 13-3, which gives power ratios di
rectly from decibels, and vice versa.

TRANSMISSION 
LINE LOSS 
-IOD8

10 100 10 
=—X—J~X— x
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a. Consider the case for which = 3:

3=10 log

x 100

Substituting:

2

100 percent

13-576. OTHER USES OF DECIBELS.
x 100

Substituting:

x 100

50 percent

13-143

Pl
.3 = log瓦

・ 3 is the logarithm of the number 2； con
sequently:

Zi
P2

Chapter 13 Section IX 
Paragraphs 13-575 to 13-577

Pl
P2

The power-ratio factor (table 13-3) is the 
ratio of the output and input power. In the 
example above, if there is a power gain, the 
power-ratio factor is 2； the output power 
Pl is greater than the input power P2 in a 
2-to-l ratio. If there is a power loss, the 
power-ratio factor is 0.5, because the out
put power must be less than the input power 
in a l-to-2 ratio. The table quickly gives 
the power-ratio factor for both gains and 
losses.

The percentage-power gain is 100 percent. 
(The power-ratio factor is 2, and there is a 
3-db power gain.)

b. Both the percentage-power loss and 
the percentage-power gain are the ratio of 
the difference between the input and output 
powers, and the input power, expressed as a 
percentage. Example of percentage-power 
loss: The input power to a transmission line 
is 10 milliwatts, and the output at a receiv
ing switchboard is 5 milliwatts. The per
centage-power loss is:

13-577. Up to this point, the decibel has 
been considered only as a measure of power 
losses caused by attenuation and power gains 
resulting from amplification. The decibel is 
also used in the measurement of three other 
types of power loss that can occur as the 
result of the insertion of equipment into, or 
across, the transmission line； these are in
sertion loss, mismatch or reflection loss, 
and bridging loss.

a 3-db power loss.) Example of percentage- 
power gain: The input power to a transmis
sion line is 7 milliwatts, and the output is 
14 milliwatts. The percentage-power gain 
is:

The percentage-power loss is 50 percent.
(The power-ratio factor is 0.5, and there is

Input power - output power
Input power

14 milliwatts 一 7 milliwatts
7 milliwatts

Output power - input power 
Input power

]0 milliwatts 一 5 milliwatts
10 milliwatts

13-575. Table 13-3 can also be used for 
figures that do not appear in it. For example, 
consider a power change of 24 db. A power 
change of 24 db is equal to the sum of 20 db 
and 4 db. According to the table, 20 db cor
responds to a power change in the ratio 100 
to 1, and 4 db corresponds to a power change 
in the ratio 2.5 to 1. As a result, 24 dbcor
responds to 100 , 2.5 to 1, or 250 to 1. For 
gains, the power-ratio factor is 250 to 1; 
for losses, the power-ratio factor is 0.01 • 
0.4 to 1, or 0.004 to 1, or 1 to 250. For 
gains, the percentage-power gain is (250-1) ■ 
100 = 24,900 percent; for losses, the per
centage-power loss is (1 ~ 0.004) - 100 = 
99.6 percent.

x 100 =
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Ndb = —10 log —

N(jj^ = 一10 log ■—

Zoa60O OHMS
3

transmitter RECEIVER

2

INSERTED CABLE

o3 500

RECEIVER
P2

Figure 13-137. Mismatch or Reflection LossFigure 13-136. Insertion Loss

13-144

A 
MATCHED TRANSMISSION-LINE NETWORK

L
RECEIVED POWER

B 
MISMATCH ON TRANSMISSION-LINE NETWORK

A
TRANSMISSION WITHOUT

INSERTION LOSS

INSERTED 
EQUIPMENT

RECEIVED 
POWER

Chapter 13 Section IX
Paragraphs 13-578 to 13-579

B 
TRANSMISSION WITH INSERTION LOSS

Zoa60O 
OHMS

___ REFLECTION

TAKES PLACE AT BOTH

TRANSMITTER
Zo>6OO OHMS

TRANSMITTER
Z0®600 OHMS

RECEIVER 
Z|n=600 OHMS

13-579. MISMATCH OR REFLECTION 
LOSS. Mismatch or reflection loss is the 
ratio of the power measured when there is 
a mismatch at the receiving end of the trans
mission line (or elsewhere on the line), to

A reflection loss can be caused by a mis
match at the junction of the transmission 
line and a cable or a piece of equipment

Because it is always apparent whether there 
is a gain or a loss in decibels, it simplifies 
calculations to always place the larger power 
in the numerator of the power ratio and, 
after completing the problem, affix the 
proper sign to indicate a gain or a loss.

RECEIVER 
Z|w600 OHMS

--------(T
RECEIVED POWER

PI
--------- SL

13-578. INSERTION LOSS. Insertion loss 
is a measure of the power lost because of 
the insertion of some device, such as a 
filter network, into a transmission arrange
ment. In part A of figure 13-136, the power 
transmitted directly to the receiving end 
without network insertion is Pr. In part B, 
the network has been inserted into the line 
and causes a reduction in the received 
power. The reduced power is identified as 
Pl， Using the ratio over Pj as the power 
ratio (to avoid negative logarithms), inser
tion loss can be conveniently expressed in 
decibels, as follows:

RECEIVED 
POWER 

——&

pl

the power measured at the receiving end 
when the receiver is matched to the line 
(and there is no mismatch elsewhere on the 
line). In part A of figure 13-137, the re
ceiver is matched to the line； consequently, 
the impedance at every point on the line is 
equal to the characteristic impedance of the 
line, and there is maximum transfer of 
power to the receiver. This amount of 
power is Pr. In part B of the figure, a 
cable of different characteristic impedance 
has been inserted into the line, so that a 
mismatch exists at both junctions of the 
cable and the line. As a result of the mis
match, a portion of the transmitted power 
is reflected, thus reducing the power at the 
receiver. This reduced power is Pp As 
was done for insertion loss in the preceding 
discussion, if the power ratio is taken as 
Pr over P], the power loss due to reflection 
or mismatch, expressed in decibels, is：

TRANSMITTER

Pr
Pl

Pr
Pl
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power with test set

Ndb = —10 log

If Pr = 1, then:

Ndb = 10 log Pl

RECEIVERTRANSMITTER

RECEIVERTRANSMITTER

*

Figure 13-138. Bridging Loss

13-145

Pl = power without test set 矿

A 
TRANSMISSION WITHOUT 

BRIDGING LOSS

B
TRANSMISSION WITH BRIDGING LOSS

inserted into the line, by a change in the 
properties of the line, or by a mismatch 
between the receiver and the line.

13-581. USE OF STANDARD TESTING 
POWER.

Chapter 13 Section IX 
Paragraphs 13-580 to 13-582

Using this ratio, the bridging loss in decibels 
is found as follows:

MEASURING
SET

13-580. BRIDGING LOSS. Bridging loss 
is the loss in power in a transmission line 
between a transmitter and receiver when a 
test set (such as a transmission measuring 
set) is bridged across the line. The calcu
lation of bridging loss involves the ratio of 
two powers. Let Pr represent the power in 
the transmission line when the measuring 
set is connected, and Pj the power when the 
set is not connected across the line. See 
figure 13-138. The power ratio used in the 
calculation of the bridging loss, then, is:

Pl
Pr

It is usually desirable that the bridging loss 
resulting from the connection of a measuring

------- <7
RECEIVED POWER

P2

--------(F
RECEIVED POWER

PI 

-----------

Ndb = 10 log 导

13-582. The decibel is fundamentally a unit 
of power ratio, rather than power. This 
results in a disadvantage in its use. For 
example, 10 db indicates that there has been 
a change of power by a factor of 10, but 
there is no indication of what the amount of 
change is. The values of the initial and 
final powers are not given by the decibel as 
a unit of attenuation or gain. It would be 
advantageous to be able to use decibels not 
only as the measure of a power ratio, but 
also as the measure of a specific amount of 
power. This is done in the following exam
ple. Consider the following equation：

set across a transmission line be kept to a 
minimum. This means that the measuring 
set must draw minimum power from the 
line.

Consequently,迁 the input power has a value 
of unity, and if Pi is the output power, then 
Ndb is 10 times the logarithm of the output 
power. When the number of decibels is 
given the output power can be ascertained 
quickly, since the number of decibels refers 
to the ratio of the output power to 1. On a 
transmission line, the power transmitted is 
very small, being measured in milliwatts. 
Therefore, the reference or input power 
level has been chosen arbitrarily as 1 milli
watt. Then, Ndb =1。indicates that there 
has been a gain of 10, and the output power 
is 10 milliwatts； = 20 indicates that 
there has been a gain of 100, and the output 
power is 100 milliwatts. But there must be 
some way of indicating the difference be
tween Ndb used as an expression of a power
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13-585. ZERO-LEVEL POINT.

o -10 -20 + 10
POWER IN DBM 

TRANSMITTER -10 DB REPEATER +20 DB RECEIVER

+ 20 DBM

+ 10 DBM
^^TRANSMITTER

0 DBM

RECEIVER

-10 DBM
-10 DB -10 DB

Figure 13-139. One-Way Transmission Line with Power-Level Diagram

13-146

A 
ONE-WAY TRANSMISSION LINE WITH REPEATER

+10 DB

30 DB 
GAIN

WEST 
LINE

10 DB 
LOSS

 10 DB
LOSS

B
POWER-LEVEL DIAGRAM

Chapter 13 Section IX
Paragraphs 13-583 to 13-586

EAST
LINE

13-586. The circuit in part A of figure 13- 
139 consists of a transmitter and a receiver, 
each connected to the end of a transmission

ratio, and Ndb used as an expression of an 
absolute amount of power. To show this 
difference, db is used only as the expres
sion of a power ratio, and dbm is used as 
the measure of absolute power as compared 
with an arbitrary reference level of 1 milli
watt; 1 milliwatt of power is equal to 0 dbm. 
Ndb = I。，therefore, represents a change of 
power by a factor 10, and Ndbm = 1。repre
sents 10 milliwatts of power.

13-583. In low-frequency transmission, it 
has been found that the elimination of all 
frequencies below 200 cycles and above 2700 
cycles per second causes very little loss in 
the intelligibility of the received signal. 
Most voice-frequency equipment is designed 
to transmit effectively this 200- to 2700- 
cycle band, known as the voice-frequency 
range. A 1000-cycle sine-wave generator 
is commonly used as a standard for checking 
and calibrating all types of equipment. This

0 DB

13-584. It must be emphasized that the 
measurement of power in dbm is independent 
of a standard frequency. Although the test
ing signal for voice-frequency circuits is a 
1000 cycle tone, the dbm can be used for 
measuring power at any frequency in any 
type of circuit as long as the reference 
power is understood to be 1 milliwatt (0 
dbm).

calibrating frequency is near the middle of 
the vo ice-frequency band. In order to 
measure power loss or gain in a speech 
circuit, a 1000-cycle sine-wave tone with 1 
milliwatt of power is used as a standard 
testing signal.
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13-589. POWER-LEVEL DIAGRAMS.

13-147

13-590. The mathematical results obtained 
in earlier paragraphs can be represented as 
a graph called a power-level diagram (also

line. A repeater is used in the line to make 
up for the power loss caused by attenuation. 
When a 1000-cycle test tone with 1 milliwatt 
of power is used to measure the power loss 
or gain in the speech circuit, the point at 
which the test-tone signal is applied is the 
reference point. In this case the transmitter 
shown in part A of the figure is used as the 
reference point; consequently, there is 0- 
dbm absolute power. This point is referred 
to as the 0-level point.

13-587. The west section of the transmis
sion line shown in part A of the figure causes 
a 10-db power loss, the repeater causes a 
30-db power gain, and the east section of the 
transmission line causes a 10-db power loss. 
These power changes are expressed in db 
(not dbm) when they are with respect to them
selves—that is, along the line between the 
transmitter and receiver; the test tone 
powers are expressed in dbm (not db) when 
they are with respect to the fixed 1-milliwatt 
level. The total power change in db (the 
algebraic sum of all the power changes in db) 
is +10 db. This total power change is with 
respect to the 1-milliwatt level at the trans
mitter ,so that at the input of the receiver 
the test tone power is +10 dbm above the 
zero-level point at the transmitter.

Chapter 13 Section IX 
Paragraphs 13-587 to 13-593

13-588. To summarize the discussion of 
the zero level point the following factors 
should be remembered: Zero dbm indicates 
a power level of 1 milliwatt. A positive 
number of dbm indicates a power level of 
greater than 1 milliwatt. A negative number 
of dbm indicates a power level of less than 1 
milliwatt. It is desirable that in all com
munication equipment and facilities the zero
level point be the same； in this case it is 
taken to be the transmitter.

13-592. A two-way transmission line is 
shown in part A of figure 13-140. The four 
repeaters in the line pass the signal in both 
directions, as indicated by the arrows. The 
values above and below the arrows show the 
gains of the repeaters in both directions.

13-593. Part B shows the power levels in 
transmission from west to east. At trans
mitter A, the power is at 0 level (1 milli
watt) ・ Power gains caused by the four re
peaters are represented by vertical lines 
proportional in length to the gains. Thus, 
at repeater No. 2 the input power is —10

13-591. Part B of figure 13-139 represents 
the power-level diagram for the one-way 
transmission arrangements shown in part A 
of the figure. The horizontal base line indi
cates a level of 0 dbm. Each horizontal line 
above and below the base line represents a 
value of 1 dbm. Positive values are located 
above the base line, and negative values be
low it. At the transmitter there is a 0-dbm 
level. Over the distance between the trans
mitter and the repeater, the power decreases 
10 db below the 0-dbm level. The repeater 
increases the power 30 db. This increase is 
represented by a vertical line because it 
does not take place over a distance, as does 
the power loss between transmitter and the 
repeater. Between the repeater and the re
ceiver, there is again a decrease of 10 db in 
the power level. A line representing this 
loss is drawn downward 10 horizontal lines 
from the +20-dbm level at the output of the 
repeater to the +10-dbm level at the input of 
the receiver. The final result indicates that 
between transmitter and receiver the test 
signal power has increased to +10 dbm, so 
that the test signal input to the receiver is 
10 milliwatts.

called energy-level diagram). Such a dia
gram graphically shows the absolute powers 
throughout a circuit, and is used in both the 
design and maintenance of long lines in
corporating repeaters.
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Figure 13-140. Two-Way Transmission Line with Power-Level Diagram
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-8 DBM

REPEATER
NO. I

B
WEST - TO - EAST TRANSMISSION

Chapter 13 Section IX
Paragraphs 13-594 to 13-595

CIRCUIT WITH FOUR REPEATERS

+ 6 DBM

REPEATER
NO. 3

REPEATER
NO. 4

horizontal lines to a power of —8 dbm, be
cause the transmission line has caused a 
power loss of 14 db. At the input to re
peater No. 3 the power is —8 dbm.

13-595. The transmitter/receivers repre
sented in parts B and C use a test tone input 
power of 1 milliwatt. In voice transmission,

13-594. Part C of figure 13-140 shows the 
power levels in transmission from east to 
west. The diagram is drawn in the same 
manner as in part B; since transmitter/ 
receiver B is now the transmitting end, it 
is the 0-level point, and the diagram is read 
from right to left.

dbm (10 db down from the 0-level point). 
The line indicating the lower gain caused by 
the repeater goes from —10 dbm up through 
16 horizontal lines to a power of +6 dbm, 
because the gain of the repeater is +16 db. 
Power losses resulting from attenuation 
along the transmission lines are represented 
by lines drawn diagonally downward. The 
vertical components of the lines indicate a 
lowering of the power； the horizontal com
ponent indicates that the power losses take 
place over the distances between the re
peaters. Thus, the power loss between re
peaters No. 2 and 3 is represented by a line 
extending from the +6-dbm level at the output 
of the second repeater downward through 14

LINE 
一 I6DB REPEATER

NO. 2

LINE
一 I4DB

LI NE 
-i8DB
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CXR 
TERMINAL

NORMAL RANGE OF TALKER VOLUMES :(SPEECH POWER IN D8M)

13-598. CHARACTERISTIC IMPEDANCE 
AND WAVELENGTH.

13-599. At radio frequencies the charac
teristic impedance, Zo, of a well-designed 
transmission line may be considered as

13-596. In lower frequency communications, 
there is frequently erroneous usage of the 
two terms commonly known as level and 
power. This difficulty can be cleared up 
when db or dbm is specified. The present 
tendency is to use the word power to mean 
absolute power in dbm. The term db re
mains the ratio of the two powers. A new 
term, relative transmission level, is coming 
into use. Relative transmission level in db 
is defined as a ratio of sine wave test tone 
power measured at any point in the equip
ment to the power at some other point in the 
equipment chosen as the reference point. 
Figure 13-142 is a relative transmission

diagram. Part A represents the power 
losses and gains on a line from Atlanta to 
Louisville, and part B represents the same 
line from Louisville to Atlanta. The dia
gram enables the operators of the repeater 
stations to know at a glance the proper out
put power and repeater gains for transmis
sion in either direction, in db. It should be 
noted in this relative transmission level 
diagram that, when the input power at the 
0-level reference point is 1 milliwatt, all 
the values can also be expressed in dbm. 
That is, any value of db equals the same 
value in dbm.

the actual power will vary. A diagram show
ing the speech power range in dbm of trans
mitted signals at various points is shown in 
figure 13-141. For example, note that the 
talker input can vary from +6 to —25 dbm. 
It is standard practice to assume that the 
noise signal power should be at least 20 db 
below the weakest speech signal.

Chapter 13 Section IX 
Paragraphs 13-596 to 13-599

13-597. RF TRANSMISSION LINE 
MEASUREMENTS.

+6

ZERO 
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LEVEL 的
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Zo = 276 logiob/a

13-601. The approximate characteristic 
impedance of a two-wire line with air as a 
dielectric may be obtained from the following 
formula:

where b is the spacing between the centers 
of the conductors, and a is the radius of 
each conductor. This formula is sufficiently 
accurate at high frequencies, where the 
characteristic impedance is practically a 
pure resistance.

obtain lower capacitance. Any change in the 
dielectric material between the two wires 
also changes the characteristic impedance. 
Thus, if a change in dielectric material in
creases the capacitance between the wires, 
the characteristic impedance is reduced.

oZo = 276 logiob/a

b = 2 inches

From a table of logarithms:

¥ 1.204loglO

Therefore:

13-603. CONCENTRIC LINE.

13-150

approximately equal to the square root of 
L/C. A two-wire line having almost any 
desired characteristic impedance can be 
constructed for practical applications.

13-602. Example: If two wires 1/4 inch in 
diameter are spaced 2 inches apart, what is 
the characteristic impedance ?

13-600. The approximate values obtained 
when using the formula Zo ="Vl/C indicates 
that the characteristic impedance of an rf 
line depends principally on the values of L 
and C in the line. An increase in the separa
tion of the wires increases the inductance, L, 
and decreases the capacitance, C. This ef
fect takes place because the effective induct
ance is very low if two wires are closely 
spaced and carrying currents in opposite 
directions, and because the capacitance is 
low if the wires (plates of a capacitor) are 
widely separated. The effect of increasing 
the spacing is to increase the characteristic 
impedance, since increasing L and reducing 
C increases the L/C ratio. A reduction in 
the diameter of the wires also increases the 
characteristic impedance. This reduction 
affects the capacitance more than the induct
ance, for it is equivalent to decreasing the 
size of the plate in a capacitor in order to

13-604. The characteristic impedance of a 
concentric line also varies with L and C; 
however, because of the difference in con
struction, L and C vary in a slightly differ
ent manner. The following formula must

=276 • 1.204 = 332.3 ohms

Zo = 276 logi()2/.125 = 276 logio16

a = 1/2 - 1/4 = 1/8 = . 125 inch

T.O. 31-1-141-14Chapter 13 Section IX
Paragraphs 13-600 to 13-604
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24. In part A of figure 13-143, the
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Figure 13-143. Characteristic Impedance Graphs

13-151

130

100

A
TWO-WIRE LINE

y

2 4
B 

CONCENTRIC OR COAXIAL LINE

be used to calculate the characteristic im
pedance of a concentric line:

Chapter 13 Section IX 
Paragraphs 13-605 to 13-607

Zo IN 
OHMS

13-607. TWO-WIRE LINE. For example, 
a two-wire line made of copper tubing of 
1/4-inch diameter and with a center-to- 
center spacing of 3 inches has a b/a ratio of 

3
1/8
value of 24 on the baseline can be carried \xp

Zo = 138 logiob/a
where b is the inner diameter of the outer 
conductor and a is the outer diameter of the 
hiner conductor.
13-605. IMPEDANCE GRAPHS.
13-606. Two convenient graphs (figure 13- 
143) make it possible to determine quickly

z° IN 
OHMS

RATIO bA

10

the characteristic impedance of either a 
two-wire parallel line or a concentric line 
when the ratio b/a is known.
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A = V/f = 300,000,000/f

246 k/f

waves.

13-611. WAVELENGTH MEASUREMENTS.

13-152

13-612. Reflections always begin at the out
put end of a line. The distance from the out-

Chapter 13 Section IX
Paragraphs 13-608 to 13-615

13-608. CONCENTRIC LINE. A concentric 
line having an outside inner-conductor diame
ter of 1/16 inch and an inside outer-conduc
tor diameter of 1/4 inch has a b/a ratio of 
1/4 
1/16 
value of approximately 82 ohms can be cal
culated.

13-614. LECHER LINES.
13-615. Lecher line is a term applied to a 
length of parallel two-wire transmission

13-609. ELIMINATION OF STANDING 
WAVES.

the slant line and thence over to the left to 
the vertical scale (see dotted lines). A value 
of approximately 375 ohms is obtained. A 
more exact value of 381 ohms can be calcu
lated from the equation Zo = 276 logio^/a.

T
where X/4 is the quarter-wavelength (meas
ured in feet), f is the frequency in mega
cycles, and k is a multiplying factor. The 
factor k expresses the ratio of the actual 
velocity of the waves on a particular line to 
the velocity of the same waves in free space.

13-613. The velocity, V, of an electromag
netic wave varies with the medium through 
which the wave is passing. In mediums other 
than free space, the velocity is always less 
than the velocity in free space (300,000,000 
meters/second). Referring to the previous
ly used equation for wavelength, you can see 
that if the velocity is reduced, the length of 
the wave must also be reduced. This means 
that in any real transmission line, the veloc
ity is always less than 300,000,000 meters/ 
second, and, therefore, a wavelength on the 
line is shorter than the corresponding wave
length in free space. The electrical quarter- 
wavelength for various types of rf line may 
be calculatedfrom the following equation:

put end to any maximum (or minimum) point 
is therefore a function of frequency and line 
termination. It is convenient to measure 
these distances in terms of wavelength. The 
distance between successive maximum (or 
minimum) points of voltage (or current) is 
equal to one-half the wavelength (see figure 
13-144). One wavelength is twice the dis
tance between successive maximum (or 
minimum) points. The distance correspond
ing to one wavelength of a wave in free space 
is given by the following equation:

13-610. The difficulties of making high- 
frequency measurements are so great that 
it is usually more practicable to calculate 
the characteristic impedance, Zo, by means 
of the approximation formulas. The char
acteristic impedance of a line may be 
measured simply, and with sufficient ac
curacy for practical purposes, by the follow
ing method, Terminate the line with a non- 
inductive 5 calibrated variable resistor. Ad
just the resistance so that the standing waves 
are eliminated or reduced to the minimum 
possible magnitude. A suitable rf indicator 
must be used to measure the standing waves. 
The resistance read on the calibrated scale, 
which reduces the standing waves to zero or 
to the minimum possible magnitude, is ap
proximately equal to the characteristic im
pedance of the line. In most practical work 
it is not usually necessary to determine the 
characteristic impedance, since the only 
requirement is to eliminate the standing

To do this, vary the load at the out
put end of the line until the standing waves 
are reduced to the minimum possible mag
nitude.

=4. In part B of figure 13-143, a

where Xis the wavelength in meters, V is 
the velocity in meters, and f is the frequency 
in cycles.
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MINIMUM LENGTH OF LINE = X 
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Figure 13-145. Methods of Coupling 
Lecher Lines

Chapter 13 Section IX
Paragraph 13-616

ADJUSTABLE 
SHORTING BAR

OUTPUT TANK 
CIRCUIT OF RF 

SIGNAL GENERATOR

BAR MOVED 
FROM o TO b

13-616. Consider the capacitively coupled 
Lecher line shown in figure 13-146. If the 
shorting bar is placed at the quarter-wave 
point, as shown in part A of figure 13-146, 
there will be a reflection of current from the 
shorting bar, and the standing waves of volt
age and current will be as shown. An am
meter ,A, in the shorting bar indicates a 
high current. A plot of current readings in 
the wires at successive points from the bar 
toward the generator gives the current curve, 
I. A similar plot of voltage readings gives

Figure 13-144. Standing Waves as a 
Measure of Wavelength

the voltage curve, E. You know that the im
pedance at any point in the line is given by 
the equation Z = E/l. At the input terminals,

Figure 13-146. Variation of Standing Wave 
as Shorting Bar is Moved

line which is used as a tuned-circuit ele
ment, or a resonant line, to measure wave
length. A Lecher line is usually from one- 
quarter to five wavelengths, and has a short
ing bar (or bridge) which can be placed 
across the line and moved to any point along 
its length. In figure 13-145 the generator 
and the Lecher line are capacitively coupled 
through capacitors of very low capacitance 
(high reactance), so that the line will be 
electrically open at its sending end. To pro
vide practically short-circuit conditions 
across the input terminals, the line is in
ductively coupled to the generator. The in
ductance should consist of no more than a 
single turn of wire. At higher frequencies 
a straight shorting bar across the input ter
minals will provide sufficient coupling to the 
generator and, at the same time, establish 
essentially short-circuit conditions across 
the input terminals of the line.



T.O. 31-1-141-14

Z = E/I = E/O = infinity
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c

Figure 13-147. Simple RF Indicators

13-154

CIRCUIT FOR RF CURRENT 
INDICATOR

points CC in part A of figure 13-146, I is . 
zero and E is equal to the generator voltage;
therefore, assuming that the resistance of 
the line is zero, the input impedance is:

13-619. Current values can be measured 
roughly by the use of a small loop or coil of 
wire coupled inductively to the line. A me
ter across the loop will read a maximum

NEON GLOW TUBE RF 
VOLTAGE INDICATOR

METER-TYPE RF 
VOLTAGE INDICATOR

SENSITIVE 
DC METER

COUPLING 
LOOP

13-620. It may be more convenient to use 
an rf voltage indicator to locate the points of 
maximum and minimum voltage. Parts C 
and D of figure 13-147 show two simple types 
of rf voltage indicators. The indicator shown 
in part C of the figure consists of a neon 
bulb and a resistor connected directly across 
the line. In part D the neon bulb is replaced

METER- TYPE RF CURRENT INDICATOR

—VALUE DEPENDS ON FREQUENCY RANGE

— 955CONNECT AS ADIODE

This indicates that the shorted quarter-wave 
line acts as a paralie 1 -resonant circuit. In 
a real line, of course, there is a certain 
amount of resistance; thus the actual input 
impedance is less than infinity. However, 
if the line resistance is reduced to the mini
mum possible value, the input impedance 
will be very high.

13-617. If the shorting bar is moved from 
the quarter-wave position, there will be 
little change in the current through it. How
ever, there will be a change in the standing 
waves, as shown in part B of figure 13-146, 
and the line will no longer act as a parallel- 
resonant circuit. Increased current from 
the generator into the line indicates that the 
input impedance is lower.

Chapter 13 Section IX
Paragraphs 13-617 to 13-620

13-618. If the shorting bar is placed at the 
three-quarter-wave point, as shown in part 
C of figure 13-146, the voltage and current 
at the input terminals will be identical to the 
voltage and current at the input terminals of 
the quarter-wave line, shown in part A of 
the figure. This assumes that there is no 
resistance in the line. With resistance in 
the line the current into the 3 X/4 line will 
be somewhat higher than the current into the
X/4 line. This shows that the maximum 

possible input impedance is obtainable with 
a X /4 line shorted at the receiving end. 
Lecher lines may be used to measure wave
lengths by detecting the positions of the volt
age (or current) maximum (or minimum) 
points along the line.

value when the loop is adjacent to a current 
maximum point. One wavelength is twice the 
distance between successive maximum (or 
minimum) points on the line. Parts A and B 
of figure 13-147 show simple rf current in
dicators which may be used to determine the 
maximum and minimum points. In part B, 
the diode rectifies rf currents to provide di
rect current for the de meter. You should 
note here that a point of maximum current 
corresponds to a point of minimum voltage, 
and a point of minimum current corresponds 
to a point of maximum voltage.
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13-155/13-156

Chapter 13 Section IX
Paragraph 13-621

line. For correct results, the bulb must be 
held at a uniform distance from the line.

13-621. The devices discussed in the previ
ous paragraphs are simple devices and may 
be constructed easily. For more accurate 
work, well-designed indicators are available. 
To obtain information on the theory and op
eration of any of these indicators, refer to 
the instruction book for the particular item.

by a meter and a crystal or tube-type recti
fier. The device is capacitively coupled to 
the line. The following method may be used 
to obtain very rough indications of the stand
ing waves along a line. Hold an ordinary 
tubular-type, fluorescent light bulb by one 
end and bring the other end close to the line. 
If the line has standing waves, the bulb will 
glow with varying brightness as it is moved 
along the line. Points of maximum bright
ness are points of maximum voltage on the
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SECTION X

WAVEGUIDES

13-622. GENERAL. 13-625. WAVEGUIDE THEORY.

13-157

13-626. An exact mathematical analysis of 
the way in which fields exist in a waveguide 
is beyond the scope of this book. However, 
it is possible to obtain an understanding of 
many of the properties of waveguide propaga
tion by using the following simple analogy, 
which shows how the fields are able to exist 
in a waveguide and how you can handle them.

Chapter 13 Section X 
Paragraphs 13-622 to 13-628

13-623. A waveguide is the equivalent of a 
coaxial cable with the central conductor and 
supporting insulation spacing removed so 
that all that remains is a hollow pipe. In 
practice, waveguides are hollow pipes, nor
mally rectangular or cylindrical, and fabri
cated out of material having good electrical 
conductivity.

13-627. To understand the action of a wave
guide ,visualize the waveguide as having 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 nonconductor, so that no power will be 
lost by radiation leakage. An efficient meth
od of both insulating and supporting the two- 
wire is shown in part A of figure 13-148.
This line is spaced, insulated, and supported 
by porcelain stand-off insulators. At com
munication frequencies, the absorption of 
power by the dielectric material (insulation) 
causes the insulators to act as a combined 
low resistance and capacitance.

13-624. Waveguides become increasingly 
necessary at higher and higher frequencies; 
they are indispensable for the transmission 
and propagation of radio-frequency energy 
when the wavelength dimension is reduced 
to inches or even less, as in the case of 
super high frequencies. This is particularly 
true when the distance between the central 
conductor and the inner sheath of a coaxial 
cable, for example, approaches the dimen
sions of a quarter - wavelength, At that limit, 
a coaxial cable becomes either impossible or 
unpredictable in actual practice. The radio- 
frequency energy under such a condition 
takes a complex or unpredictable path in 
addition to the longitudinal path provided by 
the central conductor. It may, for example, 
try to take lateral or semi-lateral paths as 
if the central conductor were the earth and 
the conducting inner sheath wall of the coaxial 
cable were an ionospheric reflecting layer. 
While it is conceivable that a set of condi
tions involving extremely careful dimensions 
and uniformity of the cable can permit the 
use of coaxial cable at super high frequen
cies, it is much more feasible and efficient 
to use simple waveguide pipe.

13-628. The equivalent electrical circuit 
at higher frequencies is shown in part B of 
figure 13-148. For frequencies of 3000 me 
and higher, you must use a better insulator 
than nonconducting porcelain. A superior 
high-frequency insulator for this purpose is 
a quarter-wave section of rf line, called a 
metallic insulator. Such an insulator is 
shown in part C of figure 13-148. Since 
there are no dielectric losses in a quarter
wave section of rf line, the impedance at
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Figure 13-148. Insulating the Two-Wire Line

o

13-158

the open end (the junction of the two-wire 
line) is very high.

Chapter 13 Section X
Paragraphs 13-629 to 13-631

13-631. When the switch is connected to the 
same place on each section, the relative 
phase relationship of the voltages at the con
nections 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 
partly excited by the No. 1 section through

A
TWO-WIRE LINE SUPPORTED 

8Y INSULATORS

PORCELAIN 
INSULATOR

Figure 13-149 . Development of Waveguide 
by Adding Quarter-Wave Sections

13-629. A metallic insulator can be placed 
anywhere along a two-wire line; part A of 
figure 13-149 shows several on each side of 
the line. A point which you should note in 
this type of line is that the supports are a 
quarter-wavelength at only one frequency. 
This limits the high efficiency of the two- 
wire line to one frequency only.

13-630. The use of several insulators re
sults in improved conductivity of a two-wire 
line when the insulator sections are connected 
together. Part B of figure 13-149 shows a 
switch connection between two adjacent sec
tions . Wlien 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.

LINE—

— -
EQUIVALENT CIRCUIT AT 

COMMUNICATION FREQUENCIES
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13-633. TYPES OF WAVEGUIDES.

13-640. PATHS OF WAVES.

SIDE

BOTTOMo
13-159

HEIGHT

b'WIDTH

13-635. TRANSMISSION IN A RECTANGU
LAR WAVEGUIDE.

Figure 13-150. Rectangular Waveguide 
Dimensions

Chapter 13 Section X 
Paragraphs 13-632 to 13-643

rectangular waveguide are determined by the 
inside dimensions, as shown in figure 13- 
150. Whatever the orientation of the wave
guide ,it is customary to call the shorter 
dimension the height, and the longer one the 
width. Thus, the longer walls of the wave
guide are the top and bottom, and the shorter 
walls are the sides.

13-641. The paths followed by the electro
magnetic waves are shown in figure 13-151. 
Part A is a side view, with the wave paths 
parallel to tlie top and bottom walls of the 
waveguide. Part B is a top view of the 
paths. All of the paths make the same 
angle, B, with the sides of the waveguide.

13-642. DETERMINATION OF ANGLE B.

13-643. Angle B caimot be chosen arbitrar
ily. Instead, it depends on b, the width of

13-632. When more and more quarter-wave 
sections are added to the line until each sec
tion makes contact with the next, the result 
is a rectangular box in which the line is at 
the center, as shown in part C of figure 13- 
149. The line itself is actually part of the 
wall of the box. The rectangular box thus 
formed is a waveguide.

13-639. Vertical polarization as applied to 
an electromagnetic wave in a rectangular 
waveguide, therefore, means that the elec
tric field is parallel to the shorter dimen
sion of the guide. The small letters a and b 
are customarily used to denote the height and 
width, respectively, when referring to rec
tangular waveguide dimensions.

13-636. Although a rectangular waveguide 
can carry energy in many ways, only one 
way, the simplest, is usual in practice. In 
this case, vertically polarized waves travel 
down the waveguide along paths that are 
parallel to the top and bottom of the guide ・

13-637. TERMINOLOGY OF RECTANGU
LAR WAVEGUIDE.

the switch connection. The parallel paths 
shown cause less resistance to exist along a 
given length of line, and energy is trans
ferred with less de resistance loss.

13-634. Although any transmission arrange
ment serves as a guiding structure for elec
tromagnetic waves, the term waveguide is 
reserved for the type that consists of a 
single hollow conductor. Although a wave
guide may have almost any shape, the two 
types in common use are those having rec
tangular and circular cross sections. The 
characteristics of the rectangular waveguide 
are determined by the height and the width. 
These dimensions are always the inside 
measurements, the smaller of the two cus
tomarily being taken as the height, even 
though it may lie in a horizontal plane. The 
characteristics of the. circular waveguide 
are determined by the diameter, which is 
always the inside measurement.

13-638. As discussed in the previous para
graphs ,the electrical characteristics of a
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Figure 13-151. Paths of Waves in a 
Rectangular Waveguide
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This equation results from the fact that 
propagation is impossible unless all signals 
traveling in a given direction reinforce one 
another. The equation is derived easily 
from consideration of the diagram shown in 
figure 13-152. Consider a signal that passes 
through point C moving to the left. It is re
flected from the left-hand wall at point D, 
and from the right-hand wall at point E; it 
finally moves in direction EF, which is 
parallel to the original direction, CD. A 
wave front is always perpendicular to the 
path of a wave, and since DH is perpendicu
lar to CD, DH is a wave front for signals 
moving to the left. The phase of a signal is 
the same at all points on a wave front. 
Therefore, a signal moving to the left 
through point H is in phase with the incident 
signal at point D. If energy is to be propa-

the waveguide, and on A, the wavelength of 
the signals. The relationship is given by 
the following equation:

13-644. The signal behavior on reflection 
is the same as that of a horizontally polar
ized signal reflected from the surface of the

However, it does not matter whether 
this is the case or not, since two phase re
versals have a net effect of zero , To have

gated down the waveguide, the reflected 
signal at point E must have the same phase 
as the signal moving to the left through point 
I, since both are on a wave front perpendicu
lar to point EF. Otherwise, the signals will 
cancel each other after traveling a short 
distance through the waveguide. Since the 
electric field of the signals is parallel to 
the reflecting wall, there is a phase reversal 
at point D and another one at point E.

Figure 13-152. Geometry of Equation for 
Determination of Angle B
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Figure 13-153. Spacing of Wave Fronts
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13-648. To construct the field patterns, it 
is necessary to know the spacing in the wave-

It must be emphasized that the waveguide 
will carry energy only for certain values of 
angle B, because the signals cancel for 
other values of the angle. This has nothing 
to do with attenuation or losses; the phenom
enon is similar to the directive effect of an 
antenna that does not radiate in directions 
for which signals from various portions of 
the antenna cancel each other.

13-646. The patterns of the electric and 
magnetic fields in the rectangular waveguide 
may be found by adding the fields belonging 
to the two sets of electromagnetic waves— 
those moving to the left and those moving to 
the right. This may be done separately for 
the electric field and the magnetic field.

13-645. FIELD PATTERNS IN A RECTAN
GULAR WAVEGUIDE. 一^~

narrow waveguide.

guide between two wave fronts having a phase 
difference of one half-cycle. This is de
veloped in the diagrams shown in figure 13- 
153. Here CD is a line drawn across the 
waveguide, and CE is a wave front of the 
signal that is moving to the left. The dis
cussion in paragraphs 13-642 has shown that 
DF (which corresponds to GH in figure 13- 
152) must be one half-wavelength in the 
simple case (for which n is 1). Wave front 
DG in figure 13-152 is therefore one half
cycle different in phase from wave front CE 
in figure 13-152. Part A of figure 13-152 
shows a fairly wide waveguide, and part B 
shows a

13-650. Figure 13-154 illustrates the way 
in which the electric fields combine. Part A 
shows the electric fields of the waves mov
ing to the left, and part B shows those of the 
waves moving to the right. In each illustra
tion, the direction of the electric field is in
dicated by the notes beside the figure, and 
the strength of the field is shown by the dark
ness of the shadowing. Part C shows the

where n is an integer (1, 2, 3, etc). In the 
simplest case, which is the one imder dis
cussion, n is equal to 1; thus, when 1 is 
substituted for n, the equation given above 
immediately reduces to the following:

the desired phase relations, angle B must 
have a value which makes path DE an inte
gral (whole) number of wavelengths longer 
than path HI. Path GJ is equal to path DE, 
since G lies opposite D, and J lies opposite 
E. The requirement for the propagation of 
energy is that HI and GJ differ by an integral 
number of wavelengths. The difference be
tween GJ and HI is the sum of GH and IJ, and 
each of these distances is equal to b sin B. 
The condition for propagation, then, is as 
follows:
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13-651. PATTERN OF MAGNETIC FIELDS. o

13-655. DETAILS OF COMBINED PATTERN.

13-162

13-653. COMBINED PATTERN OF ELEC
TRIC AND MAGNETIC FIELDS.

combined fields that are obtained by simply 
adding the fields of the two sets of waves.

13-652. Figure 13-155 illustrates the way 
in which the magnetic fields combine. When 
adding these fields, it is necessary to con
sider the relative directions of the individual 
fields, in the same way that, when adding 
two ac voltages, it is necessary to consider 
the relative phase. The direction of the 
magnetic field is shown, in parts A and B, 
by small arrows next to the waveguide, and 
in part C, by arrows superimposed on the 
shading. The strength of the fields is in
dicated by the darkness of the shading.

13-656. At any point inside the waveguide, 
sinusoidally oscillating fields will be ob
served as the field pattern travels down the 
guide past the point of observation. The 
character of the observed fields depends 
only on the distance between the point of ob
servation and the side wall of the waveguide. 
At a point midway between the side walls of 
the waveguide, the electric field, part A, 
and the transverse magnetic field, part B, 
vary as shown in figure 13-157. The two

13-654. The combined pattern of the elec
tric and magnetic fields is shown in figure 
13-156. Here, the strength of the field is 
indicated by the darkness of the shading, and 
the direction is given as a note beside the 
waveguide. The character of the magnetic 
field is indicated by the closed loops. The 
arrowheads on these loops show the direction 
of the magnetic field, and the spacing of the

loops indicates the strength of the magnetic 
field (closely spaced loops indicate a strong 
field) . The magnetic field pattern is shown 
more precisely in part C of figure 13-155. 
At both side walls, the electric field van
ishes and the magnetic field is longitudinal 
(parallel to the axis of the waveguide). 
Midway between the side walls, the field is 
the same as in unobstructed space, both 
electric and magnetic fields being trans
verse (perpendicular to the waveguide axis). 
At intermediate points, fields of both sorts 
are present with reduced strength, the 
longitudinal and transverse magnetic fields 
adding to produce a combined magnetic field 
that is neither transverse nor longitudinal.

T.O. 31-1-141-14Chapter 13 Section X
Paragraphs 13-651 to 13-656
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Figure 13-156. Combined Pattern of 
Electric and Magnetic Fields
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fields are in phase with each other, the peak 
intensity of the electric field occurring at 
the same instant as the peak intensity of the 
transverse magnetic field. No longitudinal 
magnetic field is observed at a point mid
way between the side walls. At a point 
somewhere between the center of the guide 
and one of the side walls, the fields vary, 
as in parts A and B of figure 13-158. This 
figure shows the fields for a point between 
the center of the guide and the right-hand 
side wall. For a point between the center 
of the guide and the left-hand side wall, the 
observed fields are the same as those in 
figure 13-158 except that the phase of the 
longitudinal magnetic field, shown in part C, 
is reversed. At both side walls the longi
tudinal magnetic field is present, but both 
the transverse magnetic field and the elec
tric field vanish. If the amplitude of the 
oscillating field is plotted against distance 
from the side wall of the waveguide, the re
sulting curve is half of a sine wave (see fig
ure 13-159). For this reason, the pattern 
is sometimes called a half-sine pattern. 
The electric field and the transverse mag-
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time"

Figure 13-158. Fields Observed at Point 
Between Center of Guide and Right

Hand Wall

13-658. As explained in previous paragraphs, 
for the simplest wave pattern that will carry 
energy down the waveguide, angle B is de
termined by the following relationship:

netic field vanish at both walls, as in part
A. The longitudinal magnetic field van
ishes at the center of the guide, as in part
B, and it has opposite phases in the right 
and left halves of the guide, as shown by 
the negative value of the amplitude in the 
figure ・

This equation shows that B must equal 90 
degrees when the wavelength is equal to 2b. 
Here the two sets of waves merely travel 
back and forth across the waveguide, and 
no energy is carried in the desired direc
tion (along the guide). If the wavelength is

greater than 2b, there is no value of B that 
satisfies the relation. The wavelength at 
which B equals 90 degrees is called the cut
off wavelength ( \c), and the corresponding 
frequency is called the cutoff frequency (fc). 
For the wave pattern described above, Ac is 
equal to 2b. To avoid confusion, the wave
length of the signal is referred to as the 
wavelength in air (Xa) ■ Assuming a signal 
with a frequency of 3000 me per second, for 
example, X a is equal to 10 centimeters. 
Waveguide transmission is sometimes ex
plained in terms of a two-wire transmission 
line with an infinite number of quarter-wave 
shorted stubs, each of which has an infinite 
impedance and therefore looks like an open 
circuit. Figure 13-160 shows a two-wire
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line with a large number of shorted stubs； 
the similarity to a waveguide is immediately 
apparent. This explanation does not cover 
the field pattern nor the group and phase 
velocities. It implies that transmission is 
possible only if the width of the guide is one 
half-wavelength, which is not correct since

Figure 13-160. Two-Wire Transmission 
Line with Quarter-Wave Shorted Stubs

g.

DISTANCE FROM 
SIDE WALLS

DISTANCE FROM 
SIDE WALLS

Figure 13-161. Geometry of Equation for 
Derivation of Guide Wavelength

7

13-660. In addition to X a and Xc, it is 
customary to refer to the guide wavelength 
(\g)・ This is the wavelength of the pattern 
in the waveguide, and is equal to Aa/cos B. 
The relationship can be derived from the 
diagram in figure 13-161. Here, CD is a 
wave front of the signal that moves to the 
left; point E is on the left-hand wall, direct
ly opposite point D, and EF is another wave 
front of the same signal. Distance DG is 
equal to b sin B and, from previous discus
sions, it is clear that this must be X a/2. 
The two wave fronts, CD and EF, are,

0.

Chapter 13 Section X 
Paragraphs 13-659 to 13-660 

transmission is possible only when the width 
of the guide exceeds one half-wavelength. It 
may be useful to remember, however, that 
a waveguide at the cutoff frequency (where it 
will not carry energy) looks like a two-wire 
line with an infinite number of quarter-wave 
shorted stubs.
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13-666. As explained in previous paragraphs,
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WATER RISES AT 
TRANSPORT VELOCITY 
(INDICATED 8Y BOUNDARY 
BETWEEN CLEAR WATER 
ABOVE AND OYEO WATER 
BELOW)

13-664. Imagine a transmission equipment, 
similar to the one shown in figure 13-162, 
that consists of a vertical glass tube through 
which water is pumped. Simultaneously, 
air is introduced at the bottom and rises in 
the form of small, regularly spaced bubbles. 
Suppose, now, that clear water is pumped 
through the tube. The rising bubbles will

OUTLET

form a pattern which moves upward at a 
pace that may be called the pattern velocity. 
If dyed water is then introduced, the bound
ary between the clear water and the colored 
water will rise at a speed that may be called 
the transport velocity (the velocity at which 
water moves through the tube). This equip
ment behaves in a manner similar to that of 
a waveguide. If a steady signal is sent 
through the guide, the field pattern will have 
a wavelength Xg, analogous to the spacing 
between the bubbles. The field pattern will 
move with a phase velocity, just as the 
bubble pattern moves at the pattern velocity. 
If, then, the signal level is raised suddenly, 
the boundary between the low-level signal 
and the high-level signal will move along the 
waveguide at a group velocity, just as the 
boundary between the clear water and the 
dye solution moves at the transport velocity.
13-665. VARIATION OF VELOCITIES WITH 
WAVELENGTH.

a 
cos B

therefore, separated by one-half Xa. Point 
H is on the left-hand wall, directly opposite 
point F, and HI is another wave front. By 
an argument similar to the one given above, 
the spacing between EF and HI is one-half

Xa. Then KL, the spacing between CD and 
HI, is exactly equal to Xa- 
of the pattern, however, is equal to KM, 
since this is the distance along the guide 
axis between two points where the phase of 
the signal differs by one cycle , The angle 
between KL and KM is B; therefore, the 
following relationships hold true:

13-662. Just as
Xg-, must be considered in connection with 

the transmission of energy along a wave
guide, three separate velocities are of con- 

The first of these is the velocity of 
electromagnetic waves in space, usually 
identified as the letter c, which is equal to 
330 yards or 300 meters per microsecond. 
The other two are group velocity (vg), which 
is the velocity with which energy is trans
mitted along the waveguide, and phase ve
locity (vp), which is the velocity with which 
the field pattern moves along the waveguide.

WATER
INLET r
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Xa/2b = Xa/Xcsin B
PQ = vw t; RQ = Yb t

vwt = Vb t cos X

Thus:

vb = Vw/cos X

13-667. OTHER MODES OF TRANSMIS
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Figure 13-163. Water Waves Breaking 
on Beach

EDGE OF 
BEACH

where t is the time required for the wave 
crest to move from P to Q. Also:

move forward with a velocity vw, and the 
point at which the wave crest breaks on the 
beach moves along the edge of the beach 
with a velocity v^, then:

the cutoff wavelength, Xc, is equal to 2b, 
and the angle B is determined by the follow
ing relation:

When the operating frequency is extremely 
high, so that the wavelength of the signal 
(in air) is very much shorter than the cutoff 
wavelength of a waveguide, sin B and B are 
both very small and cos B is nearly 1. In 
this case the phase velocity is only slightly 
greater than c and the group velocity is only 
slightly smaller. At the other extreme, 
when the wavelength in air is only slightly 
shorter than the cutoff wavelength, sin D is 
very nearly 1 and B is nearly 90 degrees. 
Cos B is then very small, so that Vg becomes 
small and vp becomes extremely large. 
Similar behavior can be observed at any 
straight lake front or ocean beach. Figure 
13-163 shows a series of wave crests mov
ing in a direction that makes an angle x with 
the edge of the beach. For example, as
sume that one of the wave crests moves 
from P to Q; the intersection of that crest 
with the beach moves from R to Q. By 
simple geometry, distance PQ is equal to 
distance RQ times cos X. Then, if the waves

The point of intersection of a wave crest 
with the edge of the beach, therefore, runs 
along the beach 1/cos X times as fast as the 
wave pattern moves.

13-668. A number of individual electro
magnetic waves can combine in many dif
ferent ways to carry energy clown the interior 
of a rectangular waveguide. The various 
ways are called modes, and each mode has 
a distinctive field pattern that is different 
from that of every other mode. Each mode 
also has its own cutoff frequency, cutoff 
wavelength, guide wavelength, group velocity, 
and phase velocity, which are not necessar
ily different from those of other modes. In a 
rectangular waveguide, it is customary to 
choose dimensions that make the cutoff fre
quency higher than the operating frequency 
for all modes except the mode being used. 
For all modes except this one, the operating 
frequency is below the cutoff frequency, and 
the operating wavelength is longer than the 
cutoff wavelength, so that transmission is 
impossible. The waveguide, therefore, 
operates only in the mode being used. In 
spite of this common engineering practice, 
the other modes should be considered 
briefly.
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13-674. It has been stated that energy can 
be carried along a waveguide by vertically

13-672. It is impossible to send a single 
vertically polarized wave down a waveguide 
along a path that is parallel to the axis of 
the guide. The field pattern of such a wave 
will have an electric field which is parallel 
to each side wall at the surface of the wall. 
This electric field will cause currents to 
flow in the side walls, and the electromag
netic waves radiated by these currents will 
cancel the original signal in a very short 
distance. The same thing is true of a hori
zontally polarized wave that travels directly 
down the guide without reflection. Here 
there will be electric fields which are par
allel to the top and bottom of the guide, and 
the same result will be obtained. Finally, 
any electromagnetic wave may be considered 
as a combination of vertically and horizon
tally polarized waves. It follows, therefore, 
that it is impossible to send energy for any 
great distance through a rectangular wave
guide by means of any signal that travels di
rectly down the guide without reflection. 
The TE°, o and TM°, o modes have field 
patterns that are uniform along both the a 
and b dimensions. The reflections from the 
side walls cause the field pattern to vary 
along the b dimension, whereas the absence 
of reflection from the top and bottom of the 
waveguide makes the pattern uniform along 
the a dimension. Thus, a field pattern which 
is uniform in the a and b dimensions can be 
obtained only if there is no reflection from 
any of the walls. However, it is impossible 
to transmit energy for any great distance 
through a rectangular waveguide by means 
of waves that are not reflected, and for this 
reason neither the TE(), o nor the TM(), o 
mode can exist, from a practical standpoint, 
in a rectangular waveguide.

13-670. In some modes, the electric field 
is always transverse (where it does not 
vanish), whereas the magnetic field in these 
modes is sometimes transverse and some
times longitudinal. This is true, for exam
ple, with the simple mode described above. 
Such modes are called TE (transverse elec
tric) modes. In other modes, the magnetic 
field is always transverse, whereas the 
electric field is sometimes transverse and 
sometimes longitudinal. These are called 
TM (transverse magnetic) modes. In still 
other modes, both the electric field and the 
magnetic field are longitudinal at various 
points. These modes are not named, since 
a mode of this kind can always be considered 
as a combination of a given TE mode and a 
given TM mode. A mode is defined further 
by two subscripts, m and n, as a TEmj n or 
a TMm n mode. The first subscript is the 
number of times a pattern repeats itself 
along the a dimension of the waveguide (from 
the top of the guide to the bottom), and the 
second subscript is the number of times the 
pattern repeats itself along the b dimension 
(from one side of the waveguide to the other). 
In the simple case described earlier, the 
field pattern is uniform from top to bottom, 
so that there is no repetition and the first 
subscript (m) is therefore equal to zero (0). 
There is variation, however, from one side 
to the other, but the pattern occurs only 
once; therefore, the second subscript (n) is 1. 
The simple mode is, accordingly, called the 
TE°,i mode (since the electric field is en
tirely transverse). The following discus
sion shows that the TE(),i mode has a longer 
cutoff wavelength than any other mode for a 
given rectangular waveguide. Because of 
this, it is possible to choose the waveguide 
dimensions so that Xc is longer than X a 
for this mode, and shorter than Xa for 
every other mode. The waveguide is there
by forced to operate in the TE。，i mode, as 
explained above.
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13-676. OTHER NONEXISTENT MODES.

Figure 13-164. Geometry of TE°, 3 Mode
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polarized waves traveling parallel to the top 
and bottom of the guide if their paths make 
the proper angle with the side walls; it has 
also been established that the proper angle

given by either of the following equations：

13-677. At first glance, it would appear 
possible to develop the TM° n mode by 
sending horizontally polarized signals along

where B is the angle between the paths of the 
individual waves and the side walls. It has 
been shown that the TE°, 1 mode is produced 
when n is equal to 1, although the mode was 
not so labeled at the time. For any value of 
n （except zero）, this arrangement of ver
tically polarized waves reflected from the 
.side walls produces a TEo?n mode. This 
may be verified by examination of the dia
gram shown in figure 13-164, which treats 
the case where n is equal to 3. Here C and 
D are two points opposite each other on the 
side walls of a rectangular waveguide. The 
distance DF is n half-wave lengths （three in 
this case）; therefore, wave front GD is three 
half-wave lengths behind the wave front CE.

13-675. Figure 13-165 illustrates the elec
tric field pattern in a plane perpendicular 
to the axis of a rectangular waveguide; part 
A shows the TE（）, 1 mode, part B shows the 
TE（）,2 mode, and part C shows the TEq 3 
mode. In part B, the direction of the elec
tric field in the right half of the waveguide 
is opposite that in the left half. In one half, 
the field is directed upward, and in the other 
half it is directed downward. Similarly, in 
part C, the direction in the center of the 
guide is opposite the direction in either of 
the side portions of the guide. In every 
case, however, the field is either upward or 
downward. Figure 13-166 shows the com
bined fields for the TEq, 3 mode.

It is possible to construct additional wave 
fronts HI and JK, so that each is one half
wavelength from its neighbors. In the same 
way, wavefronts QD, OP, MN, and CL may 
be constructed, each being one half-wave
length from its neighbors. Now as one 
moves from C to R, the phase of the waves 
moving to the left changes one half-cycle in 
one direction, and the phase of the waves 
moving to the right changes an equal amount 
in the other direction. This leads to a pat
tern similar to that obtained by moving all 
the way across the guide in the TE°, 1 mode. 
Conditions at R are the same as those at C, 
except that the phases of both sets of waves 
are reversed. Therefore, the pattern be
tween R and S is the same as the pattern be
tween C and R, but the directions of the 
fields are reversed. The same thing happens 
between S and D, with the directions of the 
fields the same as those between C and R. 
Consequently, the pattern for a TEo,n mode 
is nothing more than a repetition of the 
TE（）,i pattern, with the field directions re
versed at each repetition.

Chapter 13 Section X 
Paragraphs 13-675 to 13-677



Figure 13-166. Combined Fields for
TOq , 3 Mode

modes, you should con-

The two sets of waves combine to form a 
field pattern like that of the TEo,n mode, 
except that it is tipped downward and there
fore travels downward. A similar pattern, 
tipped in the opposite direction and travel
ing upward, is formed by the two sets of 
waves that move upward to the right and 
left. These two patterns follow paths that 
meet the top and bottom of the waveguide at

two sets of waves; before considering the 
TEm,n and TMm>n 
sider what happens when the signals are 
reflected from all four walls of the wave
guide. The pattern will then be built up 
from four sets of waves, those moving down
ward to the right and left, and those moving 
upward to the right and left. To begin, con
sider the two sets of waves that move down
ward to the right and left. Their paths 
meet the side walls of the waveguide at 
some.angle, B, which satisfies the follow
ing equation:

sin B = n Xa/2b

UP
DOWN， DOWN

DOWN

o
•/

13-678. REFLECTION FROM FOUR WALLS.

13-170

13-679. All of the modes previously con
sidered have patterns that are built up from

the paths prescribed for the signals that 
produce a TEo,n mode. This would produce 
a pattern of the desired type, but there 
would be longitudinal electric fields at the 
walls and the pattern would canceled by the 
waves radiated by induced wall currents. 
The same objection applies to the possibil
ity of developing a TMm> o mode by sending 
vertically polarized waves along the paths 
that produce a TMm, o mode , For this 
reason, neither the TM（）,n modes or the 
TMm, 0 modes can exist in a rectangular 
waveguide.
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Figure 13-165. Electric Field Patterns for 
TE°,n Modes
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0 mode, and angle

sin A

13-680. BEHAVIOR OF TIPPED PATTERNS.

B

13-171

13-682. FIELD CONFIGURATION OF 
COMBINED PATTERN.
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Figure 13-167. Paths of Two-Wave 
Patterns

Figure 13-168. Configuration of Combined 
Pattern

13-683. The general appearance of the com
bined pattern is shown in figure 13-168; the 
direction of the electric field is indicated by 
solid lines, the direction of the magnetic 
field is indicated by dashed lines. The pat
tern for vertically polarized waves is shown 
in part A of the figure, and the pattern for 
horizontally polarized waves is shown in 
part B. In each pattern, both m and n are

where X is the wavelength of each of the 
patterns, or \a/cos B.

angle A. In figure 13-167, part A shows the 
paths from above and part B shows them 
from the side. Since each pattern is com
posed of two sets of electromagnetic waves 
which are reflected by the top and bottom of 
the waveguide, the pattern as a whole is re
flected, and behaves generally, in a manner 
similar to one of the sets of waves in a 
TEm,0mode・

13-681. Each of the patterns formed by 
combining two sets of waves has a value of 
Xa/cos B, where the wavelength is meas

ured in a direction parallel to the path of 
the patterns. The pattern moves along the 
path, as shown in figure 13-167, with a 
velocity of c/cos B; energy moves along the 
path with a velocity of c cos B. The wave
length and the two velocities are equal to the 
guide wavelength and the phase and group 
velocities of the TE（）,n mode. As might be 
expected, the pattern cannot exist unless 
Xa is shorter than 2b/n, the cutoff wave

length for the mode , The two patterns com

bine in the same way as the two sets of 
waves that form a TEm
A must satisfy the following equation：

m X/2a
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13-684. TE AND TM- MODES.m,n m,n
Figure 13-169. TMi,i and TEi,i Modes

mode

13-172

13-686. SINGLE-MODE OPERATION OF 
RECTANGULAR WAVEGUIDE.
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equal to 1. The pattern for higher values of 
m and n is simply a repetition of the simple 
pattern, either vertically or horizontally 
across the guide. To simplify the diagrams, 
most of the lines showing field direction 
have been omitted. The direction of the 
electric field is shown in a plane through 
the center of the guide, a vertical plane for 
the vertically polarized waves and a hori
zontal plane for the horizontally polarized 
waves. Similarly, the direction of the mag
netic field is shown only near the top of the 
waveguide and near the right-hand wall. 
The pattern of the magnetic field near the 
bottom of the waveguide is the same as the 
pattern near the top, with the directions 
reversed. A similar situation, with identi
cal patterns and reversed directions, exists 
for the magnetic fields near the two side 
walls.

13-687. Assume that the dimensions of a 
rectangular waveguide are chosen so that

is shorter than Xa for the TE], o mode.

The waveguide then cannot carry energy at 
the wavelength of X a by means of the TE], o 
mode; therefore, this mode is said to be 
suppressed for X a and the corresponding 
frequency. The cutoff wavelength becomes 
shorter as either m or n is made larger. 
Consequently, all modes for which m is 
equal to or greater than 1 will be suppressed. 
(It is not necessary to specify the values of 
n because any value will be equal to or 
greater than zero). The only possible modes 
are, therefore, those for which m is zero. 
Since the TMo,n modes do not exist, the 
only possible modes are the TE°,n modes. 
If, in addition, the TEo,2 mode is sup
pressed, all modes for which n is equal to 
or greater than 2 will also be suppressed. 
There remains only the TE。，i mode (since 
neither the TEo, 0 mode nor the TM°, o mode 
exists)・ This preceding procedure is nor
mally followed when using a rectangular 
waveguide. Height a, shown in part B of

13-685. If eight sets of electromagnetic 
waves are present in a rectangular wave
guide ,both of the patterns shown in figure 
13-168 will be present. If the phase rela
tion between the two patterns is the same as 
that shown in the drawing, the longitudinal 
component of the magnetic field will be 
canceled and the result will be a TMm n 
mode. If, on the other hand, the phase of 
one of the patterns is reversed (by reversing 
the phases of the four sets of waves that 
contribute to it), the longitudinal electric 
field will be canceled, and a TEm n 
will result. In parts A and B of figure 13- 
169, the directions of the resulting electric 
and magnetic fields are shown in a plane 
across the waveguide at a point where the 
transverse field is maximum.

A
TM|,|
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Table 13-4. Rectangular Waveguide Characteristics

NOMINAL OPERATING WAVELENGTH

a(S-BAND)

1.500 x 3.000 .500 x 1.000

.080 .050

4. 82 cm14.44 cm

2.41 cm7.22 cm

2.28 cm8. 80 cm

S-Band—10 cm.

13-173

a
b =X-Band— 3 cm.

Outside dimensions in inches

Wall thickness in inches

Inside dimensions in inches
Inside dimensions in centimeters

13-688. DIMENSIONS OF RECTANGULAR 
WAVEGUIDE.

Chapter 13 Section X 
Paragraphs 13-688 to 13-689

13-689. It is desirable to use waveguides 
which are as large as possible, provided 
that you suppress undesired modes. Large 
waveguides have less attenuation than 
smaller waveguides, just as large wire has 
smaller de losses (because of the wire's 
lower resistance) than small wire, when 
both carry the same current. Modes other 
than TE(), i mode are suppressed for much 
the same reason that standing waves on a 
transmission line are suppressed. Both

absorb power, and both interfere with the 
proper operation of the waveguide by chang
ing the impedance. It is customary to use 
1-1/2- by 3-inch rectangular waveguide for 
S-band operation, and 1/2- by 1-inch rec
tangular waveguide for X-band operation. 
Some of the characteristics of these two 
sizes of rectangular waveguides are given 
in table 13-4. In practice, the shortest 
operating electrical wavelength is 5 or 10 
percent longer than the physical wavelength 
at which double-mode operation is possible. 
This insures that the waveguide will operate 
only in the TEo, 1 mode, even when there is 
a small error in the operating frequency. 
The longest operating wavelength is about 
80 percent of Xc for the TE°,i mode. The 
waveguide will operate at longer wavelengths 
(as long as they are shorter than Xc), but 
the attenuation increases rapidly as the op
erating wavelength approaches the cutoff 
wavelength. A good rule of thumb for esti
mating the operating wavelength of an odd
size rectangular waveguide is that the nom-

1.340x 2.840
3.40 x 7.22

Ac, TEo,i mode 

Xc, TEo,2 mode 

Xc, TEi o mode

(X-BAND)b

.450 x .950
1.14 x 2.41

figure 13-167, is made less than X a/2 so 
that the TEi, o mode, which has a cutoff 
wavelength of 2a, is suppressed. The TEq,2 
mode, which has a cutoff wavelength of b, 
is suppressed by making b less than X a. 
The cutoff wavelength for the TE()j mode is 
2b, and if the width is more than ka/2 (but 
less than \a)> the waveguide will operate in 
this mode only.
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modes and TM

13-691. GENERAL.

13-174
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Figure 13-170. Dominant TE Modes in 
Circular and Square Waveguides

inal operating wavelength is about five- 
fourths of the larger dimension.

13-693. TERMINOLOGY. As with rec
tangular waveguides, all circular waveguide 
modes are designated as TE modes, TM 
modes, or combinations of these two, and 
these modes have the same significance as 
they had in rectangular waveguides. The 
modes are described by the same two sub
scripts ,so that in the circular waveguide

13-692. The behavior of circular wave
guides is similar to that of rectangular 
waveguides. The field patterns, like those 
of rectangular waveguides, satisfy the fol
lowing two boundary conditions, imposed by 
the fact that the waveguide wall is a good 
conductor: At the surface of a wall there 
can be no varying electric field parallel to 
the wall, and there can be no varying mag
netic field perpendicular to the wall. A re
view of the material on rectangular wave
guides will show that these boundary condi
tions are satisfied by the field patterns of 
all existing inodes. Because of the curved 
walls of a circular waveguide, it is ex
tremely difficult to examine the field pat
terns in the same detail as those of a rec
tangular waveguide; there is no simple 
method of building the field pattern from a 
small number of simple waves traveling 
along the guide , The calculation of cutoff 
wavelength for a given mode in a circular 
waveguide is beyond the scope of this man
ual; it will be necessary to accept the values 
given here without any demonstration of 
their validity. The general configuration of 
the field patterns may be deduced, however, 
from their similarity to corresponding pat
terns in a square waveguide (a rectangular 
waveguide for which dimensions a and b are 
equal).

13-694. IMPORTANT MODES. In consider
ing the behavior of a circular waveguide, it 
is necessary to examine only the TEi, 1 
TM°, i and TE?, i modes. These are the 
three simplest modes for circular waveguide 
operation, and the only ones for which the 
cutoff wavelength is greater than the diame
ter of the guide. TEi,i is the dominant 
mode (the mode having the longest cutoff 
wavelength) for a circular waveguide； it has 
a cutoff wavelength of 1.71d, where d is the 
inside diameter of the waveguide. Part A of 
figure 13-170 shows the electric field pattern 
for the TEi,i mode in a circular waveguide, 
and part B shows the electric field for the 
TE。，i mode in a square waveguide (a rec
tangular guide for which a and b are equal). 
The resemblance between the fields in the 
circular and square waveguides is obvious,

13-690. CIRCULAR VERSUS RECTANGU
LAR WAVEGinDES.

there are TEm n modes and TMm n modes. 
In a rectangular waveguide, m is the num
ber of times a field pattern is repeated from 
the top of the guide to the bottom, with a 
reversal in the directions of the electric and 
magnetic fields at each repetition, and n is 
the number of times the pattern is repeated 
from one side wall to the other. In circular 
waveguide, however, m and n have different 
meanings; m is the number of times the 
pattern is repeated around the waveguide, 
and n is the number of times the pattern is 
repeated between the center of the guide and 
the wall.
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13-175

Figure 13-171. Simplest TM Modes in 
Circular and Square Waveguides

Chapter 13 Section X 
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waveguide when it is necessary to rotate one 
with relation to the other, as shown in figure 
13-173. Moving the upper rectangular wave
guide from the position shown in part A of 
the figure to the position shown in part B 
has no effect on the transmission of energy. 
Although it is possible to use the TEi,i 
mode in a circular waveguide, it is difficult 
with this mode to control the plane of signal 
polarization; therefore, you will normally 
use the corresponding TE°,i mode in the 
rectangular waveguide instead.

13-695. USES. The usefulness of circular 
waveguides lies in the perfect symmetry of 
the TM()i mode. A rotating joint can be 
inserted in a section of circular waveguide 
without affecting the transmission of energy. 
Therefore, you can use a section of circular 
waveguide to join two sections of rectangular

13-696. DIMENSION CRITERIA. In choos
ing a circular waveguide, you must always 
make sure that X a is shorter than 1.31d, 
the cutoff wavelength for the TMo, 1 mode. 
The higher TM modes are then automatically 
suppressed by choosing the waveguide diame
ter so that X a is longer than 0.82d. The 
method of exciting the waveguide suppresses 
the TE],i and TE2,1 modes unless the 
latter of these is already suppressed by your 
choice of diameter selection. It is custom
ary to excite the guide with a small antenna 
at the guide axis, as shown in figure 13-174. 
The field radiated by this antenna has no 
longitudinal magnetic component (which must 
be present for aiV TE mode), and, conse
quently, neither the TEi, 1 nor the TE2,1 
mode is excited. Mechanically, it is de
sirable to use circular waveguides with a 
diameter equal to the width of the rectangu
lar waveguide in the arrangement, so that d

and both modes are dominant modes. The 
TMo,l mode in a circular waveguide, with a 
cutoff wavelength of 1.31d, is shown in part 
A of figure 13-171; the TM1}1 mode in a 
square waveguide is shown in part B. The 
two diagrams are simplified by omitting the 
lines showing the direction of the magnetic 
field. The TE2,1 mode in a circular wave
guide, with a cutoff wavelength of 1.03d, is 
shown in part A of figure 13-172. The cor
responding mode in a square waveguide, the 
TEi,i mode, is shown in part B of the fig
ure. All other modes, both TE and TM, 
have cutoff wavelengths of 0.82d or less.

Figure 13-172. Simplest TE Modes in 
Circular and Square Waveguides
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13-697. WAVEGUIDE ADVANTAGES. The 
major advantage of a waveguide over a 
coaxial line is the much lower de loss in a 
waveguide, resulting primarily from the 
elimination of the center conductor. At vhf 
and micro wave frequencies, interaction be
tween the guided waves in a transmission 
arrangement and the current-carrying elec
trons causes the current flow to be confined 
to the surface of the conductors. This skin 
effect, of course, is also present at lower 
frequencies, but in comparison with the de 
resistive value of the conductor it is un
important. However, at vhf and microwave 
frequencies, because of the high resistances, 
only the surface of the inner conductor of 
coaxial line is available for current flow, 
and its resistance is unavoidably high. The 
outer conductor has a larger surface (the 
inner surface is the one that carries the 
current), and therefore has a much lower 
resistance. Tlie major portion of the loss, 
therefore, occurs on the inner conductor of 
the coaxial line. The inner conductor is not

Figure 13-173. Rotating Joint in Circular 
Waveguide

13-699. The impedance of a transmission 
line at any point is the ratio between the 
voltage and the current at that point. It is 
necessary, of course, when computing this 
ratio, to consider the phase relationship be
tween the voltage and the current. The 
impedance of a waveguide at any point is, 
similarly, the ratio between the transverse 
magnetic fields at tliat point. As with trans
mission line impedance, it is necessary, 
when computing the ratio, to take into ac
count the phase relationship between the two 
fields. Part A of figure 13-175 shows the 
fields associated with a coaxial line, and 
part B shows the fields in a conventioml 
two-wire line. In both, the transmission 
line acts as a guide for the waves that ac-

Figure 13-174. Excitation of Circular 
Waveguide

present in a waveguide ； therefore, a wave
guide is not subject to inner-conductor loss. 
A waveguide has other advantages over a 
flexable coaxial line, such as lack of radia
tion and dielectric losses, but a rigid 
coaxial line offers the same advantages. 
The greatest merit of a waveguide, aside 
from the fact that it has lower conductor 
losses (sometimes called copper loss) than 
a coaxial line, is its extreme simplicity of 
construction. By comparison with a wave
guide ,a rigid coaxial line with a quarter
wave stub support is a complicated mechani
cal device.

is normally about 0.8 Xa, but this is not 
always done. The circular waveguide nor
mally used in S-band operation has a diame
ter of about 3 inches, and that used in X- 
band operation has a diameter of about 1 
inch.
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13-700. WAVEGUIDE TUNING DEVICES.

13-702. SLUG TUNER.

13-17*

COAXIAL
A

2—CONDUCTOR
B

DIRECTION OF 
ELECTRIC FIELD

Figure 13-175. Fields Associated with 
Transmission Lines
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The waveguide, then, has a characteristic 
impedance associated with each mode (al
though several modes may have the same 
characteristic impedance). In the presence 
of a reflected wave, the impedance is differ
ent from the characteristic impedance and 
is also different at different points along the 
waveguide. The impedance is always the 
same at all points in a plane perpendicular 
to the axis of the waveguide, just as the 
impedance of a transmission line (computed 
from the electric and magnetic fields in
stead of from voltage and current) is the 
same, whatever point in a given plane is 
chosen as a place to measure the fields.

13-701. It seems inappropriate, at first 
glance, to discuss the impedance of a wave
guide ,since there is no point along the 
guide where the voltage and the current can 
be measured. The concept of waveguide 
impedance is, however, as useful as the 
concept of transmission line impedance.

company any transmission of energy. At any 
point where the guided wave is present, such 
as point X in part A, and point Y in part B, 
of the figure, electric and magnetic fields 
are associated with the guided waves. The 
transverse component of the electric field 
(the field in a plane perpendicular to the 
conductors) depends on the position of the 
point and on the voltage between the conduc
tors. For any given point, the strength of 
the electric field is proportional to the volt
age. In the same way, the transverse mag
netic field depends on the position of the 
point and on the current carried by the con
ductors . For any given point, the strength 
of the magnetic field is proportional to the 
current. Both the transverse electric field 
and the transverse magnetic field depend in 
the same way on the position of the point, so 
that the ratio between the fields does not de
pend on the position of the point. The ratio 
between the two transverse fields is pro
portional to the ratio between the voltage and 
the current; it follows that the impedance of 
a transmission line can be defined either by 
the ratio between the voltage and the current 
or by the ratio between the transverse elec
tric field and the transverse magnetic field. 
The second way of defining the impedance 
can be applied directly to a hollow waveguide.

13-703. A slug tuner is used with a wave
guide transmission equipment in precisely 
the same way that the stub tuner is used 
with a conventional transmission line； the 
slug tuner is essentially the same device 
as the stub tuner. Most waveguide ar
rangements consist largely of a rectangular 
waveguide operating in the TEo, 1 mode; the 
double-slug tuner shown in figure 13-176 is 
designed for this type of waveguide. Part A 
of the figure shows a section through the 
tuner, and part B shows an end view. Each 
timing slug projects into the waveguide so 
that it is parallel to the electric field, and 
acts as a small antenna. It is excited by 
the electric field in the waveguide, and, 
consequently, radiates a signal. The phase 
of the signal radiated may be altered by 
changing the length of the slug with the tun
ing screw. Ideally, the signals reflected
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13-704. STUB TUNER.

13-705.
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from the slugs will cancel the signal re
flected back from the load. The tuning stub 
has no reflection effect when it is exactly a 
quarter-wavelength long; its length may be 
varied in either direction from this point. 
The slug is ineffective when it is backed out 
to a position even with the waveguide wall, 
and it can be varied in only one direction 
from that point. Consequently, the double- 
slug tuner is limited to some extent, and 
three-slug tuners are frequently used with a 
spacing of 3/8 X g between the adjacent 
slugs. A double-slug tuner is adjusted by 
starting with both slugs retracted so that 
their tips are even with the wall of the wave
guide ,the position where they have the least 
effect. One of the slugs is then inserted by 
advancing the tuning screw. If this increases 
the amplitude of the reflection, that slug is 
retracted and the other is advanced. From 
this point, tuning proceeds by alternate ad
justment of the two slugs for minimum re
flection.

Although actual tuning stubs are 
used occasionally, in most applications they 
offer little advantage over the slug tuner 
previously discussed. A typical tuning stub 
is shown in figure 13-177. It consists of a 
section of waveguide with an adjustable 
plunger of conducting material. To insure 
good contact between the plunger and the 
wall of the waveguide and, therefore, an 
effective short circuit for the termination, 
the plunger is grooved a short distance from 
its face. The groove, when seen from point 
B, appears as a short section of transmis
sion line terminated by the short circuit at 
point A. The groove depth is chosen so that 
this section of line has an effective length of 
1 quarter-wavelength. The impedance at 
point B, therefore, is the infinite impedance 
of a shorted quarter-wave section of line, 
and this is in series with the impedance of 
the rubbing contact between the plunger and 
the waveguide wall to the left of point B. 
Distance B to C is also 1 quarter-wave
length, and the impedance of the gap be
tween the plunger and the wall at point C is 
that of a quarter-wave section terminated 
by the impedance at point B. Since the 
impedance at point B is always great (be
cause of the impedance of the groove), the 
impedance at point C is almost zero, whether 
or not there is good contact between the 
plunger and the wall. The groove in the 
plunger is called a choke groove . The stub 
may be added to either wall of the waveguide.
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13-706. WINDOW TUNERS.
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13-707. It is always possible to tune a wave
guide by any method that introduces the re
quired reflection; this is sometimes done by 
means of window tuners, as shown in figure

13-179. Since it is desirable for the two 
obstructions to be symmetrical, it is rather 
difficult to construct an adjustable window 
tiner. However, window tuners are useful 
whenever they can be preset and left alone. 
Electrically, they are equivalent to shunt 
tuning stubs. The window tuners are nothing 
more than small conducting plates inserted 
in the guide. The tuner shown in part A of 
the figure is located where the electric field 
is relatively weak; thus, its major effect is 
imposed on the magnetic field. Since the 
magnetic field is analogous to current in a 
waveguide, a tuner of this kind behaves as a 
current device; it is approximately the 
equivalent of a shunt inductor (which does 
not affect the voltage) on a conventional 
transmission line. The tuner shown in part 
B affects the electric field more strongly 
than the magnetic field, and is thus approxi
mately the equivalent of a shunt capacitor.

When the junction is at the wall perpendicu
lar to the electric field, it is called an E- 
junction, the stub is called a series stub, 
and the impedance of the stub is in series 
with that of the main line. When the junction 
is at the wall perpendicular to the magnetic 
field, it is called an H-junction, the stub is 
called a shunt stub, and the impedance of the 
stub is in parallel with that of the main line. 
Part A of figure 13-178 shows a stub con
nected with an E-junction, and part B shows 
the stub connected with an H-junction. In 
practice, the E-junction is normally used in 
preference to the H-junction.
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13-712. You can use a directional coupler 
to measure the reflected signal in a wave
guide. The directional coupler requires no 
manipulation, and can be sealed to make it a 
permanent part of a pressurized waveguide 
arrangement. Figure 13-181 shows the 
basis for the theory underlying the use of 
the directional coupler. In this figure, a 
main waveguide has an auxiliary waveguide 
coupled to it through two small holes. Refer 
now to part A of figure 13-182； it is seen 
that when a signal travels from left to right 
in the main waveguide, some energy leaks 
into the auxiliary guide through the holes at 
points WX and YZ, and that the signal in the 
auxiliary guide at Z is composed of two 
parts. Some energy leaks through the hole 
at WX and travels from X to Z. Additional 
energy travels from W to Y and then leaks 
through the hole at YZ. Since distance WY 
and XZ are equal, the two parts of the sig
nal will be in phase and some energy will be 
propagated from left to right in the auxiliary 
guide , Propagation of a signal in the oppo
site direction in the auxiliary guide, as il
lustrated in part B of the figure, depends on 
the spacing between the holes. Some energy 
leaks directly through the hole at WX. Addi-

13-708. WAVEGUIDE OBSERVATION AND 
MEASUREMENT TECHNIQUES.

MAIN 
WAVEGUIDE

13-710. Whenever a waveguide carries both 
direct and reflected signals, the strength of 
the electric field varies from point to point 
along the guide, just as the voltage varies in 
a conventional transmission line. A slotted 
section in connection with a probe is used to 
observe the load power. Following trans
mission line terminology, the ratio between 
the maximum and the minimum electric 
field strength is called the vswr. Figure 13- 
180 shows a cross section of the carriage 
which rides on a slotted section of rectangu
lar waveguide. The probe, which is parallel 
to the electric field, is excited by the signal 
and develops a voltage at the operating fre
quency. A crystal rectifier is mounted in 
the carriage, and the output of the crystal 
is fed to a meter. You can generally use a 
sensitive meter directly, but an amplifier 
may be required. Figure 13-180 also shows 
a crystal holder with a fitting for a coaxial 
cable ・
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MAIN WAVEGUIDE

13-713. ATTENUATORS.

Figure 13-182. Theory of Directional Coupler

13-181

AUXILIARY 
WAVEGUIDE

waveguide, and does not depend on the level 
of the signal traveling in the other direction. 
A waveguide arrangement is frequently 
fitted with two directional couplers, one to 
measure the strength of the desired signal 
and the other to measure the level of the re
flected signal. It is also possible to feed 
energy into the directional coupler through 
the probe. Some of this energy will be ab
sorbed by the resistive termination, and the 
rest will leak through the two holes into the 
main waveguide. Because of the difference 
in the path lengths through the two holes, 
the energy that reaches the main waveguide 
will be propagated in only one direction.

Chapter 13 Section X 
Paragraphs 13-713 to 13-714

13-714. It is sometimes necessary for you 
to adjust the power level in a waveguide, and 
this is accomplished by means of an attenu
ator. Any of the various tuning devices will 
serve as an attenuator, since it can be de
liberately adjusted for an impedance mis
match. The tuning device produces a re
flected signal; only a portion of the incident 
signal in the waveguide will be transmitted, 
since the remainder is reflected. A more 
convenient device, however, is the shutter 
attenuator, shown in part A of figure 13-183. 
Part B of the figure shows how the conduct
ing shutter closes off most of the waveguide 
so that only a small amount of energy can be 
passed. In many cases, it is desirable to 
attenuate the signal without introducing any 
reflection; you can accomplish this by using 
the dissipative attenuator, shown in part A 
of figure 13-184. This structure consists of 
a holder which carries a card coated with a 
resistive material. This card is inserted in 
the waveguide, as shown in part B, parallel 
to the electric field. The attenuator is de
signed to absorb and dissipate energy. If 
the resistance of the card is of the proper 
value, the dissipative attenuator will not 
introduce reflection. The resistance of a 
conducting surface of this kind is specified ir 
ohms per square unit, without any restriction

tional energy travels from W to Y, leaks 
through the hole at YZ, and then travels 
back from Z to X. The longer path differs 
from the shorter path by twice the spacing 
between the holes. If, then, the holes are 
separated by a distance X g/4, the two sig
nals will be out of phase at X and no energy 
will be propagated from right to left in the 
auxiliary guide. Energy from the direct 
signal leaks into the directional coupler and 
travels in the same direction toward the 
right-hand end, where it is absorbed by a 
nonreflecting resistive surface termination, 
the impedance of which matches that of the 
waveguide (see figure 13-181). Energy from 
the reflected signal leaks into the directional 
coupler and continues to the left-hand end, 
where it excites the probe. Any reflection 
from the left-hand termination of the direc
tional coupler will eventually reach the right
hand termination and be absorbed. The probe 
is fitted with a crystal holder. The signal 
picked up by the probe is proportional to the 
strength of the reflected signal in the main



T.O. 31-1-141-14

SLOT

DIAL

A

WAVEGUIDE

Figure 13-184. Dissipative Attenuator

B

13-182

A
SHUTTER

SECTION A-A

B

RESISTIVE 
CARD

B
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as to how many units of distance are in
volved. In figure 13-185, part A shows a 
square of conducting surface which may 
have any convenient dimensions (1 inch by
1 inch, for example). Two conducting bars 
are fastened to opposite sides of the square, 
and the resistance between these is speci
fied as R. In part B, the rectangle is speci
fied as 1 inch by 2 inches, with a resistance 
of 2R・ However, two of these rectangles in 
parallel form the larger square, 2 inches by
2 inches, as shown in part C; this square 
has a resistance of R. It follows that the 
resistance of any unit square will be the 
same as the resistance of any other unit 
square, and the behavior of the material is 
specified completely if the resistance per 
square unit Is known. The impedance of a 
waveguide is specified at some plane per
pendicular to the waveguide axis. The wave
guide is, therefore, like a conducting sur
face, and its impedance is given in ohms 
per square unit.

Chapter 13 Section X 
Paragraph 13*714 (Cant) 
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13-718. In many S-band magnetrons, the 
coaxial line from the resonant cavity is 
terminated in fittings that allow it to be 
joined directly to a standard S-band coaxial 
transmission line. Figure 13-186 illustrates 
such a magnetron. In magnetrons used at

13-183

Figure 13-186. S-Band Magnetron with 
Coaxial Line Output Fittings

Figure 13-187. Magnetron with Waveguide 
Output Fitting

T.O. 31-1-141-14

13-717. MAGNETRON COUPLING.

Chapter 13 Section X
Paragraphs 13-715 to 13-720

13-719. IMPEDANCE MATCHING BETWEEN 
MAGNETRON AND LINE.

the higher frequencies, and sometimes in S- 
band magnetrons, the coaxial line from the 
resonant cavity is coupled to a short section 
of waveguide that is also a part of the mag
netron structure. This short section is con
nected to the waveguide transmission ar
rangement which carries the output of the 
magnetron. Although either a rectangular 
or circular waveguide may be used for the 
output fitting, most magnetrons use a rec
tangular waveguide. Figure 13-187 shows a 
magnetron of this type ・

13-716. A microwave transmitter consists 
of an oscillator (together with its power sup
plies, modulator, and control circuits) oper
ating at the desired output power level. Be
cause of the difficulty of making a power 
amplifier for use at microwave frequencies, 
a power oscillator is used. (Power ampli
fiers are normally employed at lower fre
quencies.) The oscillator is normally a 
multicavity magnetron, although a reflex 
klystron is used frequently in low-power 
applications. In either case, microwave 
power is developed in a resonant cavity, or 
cavity resonator, which is an integral part 
of the tube structure. Energy is taken from 
the cavity on a short length of coaxial line, 
which is also a part of the tube structure, 
and delivered to the transmission equipment, 
which may be either a coaxial line or a 
waveguide.

13-720. A magnetron is designed to have an 
output impedance equal to the characteristic 
impedance of the transmission line with 
which it is used. (The term transmission 
line is used here means either a coaxial line 
or a hollow waveguide.) Therefore, the 
magnetron will operate with reasonable ef
ficiency when it is connected directly to a 
transmission line of the it is designed to

13-715. TRANSMITTER COUPLING TO 
TRANSMISSION EQUIPMENT.~

i
l
k

h
u
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13-721. TRANSMISSION LINE TUNING.

o
13-724. KLYSTRON TO LINE COUPLING.

o
♦ TUNER Y ♦ LOADMAGNETRON ♦ TUNER X

Figure 13-188. Transmission Line with Tuners

13-184

SLOTTED 
SECTION

Chapter 13 Section X
Paragraphs 13-721 to 13-725

feed. For highest efficiency, however, it is 
usually necessary to insert a tuning device 
between the magnetron and the transmission 
line. The tuning device is either a stub 
tuner or a slug tuner, depending on whether 
the transmission line is a coaxial line or a 
waveguide. As stated in the discussion on 
the theory of tuning devices of this type, re
flected signals are introduced into the coaxial 
line or waveguide and the input impedance of 
the tuner is made to take any desired value. 
When you adjust the tuner properly, the mag
netron will deliver maximum power to the 
transmission line.

13-722. GENERAL. A complete transmis
sion equipment, coupling a magnetron to a 
load, is shown in figure 13-188. Tuner X 
matches the transmission line to the mag
netron, and tuner Y matches the load to the 
line , You can measure the vswr at the 
slotted section (normally used with a coaxial
line arrangement), while you adjust tuner Y 
until the vswr is as close as possible to 
unity. With this adjustment, there is no re
flected signal to the left of tuner Y, and the 
load is matched to the transmission line. 
The line to the left of tuner Y is said to be 
"flat” when there is no reflected signal. 
Following adjustment of tuner Y, tuner X is 
adjusted so that the magnetron delivers max
imum power to the line, the signal level be
ing measured at the slotted section. With a 
waveguide transmission arrangement, the 
slotted section is generally replaced by two 
directional couplers, although the slotted 
section can be used with a waveguide. One 
directional coupler reads the reflected sig
nal, and tuner Y is adjusted so that the re-

13-725. The output of an S-band klystron 
normally appears at a coaxial fitting. A 
conventional polyethylene dielectric flexible 
coaxial cable (which is kept as short as pos
sible) is used to carry the signal to a rigid 
S-band coaxial line. When a klystron of this 
kind is used to feed a waveguide, the coaxial 
cable is connected to a probe. Some S-band 
klystrons, and almost all klystrons operating 
at higher frequencies, use a short length of 
rigid, small-diameter, polystyrene dielec
tric coaxial line. When used as a transmit
ter, this type of klystron is normally coupled 
to a rectangular waveguide. Figure 13-189 
illustrates this method of coupling for an X- 
band klystron. Although the stub shown on 
the left side of the illustration may be pre- 
plumbed in a transmitter, it is usually ad
justable.

13-723. PRE PLUMBED ARRANGEMENTS. 
In many cases, the load and the magnetron 
are designed to match the transmission line, 
and both tuners are omitted. More fre
quently, however, the tuner next to the mag
netron is omitted. The portion of the equip
ment from which the tuner is omitted is said 
to be npreplumbed." In general, preplumbed 
equipments are used when maintenance is 
difficult to carry out. Although an equipment 
with tuners is slightly superior to a pre
plumbed equipment when the tuners are ad
justed properly, it is inferior when the 
timers are adjusted improperly. Because of 
this, the tuners are omitted whenever there 
is a likelihood that they will get out of ad
justment between maintenance checks.

fleeted signal has the smallest possible out
put. The other directional coupler reads 
the direct signal from the magnetron, and 
tuner X is adjusted so that the direct signal 
has the greatest possible output； tuner Y is 
always adjusted first.
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13-729. COUPLING FROM WAVEGUIDE.

13-727. COUPLING FROM COAXIAL LINE.
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Figure 13-190. Coaxial Line Receiver Coupling Assembly
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Figure 13-189. X-Band Klystron Coupled 
to Waveguide

13-728. Figure 13-190 shows a coaxial line 
receiver coupling assembly. The line is

I-F OUTPUT
COAXIAL CABLE

FITTING

13-726. RECEIVER COUPLING TO TRANS
MISSION EQUIPMENT.

ADJUSTABLE 
STUB

HiliMiliN 帅皿

terminated at the crystal mixer on the left, 
and the i-f output is taken out through a con
ventional flexible coaxial cable. The local 
oscillator signal is brought to the assembly 
through a second flexible coaxial cable and 
coupled to the mixer through the capaci
tance between the local oscillator probe and 
the center conductor of the rigid line. The 
probe is sometimes adjustable, but is usually 
preplumbed. The crystal mixer impedance 
is normally not equal to the characteristic 
impedance of the rigid coaxial line, and a 
two-stub tuner is inserted between the re
ceiver coupling assembly and the transmis
sion equipment that feeds it.

13-730. Figure 13-191 shows a waveguide 
receiver coupling assembly. This assembly 
is essentially the same as the coaxial-line 
assembly except that an adjustable stub is 
used to terminate the waveguide. The coup
ling is adjusted by first finding the best posi
tion for the adjustable stub and then setting 
the tuner so that the complete coupling as
sembly is matched to the waveguide that 
feeds it. The local oscillator probe is some-

LOCAL 
OSCILLATOR 

PROBE
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Receiver Coupling Assembly

Figure 13-191. Waveguide Receiver 
Coupling Assembly
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times adjustable, but is usually preplumbed. 
The local oscillator signal is injected ahead 
of the tuner so that both the incoming signal 
and the local oscillator signal are changed in
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Figure 13-193. Low-Sensitivity Coupling 
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the same way by adjustment of the stub and 
tuner. Parts A and B of figure 13-192 :. 
show, respectively the equivalent circuits 
of the coaxial-line and waveguide receiver 
coupling circuits.
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13-732. In some cases, you may wish to 
measure the level of a fairly strong signal 
on a microwave transmission line without 
drawing an appreciable amount of power. 
This problem arises, for example, with a 
slotted section. The physical construction 
of a coupling which is suitable for this pur
pose is shown in part A of figure 13-193, 
and the equivalent circuit is shown in part B 
of the figure. No tuner is necessary, since 
the probe projects only a short distance into 
the interior of the coaxial line or waveguide 
Probe coupling of this type is used with de

Chapter 13 Section X
Paragraphs 13-731 to 13-732
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13-735. COAXIAL LINE COUPLING TO 
CIRCULAR WAVEGUIDE.

13-738. Part A of figure 13-195 shows a 
simple coupling between coaxial line and a 
rectangular waveguide. This coupling is 
reasonably efficient, and can be improved 
by use of either a waveguide or a coaxial 
line tuner. A more efficient coupling which 
employs a preplumbed tuner, shown in part 
B, is normally used with a magnetron fitted 
with a waveguide output fitting. It is possi
ble to eliminate almost all reflection from 
this coupling by making both the waveguide 
stub and the coaxial stub adjustable, pro
vided that the characteristic impedances of 
the waveguide and the coaxial line are 
reasonably similar. If the impedances 
differ widely, it is sometimes necessary 
to use a conventional tuner; in this case the 
simpler coupling shown in part A^is used 
instead. Figure 13-196 shows a coupling 
that is used to transfer a small portion of 
the energy in the waveguide to a coaxial

13-187

13-737. COAXIAL LINE COUPLING TO 
RECTANGULAR WAVEGUIDE.

Chapter 13 Section X 
Paragraphs 13-733 to 13-738

13-736. A coupling of this type is seldom 
seen because there is little requirement for 
it. Part A of figure 13-194 shows a coupling 
that has the advantage of being simple, but 
is not very efficient. The coaxial line is 
terminated at the end wall of the waveguide, 
and the center conductor is extended to form 
a probe. A more efficient coupling—one In 
which there Is a better impedance match— 
is shown In part B of the figure. This is 
rather bulky, since the tapered section is 
usually several guide wavelengths. The 
coupling shown in part B can be improved by 
the addition of a stub tuner, provided that 
the tuner is adjusted correctly. If there is 
any possibility of frequency variation under 
circumstances in which the tuner will not be 
readjusted immediately, it is preferable to 
omit the tuner entirely. Both couplings are 
designed for use with a circular waveguide 
operating in the TMq, 1 mode.

13-734. Coupling between the miniature 
coaxial line of an X-band reflex klystron 
and a rectangular waveguide, where the 
klystron functions as a transmitter, has 
been discussed; a similar coupling is used 
where the klystron functions as the local 
oscillator of a receiver (as shown in figure 
13-191). Coupling a normal coaxial line to 
a waveguide is accomplished as described 
below. The use of proper fittings will allow 
either rigid or flexible coaxial line to be 
coupled to a waveguide in the same way.

vices measuring the power level directly at 
the transmission line , The output from a 
directional coupler, however, is taken with 
the more sensitive arrangement for the 
crystal (figure 13-191), since the coupler 
itself is only loosely coupled to the trans
mission line. (The tuner and the adjustable 
stub are not used with a directional coupler)・

13-733. COAXIAL LINE COUPLING TO
WAVEGUIDE^ ~~~~~~~

COAXIAL
LINE 一

Figure 13-194. Coupling Between Coaxial 
Line and Circular Waveguide
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Figure 13-195. Coupling Between Coaxial 
Line and Rectangular Waveguide

Figure 13-196. Loose Coupling Between 
Coaxial Line and Rectangular Waveguide

13-739. RECTANGULAR TO CIRCULAR 
WAVEGUIDE COUPLING.

Figure 13-197. Coupling Between Rectangular 
and Circular Waveguides

13-740. It is frequently necessary to couple 
rectangular and circular waveguides together, 
as shown in figure 13-197, in order to make 
use of the rotating joint mentioned previous
ly. This type of coupling is frequently pre- 
plumbed, but if some adjustment is desired 
for tuning, the probe is made in the form of 
a screw so that its length can be varied. 
For precise matching, the probe is made so 
that its length is adjustable and the fixed 
termination shown in the right-hand side of

line, or to add a small amount of additional 
energy to that already present. You can use 
such a coupling, for example, to feed the 
signal from a local oscillator into a wave
guide connected to the crystal mixer of a 
micro wave receiver. It is also used to ex
tract a small amount of energy from the out
put of a transmitter to feed a wavemeter. 
The probe extends only a short distance into 
the waveguide, and has little effect on its 
operation. There is a very poor impedance 
match, however, at the end of the coaxial 
line, since the line is terminated by a load 
that is almost a short circuit. The coaxial 
line is not tuned because the efficiency is 
rarely important in applications where this 
type of coupling is used.

Chapter 13 Section X
Paragraphs 13-739 to 13-740
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13-742. ROTATING JOINTS.

13-744. FIXED JOINTS.
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Figure 13-198. Waveguide Rotating Joint

13-189
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the figure is replaced by an adjustable stub, 
but this refinement is ordinarily not re
quired.

13-746. COAXIAL LINE. Details of the 
standard S-band coaxial-line joint are shown 
assembled in part C of figure 13-199, with 
male and female fittings illustrated in parts 
A and B, respectively. A clip fastening de
vice holds the two parts of the joint together. 
Short sections of coaxial line have single 
quarter-wave-stub supports to hold the inner 
conductor in its proper position, and longer 
sections have a stub support at each end.

13-745. GENERAL. A micro wave trans
mission system is normally made up of a 
number of sections that can be separated for 
inspection, cleaning, and possible replace
ment. Standard joint fittings are used to 
connect adjacent sections.

13-741. JOINTS BETWEEN SECTIONS OF 
Transmission equipment.

walls as long as you do not separate the two 
plates by more than a quarter-wavelength. 
This is not affected by any electrical con
nection at the circumference of the plates; 
consequently, it is possible to seal the joint 
if the waveguide is to be pressurized. A 
poor electrical contact at the seal, or even 
an intermittent one, will not affect the oper
ation of the joint. This method is similar to 
the one used at the outer conductor of the 
coaxial line rotating joint. The same meth
od, using a choke groove, is used to insure 
good electrical termination in an adjustable 
waveguide stub.

13-743. The rotating joint used with a cir
cular waveguide (see figure 13-198) consists 
of two circular plates, one carried on each 
of the rotating waveguide sections. One of 
the plates, called a choke plate, is grooved. 
The other, called a flange, is simply a flat 
disk. The groove is essentially a shorted 
section of coaxial line, and its depth is 
chosen so that its electrical length is a 
quarter-wavelength. The impedance at point 
X, looking out from the waveguide, is the 
impedance of the groove in series with the 
impedance of the gap between the choke plate 
and the flange. Since the groove is a quar
ter-wave line terminated in a short, its 
impedance is infinite. The total impedance 
at point X is then always infinite for reason
able separation between the choke plate and 
the flange. Since the mouth of the groove is 
a quarter-wavelength from the inner wall of 
the waveguide, the impedance at point Y is 
that of a quarter-wave section terminated by 
an open circuit, and this is zero. The wave
guide, therefore, appears to have continuous

13-747. WAVEGUIDE. Two sections of 
waveguide may be joined by providing each 
one with a flange fitting and securing the 
joint with several bolts. This is normally 
not done, however, because undesired re
flections are developed at the joint if it is 
misaligned (see figure 13-200). To minimize 
the possibility of reflections, a waveguide 
joint is usually constructed as shown in fig
ure 13-198, where one section is fitted with 
a choke plate and the other is fitted with a 
flange. This is called a choke joint; it is 
preferable to the simple joint in figure
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Figure 13-201. Choke Joint
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13-200 because the walls of the waveguide 
are electrically smooth, even though they do 
not touch each other. Figure 13-201 shows 
a cross section of a choke joint. The theory 
of the choke Joint is precisely the same as 
that of the rotating joint. The waveguide 
walls are electrically continuous at the joint, 
and the electrical distance between the 
groove and the inner surface of the wave
guide wall is a quarter -wavelength. Part A 
of figure 13-202 shows a choke fitting for

QUARTER-WAVE 
STUB SUPPORT

A
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Figure 13-200. Effect of Misalignment in 
Waveguide Joint

use with a circular waveguide, A choke 
fitting for use with a rectangular waveguide 
1b shown in part B. The distance from the 
waveguide wall to the groove is, of course, 
different at different parts of the joint. In 
part B of figure 13-202, the distance X to Y, 
where the electrical field is strongest, is 
made electrically equal to a quarter-wave- 
length, and this is usually satisfactory.
Part A of figure 13-203 shows an X-band 
rectangular waveguide with a choke fitting;

BOLT 

0
GROOVE



T.O. 31-1-141-14

O
0

ASSEMBLED JOINT
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13-752. COAXIAL LINE BENDS.

13-191

A

Figure 13-202. Choke Fittings

part B is the adjacent section with a flange 
fitting, and part C shows the assembled 
joint with the bolts in place.
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WITH FLANGE FITTING

Figure 13-203. Rectangular Waveguide
Joint

its electrical axis. Various positions of a 
wobble joint are shown, with some exagger
ation, in figure 13-204.

13-753. Part A of figure 13-205 shows a 
smooth bend in a coaxial line, and part B 
shows a right-angle bend. The quarter-wav 
stub supports, previously described, can be 
clearly seen. A smooth bend should be used 
in preference to a right-angle bend whenever 
you have a choice, since it is less likely to 
produce reflected signals.

13-751. Special sections of coaxial line or 
waveguide are used when it is necessary to 
run transmission equipment around corners. 
These are usually bends of various kinds; in 
a rectangular waveguide, they are twisted 
sections. Representative types of bends, 
twists, and flexible sections are described 
in the following text.

^0 
A

WAVEGUIDE
WITH CHOKE FITTING

13-749. You may desire to secure a wave
guide transmission line to the structure of 
a ship or an aircraft while the unit which 
feeds the waveguide (a receiver, a trans
mitter ,or a combination of both) is shock
mounted. The rf unit then will be free to 
move slightly in relation to the waveguide. 
It is possible to make a connection to the 
waveguide by using a flexible section, but 
the usual method is to use a wobble joint. 
A wobble joint is nothing more than a con
ventional choke joint in which the choke and 
flange fittings are separated by a distance 
of approximately 1/16 inch. It is possible 
to move one section of the wobble joint with 
respect to the other for a considerable dis
tance without causing any ill effects, because 
the presence of the choke groove creates a 
smooth-walled joint having electrical con
tinuity. In a typical wobble joint, a shift of 
1/32 inch in any direction and a rotation of 
2 degrees about any axis are permissible. 
It is customary to use a wobble joint with a 
rectangular waveguide. If a circular wave
guide is used instead, the joint is electrically 
identical with a rotating joint尸 and either 
section may rotate through any angle about

13-750. BENDS, TWISTS, AND FLEXIBLE
SECTION 瓦 —~
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13-754. WAVEGUIDE BENDS.
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Figure 13-204. Various Positions of 
Wobble Joint in Rectangular Waveguide

13-755. Bends in a rectangular waveguide 
may be classified as E-bends (in which the 
waveguide is bent up or down, in the plane 
of the electric field) and H-bends (in which 
the waveguide is bent sideways, in the plane 
of the magnetic field). Part A of figure 13- 
206 shows a smooth E-bend in an X-band 
rectangular waveguide, and part B shows a 
smooth H-bend； part C shows a smooth bend 
in a circular waveguide ・ The operation of 
bends of this type depends on the fact that 
any signal in the waveguide excites all the 
modes that are not suppressed. As long as 
the bend is smooth and gradual, very little 
reflection is produced. When it is necessary 
for the waveguide to bend sharply, a mitered 
bend is used. Part A of figure 13-207 shows 
a mitered E-bend, and part B shows a mi
tered H-bend. Mitered bends are rarely 
used with a circular waveguide. The opera
tion of a mitered bend depends on reflection 
from the 45 degree wall; this inevitably sends 
some of the signal back along the waveguide, 
as shown in figure 13-208. A smooth bend 
should be used instead of a mitered bend when- * 
ever you have a choice.
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Figure 13-206. Smooth Waveguide Bends

Figure 13-207. Mitered Waveguide Bends

13-756. TWISTS.

13-758. FLEXIBLE SECTIONS.

13-193

E-BEND

A

A 
E-BEND

C 
CIRCULAR

H-BEND

B

is limited for the reason stated—high losses. 
One type of flexible waveguide uses a woven 
shield braid conductor. This is formed in a 
circular or rectangular tube and surrounded 
by a molded rubber sheath of the same shape.

Figure 13-208. Reflected Signal from
Mitered Bend

B 
H-BEND
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13-759. Flexible coaxial line is generally 
familiar to everyone with experience in the 
field of communications. Its use at micro- 
wave frequencies is avoided wherever possi
ble because it has much higher losses than 
either a waveguide or a rigid coaxial line. 
Flexible waveguide is available, but its use

4-^

13-757. A twisted section of coaxial line 
can be used to change the plane of polariza
tion in a rectangular waveguide. Figure 
13-209 shows a twisted section of X-band 
rectangular waveguide, and figure 13-210 
shows an installation using twisted sections.
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Figure 13-209. X-Band Waveguide Twist Figure 13-211. Flexible X-Band Waveguide

13-760. JUNCTIONS.

13-761. TEE.E-BENO
TWIST

TWIST

13-763. MAGIC TEE.

ROTATING 
JOINT

ROTATING 
JOINT
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Figure 13-210. Waveguide Installation 
with Twists

13-764. In addition to the junctions already 
described, there is an interesting double 
junction called a magic tee (see figure 13- 
212). The magic tee consists of a length of 
rectangular waveguide with an E-junction 
and an H-junction added at the same point. 
If a signal is fed in on branch A or B, there 
will be some output from each of the other 
branches of the tee. If, however, a signal 
is fed in on Branch C or D, there will be 
output only from branches A and B. Part A 
of figure 13-213 shows what happens when 
there is an input at branch C. The electric 
field is in opposite directions in the right 
and left portions of branch D, and attempts 
to excite either a TM or a TE2,n mode. 
Both of these are suppressed by your choice 
of waveguide dimensions, and no energy is 
propagated down the branch. Part B illus
trates what happens when there is an input

The rubber sheath serves to hold the flexi
ble conductor in the correct shape and main 
tains the desired circular or rectangular 
form of the waveguide. Another type con
sists of a spiral of flat metal ribbon, each 
turn being in electrical contact with its 
neighbors. As before, a rubber sheath sur
rounds the conductor and holds the turns in 
the proper relation to one another. Still 
another type of flexible waveguide makes use 
of a number of choke fittings. These are 
held in a rubber sheath and form a very flex
ible guide that is free from troubles result
ing from poor electrical contact. In general, 
the use of a flexible waveguide is avoided 
when a rotating joint or a wobble joint can be 
used instead. One type of flexible waveguide 
is illustrated in figure 13-211.
13-194

13-762. Tee junctions in a coaxial line have 
previously been discussed in connection with 
the stub tuner. The quarter-wave stub sup
port is another example of a tee junction. 
Two types of tee junctions are used with a 
rectangular waveguide, as discussed below. 
Tee junctions are seldom used with a circu
lar waveguide.
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E-JUNCTION

A H-JUNCTION

Figure 13-212. Magic Tee

13-765. HORN TERMINATION.

BA

A

B

13-767. TYPES OF WAVEGUIDES.

Figure 13-213. Operation of Magic Tee 13-768. DIELECTRIC WAVEGUIDE.
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tween branches C and D. A magic tee can 
be used in place of a directional coupler, 
and it is somewhat more sensitive in de
tecting reflected signals. The direct signal 
is fed in at branch C and out to the remain
der of the transmission equipment from A. 
Branch B is terminated properly, and a de
tector is connected to branch D. So long as 
the transmission arrangement is flat (and 
branch A is terminated correctly), there 
will be no signal at D. If, however, there 
is any reflected signal, a portion of it will 
reach the detector through branch D.

at branch D. Here, the electric field at
tempts to excite the TEq 2 mode in branch 
C, but this is suppressed as explained before. 
The junction will not behave in precisely the 
desired way unless branches A and B are 
flat. If any signal is reflected back in either 
of these branches, it will feed all of the other 
branches and there will be some coupling be-

B

13-769. In addition to the air-filled rectang
ular and circular waveguides previously dis
cussed, some waveguides are filled with a 
solid dielectric. This increases the losses 
tremendously, but also raises the power- 
handling capacity by permitting the use of 
stronger electric fields because the break
down voltage (the voltage at which an arc is 
formed) is higher for a good solid dielectric

13-766. A transmission equipment, whether 
coaxial line or waveguide, usually runs from 
a transmitter to an antenna or from an an
tenna to a receiver. Any consideration of 
transmission equipments must, therefore, 
include some discussion of the devices used 
for coupling between the antenna and the 
transmission line. This discussion will be 
deferred until Chapter 14, which deals with 
microwave antennas. For the moment it is 
sufficient to note that there is always the 
problem of impedance matching at the antenna 
coupling. You can solve this problem by the 
use of a preplumbed tapered section, and 
you can add a tuner for more precise match
ing. One example of a tapered matching unit 
is the horn termimtion shown in figure 13- 
214.
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Figure 13-214. Tapered Horn Termination
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13-770. SURFACE WAVEGUIDE.
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13-771. GENERAL. A single conductor 
used as a guiding surface for microwave

13-772. The open waveguide that has been 
most thoroughly investigated is the conven
tional two-wire line. This type of line is 
useful at frequencies up to and including the 
vhf range. The small spacing required be
tween the wires at higher frequencies and 
the difficulty of maintaining perfect symme
try to prevent excessive radiation make the 
two-wire line less useful at higher frequen
cies. The single-conductor line used as an 
open waveguide is of particular interest, 
since it appears to be simple in construc
tion and is most useful in the microwave 
ranges. Open waveguides have two ad
vantages: they are less bulky and less ex
pensive ,and, since the field is not confined 
to a small area, as in a coaxial line or 
closed waveguide, the field density is low. 
This, in turn, has the effect that, under 
comparable conditions, the resistive and 
dielectric losses of open guides are much 
smaller than those of closed guides. The 
only practical wave mode that is guided by a 
single conductor is a radially symmetrical 
transverse magnetic mode. The radial ex
tensive of the field, caused by reducing the 
phase velocity, can be controlled by modify
ing the conductor surface. The simplest 
modification of the conductor surface is the 
application of a dielectric layer such as 
ordinary enamel or polyethylene. A very 
thin layer of dielectric will reduce the ex
tension of the field considerably. Since the 
part of the energy that is propagated within 
the dielectric layer is small, the loss re
sulting from the dielectric material is almost 
negligible , A practical method of launching 
the surface wave on a single conductor be
comes evident if the field of this wave (see 
figure 13-215) is compared with the field of 
a wave in a coaxial line. Starting with a 
coaxial-line section, with the inner conductor

than for air. This is the same principle that 
permits an oil-filled capacitor to operate at 
a higher voltage than an air capacitor. The 
behavior of a dielectric-filled waveguide is 
the same as that of a conventional air-filled 
waveguide, except that, in all calculations,
Xa must be replaced by Xd (the wavelength 

of the signals in the dielectric) and X j is
equal to X ③ V k； where k is the dielectric 
constant of the material. Another applica
tion of a solid dielectric is in the dielectric 
waveguide, which is nothing more than a 
solid rod of dielectric. This acts as a wave
guide because signals traveling in the dielec
trig are reflected at the boundary. Reflec
tion takes place because of the difference 
between the impedance of the dielectric and 
that of the surrounding air; the reflection at 
an impedance discontinuity is similar to the 
reflection at an impedance mismatch on a 
transmission line. The dielectric wave
guide seldom is used. Not only does it have 
high losses; it also radiates to some extent 
because the reflection at the boundary is not 
complete.

TUNER
-导

frequencies is called a. surface waveguide or 
open waveguide, or, more briefly, a G-line, 
from the initials of its originator, G.— 
Goubau. It is described here to emphasize 
the fact that a single -conductor guiding 
structure need not be a hollow waveguide.
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LAUNCHING OF SURFACE WAVE
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SKETCH OF SURFACE WAVE TRANSMISSION LINE

Figure 13-216. Surface Wave

DIELECTRIC

CONDUCTOR

Figure 13-217. Coupling to G-Line
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waveguide. In order to support the surface
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guide, the coaxial section is made short and 
is coupled to a rectangular waveguide. The

RECTANGULAR 
GUIDE
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probe which couples the rectangular guide to 
the coaxial section is then used as a support 
for the G-line conductor, as shown in figure 
13-217.

having a dielectric coating, or layer, and 
increasing the outer conductor of the coaxial 
section gradually until it is so large that it 
no longer affects the field very much, the 
field distribution becomes that of the open 
waveguide. The field lines in part A of fig
ure 13-216 give a rough idea of how the sur
face wave develops. The complete setup for 
a surface wave transmission line is shown 
in part B. The single-conductor surface- 
wave line is useful throughout the microwave 
frequency range. The line must be kept 
straight and clear of field obstructions as 
determined by the diameter of the launching 
horn. In addition, the line must be free of 
bends and kinds to prevent radiation loss.

Figure 13-215. Single-Conductor Open- 
Guide Field Pattern

13-773. COUPLING BETWEEN G-LINE 
AND WAVEGUIDE. A convenient method of 
feeding a G-line is from a section of wave
guide ,and the energy is received from the 
G-line through another section of waveguide. 
The coupling at each end of the G-line is the 
same, and consists of a tapered horn which 
matches a coaxial section to the surface

TERMINATION

COAXIALz^
CABLE Y
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CAVITY RESONATORS

13-774. GENERAL.

13-776. SIGNAL REINFORCEMENT.

13-199
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13-779. Now, consider the resonant cavity 
shown in figure 13-219. This consists of a 
section of waveguide similar to the one dis
cussed previously, except that it is termin
ated in both directions by conducting walls.

13-777. Consider the section of rectangular 
waveguide excited in the TE°, 1 mode by a 
small probe as shown in figure 13-218. The 
transmission equipment that supplies energy 
to the probe is not shown, since it does not 
enter the discussion. The waveguide ex
tends a distance, X, to the left of the probe, 
where it is terminated by a conducting wall, 
and it extends indefinitely to the right of the 
probe. The probe, of course, radiates sig
nals to the right and to the left, and at any 
instant a signal moving to the right is made 
up of two parts. One part is simply the sig
nal that the probe radiates to the right; the 
other part is the signal that has been re
flected from the termination at the left (that 
is, the signal that was radiated to the left 
by the probe a short time before). Now, if

13-775. A cavity resonator, sometimes 
called a resonant cavity, is nothing more 
than a space bounded by conducting walls 
(a hollow conductor) having dimensions that 
make it resonant at a particular frequency. 
Cavity resonators are used, at microwave 
frequencies, in place of the lumped LC (in
ductance-capacitance) circuits and trans
mission line stubs employed at lower fre
quencies. The behavior of cavity resonators 
is discussed in detail in the following para
graphs . Before proceeding to this analysis, 
it is desirable to examine the behavior of a ' 
simple cavity, to gain an understanding of 
how it resonates.

distance X is equal to Xg/4, the signal radi
ated to the left must travel a guide half-wave
length before it returns to the probe. Its 
phase is reversed on reflection at the con
ducting wall, so that it reaches the probe 
with a phase shift of 180 degrees. Because 
it travels a guide half-wavelength, its travel
ing time is exactly 1 half-cycle, and during 
this time the phase of the signal radiated by 
the probe also changes by 180 degrees. If, 
therefore, distance X is one-quarter of Xg 
(the guide wavelength), the signal radiated to 
the right by the probe will be reinforced by 
the reflected signal, originally radiated to 
the left by the probe, which is traveling to 
the right. If distance X is changed, the 
traveling time is also changed. The phase 
shift in the reflected signal, however, is 
always 180 degrees, since it results from 
reflection at the terminating wall, and not 
from traveling time. It follows, therefore, 
that the reflected signal will reinforce the 
signal radiated to the right whenever the 
traveling time is an odd number of half
cycles, since the phase shift at the probe 
during this time is 180 degrees plus some 
whole number of cycles. Reinforcement 
thus occurs whenever 2X is an odd number 
of guide half-wavelengths, or whenever X is 
an odd multiple of Xg/4. .

13-778. SIMPLE RESONATOR.
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is not the same for all of the
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Xg/4 

* g/4 

3Xg/4

Xg/4

Figure 13-218. Waveguide Terminated by 
Conducting Wall

Figure 13-219. Simple Resonant 
Cavity

Xo-/4 o

3 Xg/4

5\g/4

7Xg/4

Table 13-5. Resonant Cavity Distance 
Versus Wavelength

g

Xg 
3\g/2

Xg/4 

3\g/4 

Xg/4 

5Xg/4

at a constant signal level, the signal level in 
the cavity will be maximum when the cavity 
resonate si (the resonant frequency of the 
cavity may be changed by tuning it, or the 
frequency of the input signal may be changed 
to obtain resonance), and the energy trans
ferred to the output probe will also be maxi
mum at resonance, since the output probe 
takes energy from the cavity.

13-780. PRINCIPLES OF RESONANT 
Umcui 莅 ：
13-781. Since the behavior of a cavity 
resonator resembles that of an LC circuit

5Xg/4

3\g/2

t 二:二

If, now, both X and Y are odd multiples of 
Xg/4, signals radiated to the right will be 
reinforced by those reflected from the left
hand wall, and signals radiated to the left 
will be reinforced by those reflected from the 
right-hand wall. The bulk of the signal in 
each direction, consequently, is supplied by 
reflection from the opposite end, and only a 
small amount of energy need be supplied by 
the probe. For a given signal level in the 
cavity, the required input power is a mini
mum when X and Y are odd multiples of a 
guide quarter-wavelength. Also, for a given 
signal input, the signal level in the cavity is 
greatest when X and Y are odd multiples of

. The wavelengths or frequencies for 
this is true are said to be character

istic frequencies of the cavity, and the cavity 
is said to resonate at these frequencies. 
The relation between X, Y, and Xg is tabu
lated in table 13-5 for the four characteris
tic frequencies having the longest guide 
wavelengths. Note that there are several 
possible positions for the probe at the higher 
characteristic frequencies. The longest 
guide wavelength is the one for which the 
length of the cavity is X g/2, and the guide 
wavelengths of the other characteristic fre
quencies are in the ratio 1, 1/2, 1/3, 1/4, 
etc. Unfortunately, the relation between 
X g and X ③ 
characteristic frequencies, and the wave
lengths in air do not satisfy this simple re
lation, nor are the characteristic frequen
cies related by the reciprocals of these 
ratios (1, 2, 3, 4, etc). Note that a second 
probe can be added to take energy out of the 
cavity. If, then, the input probe is excited

/«/〃〃/〃/〃〃〃/〃/〃/〃〃/〃〃/〃〃〃/〃亿
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13-782. RESONANT LC CIRCUIT.

i
B

Figure 13-220. Resonant LC Circuit

13-201

]

27T Vlc"

At the resonant frequency, the impedance of 
this parallel circuit is infinite; thus the cir-

13-784. RESONANT TRANSMISSION-LINE 
SECTION.

Figure 13-221. Resonant Transmission 
Line Sections

Chapter 13 Section XI 
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cuit passes no current. In practice, the in
ductor has some resistance and the capaci
tor may have both lead resistance and leak
age. The impedance at resonance in a prac
tical case is, therefore, not infinite, but 
rather very great. For the purpose of this 
discussion, it is sufficient to know that the 
impedance is very high at the resonant fre
quency.13-783. Consider the shunt-re sonant, zero

resistance LC circuit shown in figure 13- 
220. This circuit consists of an inductor, 
L, in parallel with a capacitor, C. When an 
alternating voltage is applied to the termin
als of this circuit, the phase of the current 
through the inductor is 90 degrees behind 
the phase of the applied voltage. The phase 
o£ the current through the capacitor is 90 
degrees ahead of the phase of the applied 
voltage, and the two currents (through the 
inductor and the capacitor), therefore, dif
fer in phase by 180 degrees. At any fre
quency, the two currents cancel each other 
to some extent; however, at the resonant 
frequency, fr, the two currents are equal in 
magnitude (and opposite in phase). Conse
quently, they cancel each other completely 
and no current flows through the LC circuit 
from the external source, although heavy 
circulating current flows in the circuit loop. 
The resonant frequency is defined by the 
following relation:

as well as that of a transmission line sec
tion, it is convenient to introduce the de
tailed analysis of resonator behavior by 
examining the behavior of the two conven
tional circuits.

13-785. The circuit shown in part A of fig
ure 13-221 is nothing more than a section of 
transmission line, of length X, terminated 
by a short circuit. The previous discussion 
of stub tuning makes it clear that there will 
be a reflected signal whenever an alternating 
voltage is applied to the input terminals of 
the shorted section of transmission line. 
The amplitude of the reflected signal will be 
equal to that of the direct signal and, at the 
termination, their phases will differ by 180 
degrees. This is true because the terminat
ing impedance is zero, since the direct and 
reflected signals have equal amplitudes and 
differ in phase by 180 degrees. The cur
rent, however, is not zero, since the cur
rents of the direct and reflected signals add 
directly; forward current for the direct sig
nal flows in the same direction as backward



T.O. 31-1-141-14

Xl = 2(x 4- Y)/l =2(X + Y)

2Z/k

13-787. RESONANT CAVITY.

13-202
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13-788. It is impossible to write a simple 
expression for the characteristic frequen
cies of a general cavity resonator. If,

where Z is the length of the transmission 
line section.

where k is a positive integer (1, 2, 3, etc), 
and where the wavelength is the wavelength 
on the transmission line. Tlie dominant 
mode of resonance is the one having the 
greatest wavelength. The characteristic 
wavelength for the dominant mode is, there
fore ,as follows:

The wavelength for the k mode, is, of course, 
X] , and this is 1 /k times Xj . It follows, 

therefore, that the characteristic fre
quency of this mode, is approximately k 
times fi ・ The characteristic frequencies 
are very nearly exact multiples' of charac
teristic frequency f] of the dominant mode. 
The harmonic relation (exact multiples) is 
precise if the ratio between the wavelength 
on the transmission line and the wavelength 
in air is the same at all frequencies. The 
behavior of the circuit shown in part B of 
figure 13-221 is described by the statement 
that the input impedance is infinite at every 
characteristic frequency. Each character
istic frequency, fk, is associated with a 
characteristic wavelength, which is 
given by the following relation:

current for the reflected signal. At a point 
a quarter-wavelength from the termination, 
the phase of the direct signal is advanced by 
90 degrees, and that of the.reflected signal 
is retarded by 90 degrees. The two signals, 
which differ in phase by 180 degrees at the 
termination, are therefore in phase with 
each other at a point a quarter-wavelength 
from the termination. The voltages of the . 
two signals then add, whereas the currents 
cancel each other (the forward currents of 
the direct and reflected signals flow in op
posite directions). Since the current is 
zero, the impedance at a point a quarter
wavelength from the termination is infinite.

this is true whenever the frequency is such 
that the total length of the section is an 
exact multiple of a half-wave length. The 
characteristic wavelengths for which the in
put impedance is infinite are given by the 
following relation：

13-786. The same condition obtains at all 
points an integral number of half-wavelengths 
from this point (points an odd number of 
quarter - wavelength s from the termination), 
since moving a half-wave length along the 
line changes the phase of each signal by 180 
degrees and, therefore, leaves the signals 
in phase with each other. In practice, of 
course, the impedance is very high but not 
infinite. The behavior of this circuit, then, 
is described by the statement that the input 
impedance is infinite whenever the frequency 
of the applied signal is such that X is an odd 
number of quarter-wavelengths. Now, con
sider the circuit shown in part B of figure 
13-221, which is a section of transmission 
line terminated at each end by a short cir
cuit, with input terminals connected at a 
suitable point. This circuit will have an 
infinite input impedance if X is an odd num
ber of quarter-wavelengths and Y is also an 
odd number of quarter-wavelengths. The 
total length of the section of transmission 
line, for an infinite input impedance at a 
suitable point, is, then, (X + Y), which is 
an even number of quarter-wavelengths 
(since the sum of two odd numbers is an 
even number) or some multiple of a half
wavelength. Consequently, there will be a 
point (or a number of points) an odd number 
of quarter-wavelengths from each end of the 
section at which the impedance is infinite;

=2(X + Y)/k

k =
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13-789. RECTANGULAR RESONATORS.

13-791. BASIC THEORY.

13-203

Figure 13-222. Characteristics of 
Cylindrical Resonator

13-790. Since the mathematics of rectangu
lar cavity resonators is based on the mathe
matics of a rectangular waveguide, such 
resonators are not difficult to understand. 
It is possible to discuss rectangular cavity 
resonators in considerable detail, using 
simple mathematics, whereas this is not 
true of other resonators. It must be kept in 
mind that the cavity consists of a section of 
rectangular waveguide terminated at each 
end by a conducting wall, which is assumed 
to be a perfect conductor.

Chapter 13 Section XI 
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however, the resonator consists of a section 
of waveguide terminated at each end by a 
conducting wall, it is precisely equivalent

- to the section of transmission line just de- 
J scribed. Here, the characteristic guide

— wavelengths for which the input impedance 
of the resonator (at a suitable point) is in
finite are given by the following relation:

13-792. Consider a rectangular cavity 
resonator having a smallest dimension 
(height), a, an intermediate dimension 
(width), b, and a longest dimension (length), 
c. The use of c for the physical length of a 
rectangular cavity resonator should not be 
confused with its use for the electrical 
length of a light wave or a radio signal.
For the moment, then, consider this reson
ator as a waveguide section of length c, 
height a, and a width b. Suppose, now, that

relation between A,a and 入g may be the same 
for more than one mode; therefore, there 
may be two distinct field patterns for a given 
characteristic frequency. For the moment, 
it is necessary only to point out that there is 
neither a single characteristic frequency, 
as in the LC circuit, nor a simple series of 
characteristic frequencies, as in the trans
mission line section. It is stated frequently 
that a cylindrical resonator may be thought 
of as an infinite number of quarter-wave 
shorted stubs (see figure 13-222). This im
plies that the characteristic frequencies are 
related to each other in the same way as 
those of the transmission line section previ
ously described. This explanation of reson
ator behavior completely neglects the exist
ence of various modes in waveguides, and is 
so oversimplified that it is of practically no 
value. The only constructive way of thinking 
about a cavity resonator is to consider it as 
a section of waveguide.

This means that the wavelength in the guide, 
Xgk, is equal to twice the length of the 

wavelength, 2Z, divided by k, which is any 
positive integer. Trouble arises as soon as 
an attempt is made to compute the wave
length in air and the corresponding frequen
cy which is associated with a given Xgk・ In 
order to determine Xa^ from Xgk，it is 
necessary to know the dimensions of the 
waveguide (its height and width if it is rec
tangular ,and its diameter if it is circular), 
in addition to the length of the section. It is 
also necessary to know the mode in which 
the waveguide is operating. Finally, the 
relation between Xa and Xg may be the
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Xg = 2c/p

or the TM，

13-794. MODES OF OPERA.TION.

signals along the cavity,

Table 13-6. Waveguide Section Dimensions

bEnd to end a

bSide to side a

bTop to bottom ca

13-204
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LENGTH OF 
WAVEGUIDE 

SECTION

13-796. OPERATION WITH TE AND TM 
SIGNALS.

HEIGHT OF 
WAVEGUIDE

WIDTH OF 
WAVEGUIDE

DIRECTION OF WAVEGUIDE 
SIGNALS

13-793. At the end of the cavity, the trans
verse electric fields of the direct and re
flected field patterns in the waveguide will 
cancel each other, as will the longitudinal 
magnetic fields. The longitudinal electric 
fields and the transverse magnetic fields, 
however, will add, because the forward di
rection for the direct signal is opposite the 
forward direction for the reflected signal. 
At a quarter-wavelength from the end of the 
cavity, the direct and reflected field patterns 
are in phase. At this point, the transverse 
electric fields and the longitudinal magnetic 
fields add, and the longitudinal electric fields 
and the transverse magnetic fields cancel. 
At a quarter-wavelength farther from the end 
of the cavity, the earlier situation (the phase 
relation that is present at the end wall) is

where p is a positive integer. Because of 
the boundary conditions at a conducting sur
face, which require that the electric field 
parallel to the surface and the magnetic field 
perpendicular to the surface dissipate at the 
surface, the signal in the waveguide will be 
reflected from the end of the cavity with a 
reversal of phase. The direct and incident 
field patterns, then, will be 180 degrees out 
of phase, and will, of course, be traveling 
in opposite directions.

the resonator is excited at a frequency for， 
which the following relation exists:

13-795. In this discussion, it has been as
sumed that the rectangular cavity was oper
ated by making waveguide signals travel 
from one end of the cavity to the other ・ It 
is, of course, possible to send signals across 
the cavity, or between the top and the bottom. 
The length of the waveguide section and the 
dimensions of the waveguide are tabulated in 
table 13-6 for a cavity of height a, width b, 
and length c.

13-797. Suppose that a rectangular cavity, 
of height a, width b, and length c is excited 
by sending TEm)n 
from end to end, at a wavelength for which 
Xg is equal to 2c/p. At this point, consider 

what happens if the TEm>n signals are re

repeated. The result is a field pattern, 
formed by the direct and reflected signals, 
which is repeated every half-wavelength 
along the cavity. All of the distances are 
measured, of course, in terms of the guide 
wavelength. If, now, the waveguide is oper
ating in either the TEm)n or the TMm>n 
mode, and the length of the cavity is p times 
Xg/2, the resulting field pattern in the 

cavity will be repeated m times along the a 
dimension, n times along the b dimension, 
and p times along the c dimension.
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placed by TMm,n signals having the same

X a/cos A cos Bg

If the

13-800. TERMINOLOGY OF MODES.

Thus,

a

13-798. CHARACTERISTIC WAVELENGTHS.

was previously calculated for
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ing along the cavity, from end to end, and 
having a wavelength for which Xg is equal

where there may be more than one mode of 
operation of the cavity at a given character
istic wavelength. The longest characteristic 
wavelength is, to some extent, equivalent to 
the cutoff wavelength of a waveguide, since 
the cavity cannot resonate at longer wave
lengths. The parallel is not exact, however, 
because the waveguide will operate at any 
frequency above cutoff, whereas the cavity 
resonates only at its characteristic fre
quencies.

13-801. Modes in a rectangular cavity 
resonator are described as TE modes if 
they are excited by TE waveguide signals, 
and as TM modes if they are excited by TM 
waveguide signals. Each mode is described 
further by three subscripts which show how 
many times the field pattern is repeated 
along the height, width, and length of the 
cavity. There are, therefore, TEm>n,p 
modes and TMm,n,p modes. For example, 
if the electric field is perpendicular to the 
top and bottom of the cavity, it is possible

to 2c/p. This mode of exciting the cavity 
produces a field pattern that is repeated m 
times along the a dimension, n times along 
the b dimension, and p times along the c 
dimension. An examination of the expres
sion for X a shows that it involves a, b, c, 
m, n, and p, but makes no mention of the 
direction in which the waveguide signal 
travels. It follows, therefore, that X a will 
have the same value (in a given cavity) for 
every mode of operation in which the field 
pattern is repeated m, n, and p times along 
the a, b, and c dimensions, respectively. 
The characteristic wavelengths are, then, 
those for which the following relation holds:

guide wavelength, so that \g remains equal 
to 2c/p. It is assumed that m and n are the 
same for the TE and the TM signals. TE3,5 
signals, for example, are replaced by TM3,5 
signals. Assume that a waveguide pattern 
has the following guide wavelength：

are the same for both patterns, 
It has been pointed out 

that these patterns can be combined with one 
phase relation to obtain the pattern of a 
TEm,n mode, and with another phase rela- 

,n mode. 
mode 

mode have the same guide 
a are the same

or TMm,n

This waveguide can be built up from four 
sets of vertically polarized waves, the paths 
of which make angles A with the top and 
bottom of the waveguide, and angles B with 
the side walls of the guide; also, a similar 
pattern can be built up from horizontally 
polarized waves having the same Xa. 
same values of m and n are used, both pat
terns will have the same guide wavelength. 
Although angles A and B are different for 
the two patterns, the product cos A cos B 
is the same for both. Thus, if m, n. and 
X a are the same for both patterns, A g will 
also be the same.

m,n,p =

Xa is unchanged when the TEm,n

tion to obtain the pattern of a TMm
It follows, therefore, that a TEm, n
and a TMm,n
wavelength if m, n, and X
for both modes. Alternatively, if m, n, and 
Xg are the same for both modes, they will

have the same Xa. It is clear, then, that 
_ —signals,

having Xg equal to 2c/p, are replaced by 
TMm,n signals having the same m, n, and 
Xg. Thus, for either case is given by

the following relation：

1/ y (m/2a) 2+(n/2b) 2+(p/2c)2

13-799. The characteristic wavelength (the 
value of Xa) 
a cavity of height a, width b, and length c 
excited by TEm,n or ™m,n signals travel-

入a 二

1/ V(m/2a) 2+(n/2b) 2+(p/2c)2
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Figure 13-223. Simple Resonator Modes

13-803. FIELD PATTERNS OF MODES.
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to have a pattern that is uniform along one 
dimension (in this case, the height), so that 
one subscript may be zero. Here, m is 
zero. A field that is perpendicular to two 
walls is, however, parallel to the other four. 
Therefore. a pattern that is uniform in one 
dimension must vary along both of the other 
dimensions in order that the electric field 
may satisfy the boundary conditions by dis
sipating at the surface of each of the four 
walls to which it is parallel. It is thereby 
impossible to have a mode in which the field 
pattern is uniform along more than one di
rection, and there are no modes for which 
more than one subscript is zero.

dicular to the top and bottom of the cavity), 
and in the TE i, i, o mode, at X 1,1, o, where 
the electric field is perpendicular to the 
ends of the cavity. All TE modes having 
one subscript equal to zero have field pat
terns that are repetitions of the simple TE。， 
1} 1 pattern. A single example, the pattern 
of the TE。, i, 2 mode, is shown in part B of 
the figure.

,mode or a TMr 
mode at a characteristic wavelength, X

,for which all of the subscripts are non- 
m,n,p
"m,

,n modes 
0 modes in a rectangular wave

guide ,and are, accordingly, TE modes. 
The cavity resonator, therefore, may oper
ate in either a TEm,n,p mode or a TMm,n,p

1 m,

13-802. Field patterns that are uniforrn 
along one dimension are excited by wave
guide signals like those of the TE° 
or the TEm,

n,p
zero, and it may operate only in a TE^ 
mode at a characteristic wavelength, X 
n,p, for which one of the subscripts is zero. 
There are no characteristic wavelengths for 
which more than one subscript is zero.

13-805. The TEo,i,2 mode xnay be excited 
by a TEq i signal traveling along the reson
ator or by a TEo, 2 signal traveling across 
the resonator. The pattern, however, is the 
same in each case. For any characteristic 
wavelength having one subscript equal to 
zero, there is a single TE mode at which the 
cavity may operate. There are several

13-804. The dominant characteristic wave
length (the longest one) is X。】The 
corresponding mode is the TE°, i, i mode, 
the field pattern of which is shown in part A 
of figure 13-223. This mode may be ex
cited by a TE。，i signal traveling along the 
resonator, from end to end, or by a TE。i 
signal traveling across the resonator from 
side to side. The field pattern is the same 
in both instances, so that there is, in fact, 
only a single TEq, 1,1 mode. Similar pat
terns are obtained in the TEi, o, i mode, a£ 
>0,1,1, where the electric field is per

pendicular to the sides of the cavity (in the 
TEq, 1,1 mode the electric field is perpen-
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13-806. CYLINDRICAL RESONATORS.

m,n,p

Figure 13-224. Higher Resonator Modes
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the cavity. There are also, for the same 
characteristic wavelength, three 
modes, all excited by TM],i signals. In 
one, shown in part B, the signals travel 
along the cavity, from end to end, and the 
magnetic field is parallel to the ends of the 
cavity. In the two other modes, the signal 
travels across the cavity, with the magnetic 
field parallel to the sides of the cavity, or it 
travels from top to bottom, with the magne
tic field parallel to the top and bottom of the 
cavity. The various patterns for character
istic wavelengths with subscripts greater 
than 1 are repetitions of the simple patterns. 
For any characteristic wavelength having 
three nonzero subscripts, there are three 
TE modes and three TM modes in which the 
cavity may operate.

13-807. A detailed discussion of cylindrical 
resonators, like a discussion of circular 
waveguides, involves extremely complicated 
mathematics beyond the scope of this manual. 
Therefore, the subject is discussed only 
briefly. As with a rectangular resonator, 
the characteristic wavelengths of a cylindri
cal resonator are distinguished from one 
another by three subscripts, m, n, and p. 
There is, unfortunately, no simple expres
sion that relates Xm,n,p to the dimensions 
of the resonator. The subscripts, m and n, 
like those used to describe a mode in a cir
cular waveguide, refer to the number of 
times the field pattern is repeated around 
the circumference of the cylinder, m, and 
the number of times the pattern is repeated 
from the axis of the cylinder to its circum
ference ,n. As in the rectangular resonator, 
the third subscript, p, refers to the number 
of times the field pattern is repeated along 
the length of the resonator (along the axis of 
the cylinder). The simplest mode in a cy
lindrical resonator is the mode,
shown in part A of figure 13-225,which cor
responds to the TEo, 1,1 mode in a rectangu
lar resonator. Another simple mode is the

cavity may be excited by a TEX >1 signal 
traveling along the cavity from end to end. 
This develops a TE], i, 1 mode, with the 
pattern shown in part A of figure 13-224. 
Note that the electric field is parallel to the 
ends of the cavity. A second TE], i, i mode 
may be developed by a TEi, i signal travel
ing across the cavity. This will have a 
similar pattern, but the electric field will 
be parallel to the sides of the cavity. Final
ly, a third TEi, i, i mode may be developed 
by a TEi i signal traveling from the top of 
the cavity to the bottom. Here, the electric 
field will be parallel to the top and bottom of

possible modes, however, for a character
istic wavelength having three nonzero sub
scripts. At X i, i, i, for example, the
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o

13-810. CAVITY RESONATOR TUNING.

o
13-208

Chapter 13 Section XI
Paragraphs 13-808 to 13-811

Field Patterns in 
Resonators

13-811. One method of tuning a cavity 
resonator is to change its dimensions by 
moving one of its walls in much the same 
way that the termination of a timing stub is 
moved. This is actually done in some wave
meter cavities. Another method is to dis
tort the cavity by the application of pressure 
at appropriate points. A third method is to 
distort the electric field or the magnetic 
field, thus changing the effective dimensions 
of the cavity. The wavemeter cavity shown

13-809. Cavity resonators are seldom 
simply rectangular or cylindrical. The rec
tangular resonator has been discussed in 
detail to illustrate the basic theory behind 
all cavity resonators, and the cylindrical 
resonator has been described briefly because 
most actual resonant cavities operate in 
modes similar to the TMo, 1,0 and TE（）, i, i 
modes of a cylindrical resonator. Three 
representative re-entrant cavities are il
lustrated in figure 13-226. The term re- 
entrant indicates that a portion of the wall 
protrudes into the space within the cavity. 
Part A shows the resonant cavity of an X- 
band reflex klystron, part B shows a TR 
cavity, and part C shows a re-entrant wave
meter cavity. All three cavities operate in 
modes similar to the TMq, 1,0 mode of a 
cylindrical resonator. In each, the direction 
of the electric field is indicated.

TMo,l, O.mode, shown in part B, which cor
responds to the TEi, i, o mode in a rectangu
lar resonator, and is frequently seen in 
resonators that have a modified cylindrical 
form. Among such resonators are the cavity

of an X-band klystron, discussed in the fol
lowing paragraph, and the cavities used for 
TR and ATR switches. Another important 
mode is the TEo, 1,1 mode, shown in part C. 
A cavity resonator operated in this mode has 
extremely low losses. Therefore, its input 
impedance at resonance is extremely high, 
and the variation in impedance with change 
in frequency is very sharp. Microwave wave
meters are often cylindrical cavities operat
ing in this mode.

Figure 13-225.
Cylindrical
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PADDLE

A

PLUG

B

Figure 13-227. Tuning Plug and Paddle
TR CAVITY

/

COUPLING TO CAVITY RESONA-

13-813.

13-814. PROBE COUPLING.

13-209

Figure 13-226. Cavity Resonators of 
Various Shapes

PADDLE 

irr^nn

13-815. Probe coupling is seldom used with 
resonant cavities. If the probe extends deep 
into the cavity, like the probe used to feed a

Chapter 13 Section XI 
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PADDLE 

m~-nn

in part C of figure 13-226 is tuned in this 
manner; changing the position of the pin 
alters the electric field. The magnetic field 
in a cavity is usually changed by inserting 
plugs which extend a short distance from 
the wall. For large changes in the magnetic 
field, tuning paddles are frequently used in
stead of plugs. A tuning plug and a tuning 
paddle are shown in the wall of a cavity in 
part A of figure 13-227. Part B of the figure

/

PLUG

shows the consequent distortion of the mag
netic field. The operation of the plug and 
paddle are illustrated. So long as the plane 
of the paddle is parallel to the direction of 
the magnetic field, it has no effect; when 
the plane of the paddle is perpendicular to 
the direction of the field, the distortion is 
greatest.

13-812.
TORS.

A 
X-0ANO REFLEX KLYSTRON 

RESONANT CAVITY

/〃//〃/〃//〃〃///〃//〃/〃/, 
c

RE-ENTRANT WAVEMETER CAVITY

Energy may be fed into or taken 
from a cavity resonator in three ways—by 
using a probe, a loop, or a slit.
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13-816. LOOP COUPLING.

o

o
13-818. SLIT COUPLING.

o
13-210

A
DESIRED ELECTRIC FIELD

Figure 13-228. Effect of Probe Coupling 
on Electric Field

Figure 13-229. Loop Coupling to Cavity 
Resonator
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13-819. Slit coupling, which may involve 
small holes instead of slits, is used mostly

13-817 . Loop coupling is more common 
than any other type. Figure 13-229 shows 
a coupling loop used to excite the TE（）, i,】

waveguide, it is likely to load the cavity so 
heavily that the resonance peak is neither 
very high nor very sharp. If, on the other 
hand, the probe extends only a small distance 
into the cavity, there is usually some dif
ficulty in exciting the proper operational 
mode. For example, part A of figure 13- 
228 shows the configuration of the electric 
field in a rectangular cavity resonating in 
the TE（）, i, i mode, and part B shows the 
configuration of the electric field set up by a 
probe. Because of this, the use of a probe 
is usually limited to applications where 
tight coupling is desired, such as to and 
from a waveguide, from a directional cou
pler, or where the signal is set up by some 
other method and only a small amount of 
energy is to be taken out （as from slotted 
sections of waveguide or coaxial line）.

mode in a rectangular resonator. The basic 
advantage of loop coupling lies in the fact 
that the coupling loop does not deform the 
electric field pattern to the same extent that 
a probe does. The degree of coupling is con
trolled by the size of the loop and sometimes, 
but less frequently, by the placement and 
orientation of the loop. If the loop is turned 
so that it lies in a plane parallel to the mag
netic field of a given mode, it is not coupled 
at all to that mode, although there may be 
unde sired coupling to other modes. Its op
eration in this respect is similar to that of 
the tuning paddle. One of the major uses of 
loop coupling is to take energy from the 
resonant cavity of a magnetron or a kly
stron; loop coupling is also used to couple 
to and from the resonant cavities of some 
wavemeters.

...........—；：：：：：：：：：：；：：^^ .......

B 
ELECTRIC FIELD SET UP BY PROBE
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COUPLING 
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LOOSE COUPLING TO MAINTAIN 
HIGH Q IN RESONANT CIRCUIT
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MICROMETER 
HEAD

LOOSE COUPLING SO THAT 
WAVEMETER DOES NOT AFFECT 
EQUIPMENT BEING MEASURED

Figure 13-231. Wavemeter Tunable 
Cavity

13-823. SHARPNESS OF RESONANCE 
PEAK.

13-822. Most microwave wavemeters are 
essentially similar. A resonant cavity is 
coupled loosely to the source of signals, and 
a detector is coupled to the cavity. The 
cavity is then adjusted to resonate at the 
operating frequency (resonance being indi
cated by a maximum reading at the detector), 
and the frequency is read from a scale on 
the timing adjustment. Figure 13-230 shows

Figure 13-230. Equivalent Circuit of 
Wavemeter

13-824. The impedance of a resonant cir
cuit, whether it is a cavity resonator, a 
section of transmission line, or an LC cir
cuit, reaches a maximum at its resonant 
frequency (or at each of its characteristic 
frequencies), and falls off at frequencies 
above and below this. As the losses in the 
equipment are increased, the peak becomes 
lower and less sharp. It is customary to 
describe the sharpness of the resonance 
peak by means of a quantity, Q, which is 
defined as follows: Let Zr be the impedance 
at the resonant frequency (or the character-

the equivalent circuit of such a wavemeter, 
and figure 13-231 shows a cutaway view of 
the tunable cavity with its input and output 
coupling loops.

in tr and atr switches. Energy leaks into or 
out of the resonant cavity by means of the 
slits or holes in the same manner that it 
leaks from the main waveguide through two 
small holes into the nonresonant auxiliary 
cavity of a directional coupler. The princi
pal merits of slit coupling are mechanical 
simplicity and, in the case of tr and atr 
switches, the relatively smooth transition 
between the waveguide and the cavity when 
the coupling is tight.

13-820. APPLICATIONS OF CAVITY 
RESONATORS.

* 0METER
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13-829. ABSORPTION WAVEMETER.
Q = fr/(fi—f2)

13-825. EQUIVALENT CIRCUrr.

13-831. ECHO BOXES.

13-832. GENERAL.

13-827. TUNABLE CAVITY.

13-212

MICROMETER 
HEAD

ADJUSTABLE
PLUNGER、

13-833. An echo box is a piece of test 
equipment used to check the over-all per-

ADJUSTABLE
,POST

Chapter 13 Section XI
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The Q of a cavity resonator is commonly 
several thousand.

13-826. In figure 13-230, the tuned circuit 
is coupled loosely to the transmission line in 
order to avoid disturbing the arrangement 
whose frequency is being measured. In 
addition, the detector is coupled very loose
ly to the resonant circuit in order to avoid 
lowering the Q. The detector shown con
sists of a conventional rectifier and filter 
circuit which feeds a meter; at micro wave 
frequencies, the diode rectifier is replaced 
by a crystal rectifier, and the filter capaci
tor is part of the capacitance of the crystal 
holder. In some cases, an amplifier may 
be inserted between the rectifier output and 
the meter. The resonant circuit is adjusted 
so that the rectifier output is maximum. 
When several frequencies are present, the 
meter will show a maximum as the resonant 
circuit is tuned through each frequency.

13-828. The tunable cavity shown in figure 
13-231 consists of a cylindrical cavity of 
adjustable length operating in the TE°, 1,1 
mode. The upper stop is moved by a con
ventional micrometer head until resonance 
is reached. The position of the plunger is 
read on a scale at the micrometer head, and 
the frequency is determined from a calibra
tion curve. A cavity of this kind is a preci
sion instrument and must be treated with 
great care. At the lower microwave fre-

istic frequency), fr. At some frequency 
above fr the impedance will have a magnitude 
equal to 1/2, or .707Zp. Let this fre
quency be fl. At some other frequency, be
low fr, the impedance will have the same 
magnitude. Let this frequency be f2. Then, 
by definition:

quencies, a simple cylindrical cavity be
comes unduly large; thus, various modified 
forms are used. Two of these types are 
shown in figure 13-232. Various forms of 
coupling are used, loop coupling being the 
most common.

Figure 13-232. Wavemeter Tunable Cavities 
for Low Microwave Frequencies

13-830. Another method of using a resonant 
cavity to determine frequency is shown in 
figure 13-233. Here a resonant cavity is 
coupled tightly to a waveguide so that it ab
sorbs a substantial amount of energy when 
it is tuned to resonance. As the cavity is 
tuned to the operating frequency, the signal 
in the waveguide will decrease.
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Figure 13-234. Echo Box
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13-834. If a cavity resonator is excited by 
an external signal, the level of the signal in 
the cavity will rise, as shown in part A of 
figure 13-235. Similarly, if the excitation 
is stopped suddenly, the signal level in the 
cavity will decay, as shown in part B of the 
figure. It is assumed that the exciting sig
nal is at the resonant frequency of the cavity. 
The decay time is related to the Q of the 
resonator, and the signal level will fall to 
.01 of its original value in 1.5Q cycles. 
Similarly, the rise time is related to Q, and 
the signal level will rise to . 99 of its ulti
mate value (or will reach a point 1 percent 
short of its ultimate value) in 1.5Q cycles. 
The rise and decay times can also be ex
pressed in terms of the time constant of the 
cavity, which is the time during which the 
signal level decays to about one-third (ac
tually .368) of its original value, or during 
which it rises to about two-thirds (actually 
.632) of its ultimate value. In practice, the 
time constant of the cavity is so long that 
the signal level cannot rise to its ultimate

formance of a radar facility. It consists of 
a tunable resonant cavity connected through 
a transmission arrangement to a small an
tenna. The cavity is usually cylindrical, of 
adjustable length for tuning, and is oper
ated in the TEo, i, i mode in order to obtain 
the highest possible Q. An S-band echo box, 
shown in figure 13-234, uses a small dipole 
antenna. This is connected through flexible 
coaxial cable to the resonant cavity, where 
a small loop is used for coupling between 
the cable and the cavity. An X-band echo 
box generally uses a small dipole antenna at 
the center of a parabolic reflector. The 
cavity is mounted on the back of the reflec
tor, and a short length of rigid coaxial line 
carries energy between the dipole and the 
coupling loop in the cavity. In most cases, 
the resonant cavity is the tuning knob in a 
micrometer head, and the echo box is pro
vided with a calibration chart so that you 
can use it as a wavemeter. Occasionally, a 
second coupling device is added to the cavity. 
This coupling device is generally a probe 
which is part of a crystal holder. The crys
tal rectifier output is fed to a meter so that 
the signal level in the cavity resonator can 
be measured.

Figure 13-233. Resonant Cavity Used in 
Absorption Wavemeter



Figure 13-236. Signal Level in Echo Box

TRANSMITTER PULSE
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ZERO LEVEL
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o
Figure 13-237.

a.

TRANSMITTER 
TURNED ON 'TRANSMITTER 

TURNED OFF

Echo Box Signal Waveform 
on A-Scope

Raising the transmitter output causes 
the echo box resonator to be excited at a 
higher level; it then takes longer for the

nal decreases so far that the receiver output 
also decreases. From this point, the signal 
from the echo box and the output from the 
receiver both decay until the receiver output 
is lost in the grass (electrical noise) on the 
A-scope. The ringing time is, of course, 
the time interval between the end of the 
transmitter pulse and the point where the 
echo box signal is lost in the grass.

13-838. It is customary to express the ring
ing time in whatever range units (yards or 
miles) are shown on the A-scope. The ring
ing time may be increased in three ways:

TIMEB

13-214

13-835. APPEARANCE OF ECHO BOX 
SIGNAL.

13-837. After a short interval during which 
the receiver is saturated, the echo box sig-

Figure 13-235. Rise and Decay of Signal 
in Resonator

value during the transmitter pulse. A graph 
of signal level against time is shown in fig
ure 13-236.

13-836. Figure 13-237 shows the appearance 
of the echo box signal on an A-scope, which 
displays receiver output on the vertical axis 
versus range or time on the horizontal axis. 
During the transmitter pulse, the receiver 
is saturated and the output signal reaches its 
maximum level. Following the transmitter 
pulse, the receiver output results only from 
the signal picked up from the echo box (as
suming that there are no short-range echoes). 
The output drops at first because the re
ceiver sensitivity has been somewhat re
duced as a result of saturation by the trans
mitter pulse, and also because the TR and 
ATR switches take some time to recover. 
The receiver, however, quickly recovers 
its normal sensitivity, and the signal from 
the echo box is then sufficient to drive the 
receiver to full output.

T.O. 31-1-141-14Chapter 13 Section XI
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echo box signal to decay to a point where 
the receiver output is lost in the grass.

Chapter 13 Section XI
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c. An increase in receiver sensitivity 
will allow the receiver to see smaller sig
nals； consequently, the period of decay will 
be longer to the lower critical level where 
the receiver output is lost.

b. Increasing the duration of the trans
mitter pulse has the same effect, since the 
signal level in the resonator will rise farther 
toward its ultimate value if the period of ex
citation is short as compared with the time 
constant of the resonator. As before, a 
higher initial signal level will increase the 
time required for the signal to decay to the 
point where the receiver output is lost.

beam, a portion is radiated in directions 
near the beam. The behavior of the antenna 
for receiving is much the same. The strong
est response from the receiver is obtained 
when the signal source lies in the main beam 
of the anteima, but signals can be picked up 
weakly from other directions transmitted 
close to the beam. This subject is discussed 
more fully in chapter 14, which deals with 
microwave antennas.

13-839. In this connection, it is necessary 
to distinguish between receiver sensitivity 
and receiver gain. Increasing the sensitiv
ity raises the ratio of signal output to noise 
output for a given level of the input signal. 
Increasing the gain, however, raises both 
the signal output and the noise output without 
affecting their ratio. This will affect the 
appearance of the picture on the A-scope, 
but will not alter the ringing time. The ap
pearances of the echo box signals on a B- 
scope, which displays range versus azimuth, 
and on a PPI scope (plan-position-indicator 
oscilloscope), which displays range versus 
direction, are shown in parts A and B, re
spectively, of figure 13-238. In each case, 
the receiver output controls the brightness 
of the spot on the scope. The ringing time 
is always taken from the greatest peak, which 
is obtained when the antenna is pointing at 
the echo box. Wlien the antenna is pointing 
in any other direction, the ringing time de
creases because the transmitter delivers a 
weaker signal to the echo box and also be
cause the receiver output is reduced for a 
given signal from the echo box. The small 
peaks in the ringing time pattern result from 
side lobes in the antenna pattern. Although 
most of the energy is radiated in the main

Figure 13-238. Echo Box Signal Waveforms 
on B-Scope and PPI
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13-843. PROCEDURE FOR RINGING TIME 
TEST.

13-840. INTERPRETATION OF ECHO BOX 
TEST RESULTS.

noise signal, the range on targets of a given 
type will be improved by about 5 percent. 
Although the echo box is one of the most 
valuable pieces of test equipment for tuning 
up a radar installation, it is dangerous to 
place much faith in comparisons between 
different ringing time tests unless the echo 
box is always placed in exactly the same 
position with the same orientation. Even 
then, any change in the temperature of the 
cavity resonator will alter its Q and, there
fore ,will change the ringing time, as will 
any change in the duration of the transmitted 
pulse. The arrangement should be consider
ed satisfactory if the ringing time is within 
about 20 percent of its usual value; the echo 
box should then be used as an aid for the 
precise adjustment of the various tuning de-、 
vices.

13-841. In order to interpret the results of 
an echo box test, it is desirable to recall the 
expression developed for a given radar in
stallation. Operating against a given target, 
the maximum range (unless limited by the 
horizon) is proportional to the fourth root of 
P/p!, where P is the power output of the 
transmitter, and p1 is the power input re
quired by the receiver to develop a useable 
receiver output—an output signal that can be 
observed in spite of the electrical noise. 
This shows that an increase in the transmit
ter output or an increase in the receiver 
sensitivity, which is a decrease in p!, will 
increase the maximum range against a given 
target and also will increase the ringing time 
with a given echo box. Therefore, any ad
justment of the radar facility which increases 
the ringing time, except an increase in the 
duration of the transmitter pulse, also will 
improve the facility performance. The ex
tent of the improvement can be calculated, 
either from the time constant of the resona
tor or from its Q, but the process is rather 
complicated and the calculation is not par
ticularly useful. However, it is possible to 
estimate the improvement in performance 
when the echo box signal is displayed on an 
A-scope. First, note the range at which the 
echo box signal is just as strong as the noise 
signal on the scope. Then, after making an 
adjustment which increases the ringing time, 
note the new level of the echo box signal at 
the range where it was previously equal to 
the noise signal.

Chapter 13 Section XI
Paragraphs 13-840 to 13-844

13-842. The percentage increase in range 
against targets of a given type will be about 
half of the percentage increase in the ratio 
of echo box signal to noise signal. The 
initial ratio between the two signals may be 
considered as 1, since the point of observa
tion is chosen as the point where the signals 
are equal. If, after improvement, the echo 
box signal is 10 percent greater than the

13-844. Considering the many different 
types of echo boxes, the ringing time test 
procedure is more complicated to describe 
than to carry out. In fact, the ringing time 
test is particularly useful just because it is 
so easy. In any case, adjust the transmitter 
first. The proper adjustment of the trans
mitter insures adequate output from the mag
netron at the proper pulse duration. If the 
echo box is equipped with a detector, your 
next step is to tune it to the transmitter (by 
adjusting for maximum output from the de
tector) . At this point, you should check the 
transmitter frequency and readjust the trans
mitter, if necessary, so that it operates on 
the proper frequency. (Unless the trans
mitter uses a tunable magnetron, you cannot 
alter its frequency; the frequency check is 
merely one step in the check for proper 
over-all operation.) Next, tune the receiver 
to the echo box signal, with the automatic 
frequency control arrangement turned off, 
and adjust the various tuning devices in the 
transmission equipment to obtain the longest 
ringing time. If the echo box is not equipped
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13-847. PARALLEL DUPLEXING EQUIP
MENT.
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13-848. In radar, where the receiver and 
transmitter use the same frequency, a du
plexer equipment makes single antenna op
eration possible. The duplexer equipment 
contains tr (transmit-receive) and atr (anti- 
transmit-receive) circuits. The purpose of 
the tr circuit is to prevent the transmitter 
power from reaching the receiver. The pur
pose of the atr circuit is to disconnect the 
transmitter during the period the antenna is 
receiving. Part A of figure 13-239 shows a 
transmission line drawn as a two-wire line 
including the duplexer components just men
tioned. The transmission line may be either

with a detector, adjust the transmitter first; 
then, by observing a local echo, tune the 
receiver to the transmitter with the automa
tic frequency control arrangement turned 
off. Next, tune the echo box to the trans
mitter by observing the ringing time while 
you tune the echo box for the longest ringing 
time. Thereafter, you adjust the tuning de
vices in the transmission equipment to in
crease the ringing time.

13-846. Two separate antennas and trans
mission lines are sometimes used for trans
mitting and receiving rf signals (one for 
each function). By using the same transmis
sion line and antenna for both functions, the 
equipment and installation of equipment can 
be simplified to a large degree. With a 
modified transmission line, simultaneous 
reception and transmission, using one an
tenna arrangement, can be accomplished. 
An important point to consider when the 
transmitter and receiver both operate on the 
same frequency is that you must keep the 
transmitted signal out of the receiver. The 
high transmitter power could damage the 
sensitive receiver to a point where it could 
not receive at all.

13-849. The open circuit (maximum imped
ance) is reflected at both junctions to the 
main transmission line; therefore, the trans
mitted power is conducted to the antenna 
without loss because none of the power enters 
the receiver, tr, or atr line. During recep
tion, the amplitude of the received power is 
not sufficient to fire either gap. Under this 
condition the atr circuit is now a quarter- 
wave transmission line terminated in an open 
circuit. One quarter-wave back from the 
open circuit termination a short circuit is in 
effect at the point of the atr junction with the 
transmission line, as shown in part C of fig
ure 13-239. The current from this short 
circuit will "see" an open circuit at the point 
of the receiver line junction with the trans
mission line. The received signal, looking 
toward the transmitter, sees an open circuit 
and thus enters the lower resistance of the 
receiver circuit with little loss.

13-850. Part A of figure 13-240 shows the 
physical components of the circuit shown in 
figure 13-239. Part B of figure 13-240 il
lustrates the electrical relationships in
volved, and should be compared with the cir
cuit shown in part A of figure 13-239. The

a coaxial line or a waveguide; both operate 
on the same principle. In part A of figure 
13-239, the receiver transmission line is in 
parallel with the transmitter transmission 
line. A spark gap is placed in the receiver 
line a quarter-wavelength from the junction. 
This is the tr spark gap. One quarter-wave- 
length from the receiver line junction, toward 
the transmitter, an additional quarter-wave- 
length line is placed in parallel with the 
transmitter. This line is also terminated in 
a spark gap, the atr spark gap. During 
transmission, both spark gaps fire (part B 
of figure 13-239); this causes the tr and atr 
circuits to act as shorted quarter-wave 
transmission lines, reflecting an open cir
cuit condition at the point of transmission 
line connection so that no transmitted energy 
will enter either the tr or atr circuit.
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tr and atr tubes are placed an odd number of 
quarter - wavelength s apart, and a quarter
wavelength from the waveguide. When the 
transmitter fires, both tubes fire. At points 
A and B in the waveguide sections shown in 
part B of figure 13-240, the rf signal from 
an apparent open circuit is reflected. This 
permits the transmitted power to be con
ducted to the antenna without loss. Since an

electrical short is across the tr tube, the 
transmitted power does not enter the re
ceiver. During reception, neither the tr 
tube nor the atr tube fires. The atr section 
of waveguide now represents an open quarter- 
wave stub, which has the same effect as a 
shorted half-wave section. Therefore, it 
reflects a short to point A of part B in fig
ure 13-240. Since the distance between

V7
OPEN

\
\7 
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X/4 

L
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13-852. The action of the series-parallel 
duplexer is similar to that of the parallel 
duplexer except that the atr tube is placed 
in series with the transmitter and the tr 
tube is placed in parallel with the transmit
ter. Figure 13-241 illustrates the series-

KEEP-AUVE
ELECTRODE

points A and B is a quarter-wave, the short 
at point A is reflected as a high impedance 
to point B. Point C does not affect impedance 
values as the nCH distance represents wave
guide width. This effectively breaks the line 
from the receiver junction toward the trans
mitter ,and prevents received energy from 
entering the transmitter and being dissipated. 
Therefore, the received signal passes into 
the receiver.

TO XTAL 

0

parallel duplexer. The atr circuit is in 
series with the transmitter, and is placed 
one wavelength from the junction of the tr 
circuit. The tr tube, as before, is a quar
ter-wavelength from the junction with the 
transmission line. During transmission, 
both the tr and atr tubes are ionized. A 
short circuit is seen at the opening of the 
atr box, which effectively seals the opening, 
and the transmitted energy passes on down 
the line. The tr tube is now a short circuit, 
which reflects a high impedance at the junc
tion with the transmission line. The trans
mitted energy passes on down the line to the 
antenna. During reception, the atr tube 
does not ionize; therefore, it acts as a 
shorted quarter-wave stub. A high imped
ance is reflected at point A in part A of fig
ure 13-241. As the distance from point A to

*-------------------
■w-000 NUMBER OF A ■

0
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fires. The majority of tr tubes are filled 
with a mixture of argon gas and water vapor. 
To aid them in ionization, a negative voltage 
is applied to an electrode placed near one of 
the gap electrodes. A tr tube showing the 
keep-alive electrode is illustrated in figure 
13-243.

13-855. The negative voltage maintains a 
steady glow discharge that provides a con
tinuous supply of ions and free electrons. 
Thus, when rf energy from the transmitter 
is applied to the electrodes, the tube fires 
more quickly. In this manner the keep
alive electrode acts as a cathode, while the 
back of one of the other electrodes acts as 
the anode. There are different requirements 
for different radars, but a typical example 
is that the tr tube must fire, or ionize, with
in .01 microsecond after application of the 
transmitted pulse. By the same token the 
tube must de-ionize 6 microseconds after 
termination of the transmitted pulse. This 
interval is called the recovery time. To 
prevent the crystals in the receiver from 
being damaged when the radar set is turned 
off, some radar sets are provided with a

13-854. A spark gap is not ideal in its op
eration. Wlien not fired, it acts as a high 
impedance； when fired, it acts as a non
linear resistance with a low voltage across 
itself. The characteristics of a spark gap 
change with use. To increase its efficiency, 
the spark gap is enclosed in a partially 
evacuated glass envelope and is connected 
to the transmission line through a resonant 
cavity. Figure 13-242 illustrates the tr 
tube and the connection to the waveguide. 
The purpose of the tr tube is to prevent the 
transmitted energy from entering the re
ceiver .If the transmitted energy entered 
the receiver, the crystal mixer of the re
ceiver would be damaged severely or would 
be completely burned out. To protect the 
crystal mixer, the tr tube must fire, or 
ionize, immediately after the transmitter

point B is a full wave, a high impedance is 
reflected at point B in part A of the figure. 
The received energy is prevented from 
entering the transmitter section and thus 
passes into the receiver section.
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13-859. One type of duplexer used with a 
number of radar equipments is termed a

Chapter 13 Section XI 
Paragraphs 13-856 to 13-859

)\-- 1 -

crystal shutter, or gate. This normally 
consists of an automatically positioned metal 
vane across the waveguide when the set is 
turned off.

1

13-857. When an atrtube is used in parallel 
with the transmitter, it is generally of the 
same construction as the tr tube, but it has 
no keep-alive voltage applied. When the atr 
device is used in series with the transmitter, 
it is of different construction than the tr 
tube. Figure 13-244 illustrates the 1B35 
atr box, which actually replaces a portion 
of the broad side of the waveguide. The atr 
box consists of a cavity filled with argon gas 
and water vapor. During transmission, the 
gas within the box ionizes and, in effect, 
completes the section of the waveguide that 
it replaces.
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Figure 13-244. 1B35 ATR Box and 
Mounting

transmitter because of the transverse orien
tation of the waveguide at that end and be
cause of the action of the atr device.

polarization~shifting duplexer (see figure 
13-245). In this particular type of duplexer 
the rectangular waveguide at the antenna end 
of the duplexer is oriented with its trans
verse dimensions 90 degrees from those at 
the end of the duplexer nearest the trans
mitter. The receiver arm is oriented with 
its electric vector parallel to the electric 
vector in the waveguide through which the 
received signal arrives at the antenna. Both 
the transmitted and received signals are 
carried in a rectangular waveguide and ar
rive at the duplexer with a TE°, i mode of 
transmission, that is, with the electric 
vector in the rectangular waveguide at all 
times parallel to the short dimension of the 
waveguide cross section. Energy being 
propagated toward the antenna on transmis
sion has its polarization shifted 90 degrees 
in passing through the duplexer, and readily 
continues in the TEo, 1 mode through the 
waveguide to the antenna. It does not couple 
into the receiver arm, except to a limited 
degree, because the polarization of electric 
vectors in the transmitted wave and the re
ceiver arm differ by 90 degrees. The ener
gy of the received wave is coupled into the 
receiver arm, but cannot pass through to the

13-860. The duplexer consists of a section 
of circular waveguide which is converted at 
each end to the rectangular section wave
guide by transition sections. Within the 
duplexer (that is, the cylindrical section), 
20 gas-filled quartz tubes are placed at 
regular intervals along the axis of the cylin
der. Each is positioned on a diameter of 
the cylinder. Four of these tubes (the first 
four encountered from the transmitted sig
nal input end) are all parallel to the long 
dimension of the rectangular section wave
guide at that end. These are shown ver
tically in figure 13-245. The fifth quartz 
tube is placed at an angle of 5.63 degrees 
counterclockwise from the first four (as 
viewed from the transmitter end). Each of 
the remaining 15 tubes is turned an additional • 
5.63 degrees ccw (counterclockwise), so that 
the last tube is at right angles to the first 
four. The transmitted wave enters the du
plexer transition in the TEq, 1 mode； the 
electric field is parallel to the short dimen
sion of the waveguide. Since the duplexer 
is circular in cross section, the wave pro
ceeds in the TE】，i mode, but the orienta
tion of the transmitted energy is maintained, 
assisted by transverse shorting bars inside 
the transition section, near the end of the 
duplexer. Just beyond the branch arm for 
the received signal the transmitted energy 
strikes the first of the gas-filled quartz 
tubes. These tubes are filled with argon 
under pressure. The high-power rf energy 
ionizes the argon molecules, breaking down 
the initial resistance of the tube and causing 
it to conduct. This forms a very low-imped
ance path across the cylindrical duplexer, 
and the first four "in-line" tubes perforin 
essentially the same function as metal short
ing rods. They tend to maintain the existing 
polarization of the transmitter wave.
13-861. The high-power wave now meets 
the fifth tube, which has an angular dis-
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placement of 5.63 degrees from the first 
four. The direction of the E vectors is 
shifted by this amount, and the rotation 
will continue through the 16 tubes until the 
transmitted wave arrives at the twentieth 
tube. The polarization has been shifted 
through a full 90 degrees; this means that 
the polarization is at right angles to that 
of the energy entering the duplexer. The 
net steady-state result of field interaction 
within the "fired" duplexer is a nearly uni
form axial conducting surface twisting 
through 90 degrees. The purpose of the 
matching slug on the side of the duplexer

•x

opposite the opening into the receiver arm 
is to compensate for the effect upon the 
transmitted wave of the discontinuity in the 
walls of the duplexer caused by the opening 
into the receiver arm. The received signal 
from the antenna arrives at the duplexer 
with a polarization determined by the orien
tation of the rectangular waveguide through 
which it has passed. It is too weak to fire 
the gas-filled quartz tubes placed spirally 
across the duplexer. Thus, they do not 
function as they do in transmission, and the 
received wave passes through them with its 
polarization unchanged.

了 RETANGULAR
SECTION WAVEGUIDE
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13-866. Since airborne equipment is some
times operated at high altitudes, and some 
ground radar facilities are also located at 
either high altitudes or in high-humidity 
areas, temperature changes will cause 
moisture condensation inside the waveguide. 
As moisture will cause extremely high radi
ation loss, the interior of the waveguide must 
be maintained at a higher pressure than the 
exterior to drive out the moisture and keep 
it out. Furthermore, all joints have to be 
airtight to maintain this pressure. Figure 
13-246 shows a waveguide equipment that 
uses the components just discussed. The 
source of the rf energy is the magnetron 
tube shown at the ri^it in the lower part of 
the figure. A probe couples it to the wave
guide ,which operates in the TE°, 2 mode. 
A very short section of waveguide is fixed 
permanently to the magnetron output. When 
the magnetron is installed, its waveguide 
section is connected to the end of the main 
waveguide. In operating conditions the 
transmitter energy travels down the main 
waveguide and enters a section which has 
two T-junctions—one called the atr box, and 
the other the tr box and mixing chamber.

13-867. In each T-junction, there is a 
spark gap at a distance of one quarter-wave
length from the center of the main guide. 
Both of these gaps arc-over when the trans
mitter is on. Thus, no energy goes past 
either spark gap tube into the T-junction 
waveguides. The energy flow is continuous 
down the main guide to the antenna. Each 
section is connected to the next with a choke 
joint. In going to the antenna, the signal

pulse from going into the receiver circuit 
and causing serious damage. The tr and atr 
boxes discussed earlier perform this func
tion in many radar sets. The highly direc
tional antenna is made rotatable so that it 
will cover a horizontal 360-degree area. To 
make rotation possible, signals are coupled 
to the antenna through vertical and horizon
tal rotating joints.

13-865. In a complete waveguide rf equip
ment the signal source is the transmitter 
unit. The antenna that transmits the output 
is located as near as possible to the radar 
transmitter. A principal requirement in an 
efficient radar facility is that energy must 
be transferred from the transmitter to the 
antenna with minimum losses, because any 
losses that occur will shorten the maximum 
range and thereby decrease the efficiency of 
the entire radar facility. Since the trans
mitting antenna is pointed at the target at 
the time the transmitter pulse leaves, and 
since it is conveniently located, it is pre
ferable to use it as the receiving antenna 
also. Similarly, it is possible to use the 
same waveguide arrangement for trans
ferring the received energy to the radar 
receiver. When the same elements are used 
for both transmitting and receiving, it is 
necessary to use a high-speed automatic 
switch to prevent the powerful transmitter

13-862. For two reasons the received wave 
is coupled into the receiver arm. First, 
the orientation of the rectangular waveguide 
of the receiver arm is aligned with the po
larization of the incoming wave, so that the 
wave can proceed into the receiver arm 
without serious attenuation. Second, the 
received wave is prevented from passing 
directly through the duplexer toward the 
transmitter by the five shorting bars across 
the duplexer just beyond the receiver arm. 
These bars serve to reflect the received 
signal and to set up standing waves with a 
current minimum at the receiver branch 
leading to the tr cavity. This provides max
imum coupling of the received signal into 
the tr cavity. These shorting rods, there
fore, constitute an atr device. Figure 13- 
245 illustrates a typical polarization-shifting 
duplexer.
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13-870. A device which is very useful in 
waveguide transmission is the so-called

13-868. The energy comes out of the back 
of the cavity and goes to the large reflector. 
The reflector projects the energy forward 
in a narrow beam. The energy which returns 
from the radar target is reflected by the re
flector into the slots. It passes through the 
slots into the waveguide and travels toward 
the magnetron, where it stops at the atr box. 
The length of the T-junction is one half-wave- 
length from the center of the waveguide ；thus, 
the closed end of the section reflects a short 
circuit at the outer-center of the main wave
guide. This reflects the signal back along 
the guide to the mixing chamber. Of course, 
neither spark gap is fired because the signal

is too weak to produce an arc. The signal 
enters the mixing chamber, where it strikes 
the end wall, and reflections are again set 
up. The chamber becomes a cavity resona
tor. An additional signal is introduced from 
another oscillator—the heterodyne oscillator 
for the receiver. The signal is injected 
with a probe at the center of the E-field in 
the cavity. Both signals cause current flow 
through a pickup probe one quarter-wave
length from the end of the cavity. This 
probe is connected to a crystal mixer. The 
second oscillator is set at a different fre
quency, and produces the correct intermedi
ate frequency when the returning signal is 
from a radar beacon transmitter. Since the 
crystal is easily damaged by high-powered 
signals, the tr box spark gap protection 
must be certain. To insure that it will arc- 
over at once when the transmitter signal 
appears in the mixing chamber or when 
other nearby radar transmitters accidentally 
send in a weaker—but still damaging—sig
nal, a keep-alive voltage is provided. This 
is a high de voltage that causes the spark 
gap to be partially ionized. Then the addi
tional voltage of any signal that is stronger 
than a radar echo will cause complete ioniza
tion, or an arc, between the electrodes. 
When the set is turned off, no keep-alive 
voltage is present, and the crystal is vul
nerable to signals from other nearby radar 
transmitters. A spring-operated gate closes 
the waveguide when the set is turned off. No 
signal can get to the crystal from the an
tenna. When the set is turned on, an elec
trically operated relay opens the gate. The 
entire equipment is assembled with rubber 
gaskets at the joints, or is otherwise sealed 
to permit pressurizing the interior of the 
waveguide. The small windows or slots in 
the antenna cavity are covered with mica. 
The mica permits rf energy to pass through, 
but keeps moisture out.
13-869. WAVEGUIDE ISOLATORS.

passes through a special section that con
tains a pair of probes spaced one quarter- 
wavelength apart. Test equipment can be 
inserted at each probe to measure the signal 
strength at that probe. The ratio of the two 
signal strengths is the standing-wave ratio. 
In going through the stationary transmitter 
unit to the moving antenna, the signal goes 
through a flexible section of waveguide that 
insulates the transmitter unit from the me
chanical vibration of the antenna. The an
tenna is designed to rotate horizontally and 
to tilt vertically. Thus, the signal is trans
ferred to a rotating coaxial joint twice before 
being radiated, and each time it is immedi
ately transferred back to a waveguide again. 
The antenna itself is a resonant cavity con
taining a pair of slots one half-wave length 
apart. As you can see in the figure, the 
waveguide is tapered in the narrow dimen
sion to fit between the slots. The effect of 
the cavity is as if the waveguide were split 
in half and each side bent through 180 de
grees. Tapering the waveguide prevents 
the reflections that would occur if the size 
were changed abruptly. Tapering in the 
narrow dimension does not affect the opera
tion of the waveguide, since this dimension 
is not critical. The actual impedance match 
is accomplished by adjusting the matching 
screw. This adjustment is made at the fac
tory and is soldered in place.
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13-871. Figure 13-247 shows a section of 
rectangular waveguide in which a thin slab of 
ferrite, which is typically a few inches in 
length, is placed in an off-center position. 
It is assumed that a de magnetic field is ap
plied to the ferrite in a direction at right 
angles to the magnetic field of the traveling 
microwave energy. Such an arrangement 
will displace the electric fields of forward 
and reverse traveling microwave energy in 
some manner such as that indicated in figure 
13-248. Part A of the figure shows the nor
mal electric field intensity distribution in a

Figure 13-247. Field Displacement 
Isolator

Figure 13-248. Electric Fields in 
Rectangular Waveguide

FERRITE 
SLAB

Ghapter 13 Section XI 
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isolator • This is a waveguide element which 
effectively permits transmission through a 
guide in one direction only. It can thus be 
used to prevent energy, reflected from a 
transmitting antenna or other discontinuity, 
from traveling backward through the guide 
to points where it might adversely affect the 
operation of vital circuit components, such 
as klystron oscillators and traveling-wave 
tube amplifiers. The non-reciprocal be
havior of isolators depends upon certain 
peculiar properties of the magnetic ferrites. 
Because of their extremely high resistivity, 
ferrite materials do not normally have any ' 
appreciable effect on the propagation of high- 
frequency electromagnetic waves. If in
serted within a waveguide, they are prac
tically transparent to microwave energy 
traveling through the guide. In the presence 
of an externally applied de magnetic field, 
however, the behavior of the ferrite is quite 
different. Within the ferrite, because of its 
unique magnetic structure, there is now 
definite interaction between the applied field 
and the magnetic field of the traveling micro
wave energy. This effectively changes the 
permeability of the ferrite, which results in 
some distortion or displacement of the elec
tric field of the traveling microwave energy. 
Moreover, the interactions are such that the 
permeability change in the ferrite is differ
ent for the two directions of microwave 
transmission. The electric field displace
ments ,accordingly, are also different.

cross-section of rectangular waveguide, and 
part B shows the way in which this field is 
displaced by the magnetized ferrite for both 
forward and reverse waves. You should 
note that the field intensity of the forward 
wave is minimum at the ferrite slab, while 
the intensity of the reverse wave is maxi
mum at the same point. Now, if a coating 
of resistive material such as graphite is 
applied to one side of the slab, as shown in 
Figure 13-247, it will absorb most of the 
energy of the reverse wave. The forward 
wave, on the other hand, will be attenuated
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13-873. How this Faraday rotation effect is 
employed in microwave practice to secure 
isolation may be understood by reference to 
figure 13-249. Here a thin pencil of ferrite, 
tapered at both ends to minimize reflections, 
is held centered in a section of circular wave
guide. An axial magnetic field is established 
in the ferrite pencil by means of a permanent 
magnet surrounding the section of waveguide,

13-872. FARADAY ROTATION ISOLATOR.
In a circular waveguide, you may take ad
vantage of another special property of mag
netized ferrite to effect micro wave isolation. 
When a short rod or pencil of ferrite mate
rial is centered in a circular waveguide and 
magnetized in a longitudinal direction by an 
external magnet, the plane of polarization of 
transverse electric microwave energy in the 
guide is rotated to a new angular position as 
it passes the ferrite. The extent of the ro
tation is accurately determined by the size 
and shape of the ferrite pencil and the strength 
of the applied magnetic field. Of particular 
interest, moreover, is the fact that the field 
rotation is in the same angular direction, 
regardless of the direction in which the 
microwave energy is traveling through the 
guide. This re mar liable behavior is called 
"Faraday rotation" because of its close 
analogy to a comparable optical phenomenon 
first noted by Michael Faraday more than a 
century ago.

as shown. It is assumed here that the di
mensions of the ferrite and the strength and 
direction of the magnetic field are such that 
the polarization of a wave in the guide will 
be rotated exactly 45 degrees in a counter
clockwise direction, as viewed from the left 
end of the guide. At each end, the wave
guide is transformed from circular to rec
tangular cross section by a gradual transi
tion that prevents impedance irregularity. 
The transition at the right end, however, is 
so made that the rectangular guide there is 
turned through 45 degrees with respect to 
the rectangular guide at the left end.

13-874. VERTICAL POLARIZATION. From 
the general discussion of waveguide trans
mission, you will recall that for normal 
TEi, o transmission in a rectangular guide, 
the electric field lines always extend between 
the longer walls and are thus parallel to the 
shorter walls. In figure 13-249, this con
figuration may be designated as vertical 
polarization of the electric field. In a cir
cular waveguide, on the other hand, the 
dominant mode, TEi,i, may be transmitted 
equally well in any plane of polarization. If 
the desired direction of transmission in fig
ure 13-249 is from left to right, a signal 
entering the guide at the rectangular left end 
will necessarily be vertically polarized. As 
it passes through the transition into the cir
cular guide, it will continue to be polarized 
vertically. Passage through the ferrite,

only slightly by the resistive coating because 
of its low field intensity at that point. The 
magnitude of the discrimination between 
forward and reverse waves depends rather 
critically on such factors as the length and 
width of the ferrite slab, its location with 
respect to the guide wall, the strength of the 
applied magnetic field, and particularly the 
length, shape, and exact location of the re
sistive strip. In practice, representative 
losses introduced by field displacement 
isolators of this type are about 0.2 db in the 
forward direction of transmission and 30 to 
35 db in the reverse direction.
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13-875. In practice, it may not always be 
feasible to control the rotation of the wave 
polarization to the precise angle required 
for 100 percent isolation. A simple device 
such as that pictured here, however, may be 
expected to introduce a loss of only about. 25 
db in the desired direction of transmission, 
and from 30 to 35 db in the opposite direction. 
When more complete isolation is desired, 
any of several arrangements employing two 
or more ferrite units in tandem can be used.

13-879. The ultimate purpose of all micro
wave plumbing installations is to convey in
telligence in the form of electromagnetic 
signals from one point to another. Different 
applications require different types of sig
nals and equipment in order to obtain a given 
desired result. Many problems arise from

Figure 13-250. Faraday Rotation 
Waveguide Switch

13-876. HIGH-SPEED WAVEGUIDE 
SWITCHES. The Faraday rotation effect is 
also used to produce the high-speed wave
guide switches used in certain microwave 
radio equipments. Here the wave rotation 
is controlled by an electromagnet rather 
than a permanent magnet, and the magnetiza
tion is of such a value as to rotate the wave 
through 90 degrees. Wlien you insert a sec
tion of circular guide so equipped in a rec
tangular guide, as shown in figure 13-250, 
it has no appreciable effect on transmission 
as long as the electromagnet is not ener
gized. Simply closing the circuit through 
the electromagnet results in complete block
ing of transmission through the guide. Thus, 
two such devices make possible almost in
stantaneous switching of the wave transmis
sion from one path to another.

13-877. MICROWAVE MEASUREMENTS 
AND CALIBRATION PROCEDURES.

however, will rotate the polarization 45 de
grees counterclockwise. But since the rec
tangular guide at the right end is also turned 
through 45 degrees, the rotated wave will 
pass into the rectangular guide at the right 
end still in the vertical plane with respect to 
the guide. Transmission is thus effected 
without appreciable attenuation of the wave. 
However, if the transmitted wave is partially 
or completely reflected by some irregularity 
farther along in its path, the reflected wave 
will encounter a different set of conditions. 
It will return still vertically polarized until 
it reaches the ferrite. Here it will again be 
rotated through 45 degrees, but also in a 
counterclockwise direction as viewed from 
the sending end. Its plane of polarization is 
now turned exactly 90 degrees from that of 
the original input wave. The rectangular 
guide cannot transmit a wave in this hori
zontal polarization； therefore, the wave must 
be totally reflected when it reaches the tran
sition. If desirable, this second reflection 
can be largely avoided by inserting a plate 
of energy-absorbing material between the 
ferrite and the transition, as shown in the 
drawing. This may consist of a small card 
of insulating material which has been given 
a thin coating of a "lossy” substance, such 
as carbon or aqua dag, that readily soaks up 
microwave energy. Mounted in a horizontal 
plane, as indicated, the card causes high 
attenuation of the reflected wave while offer
ing practically no opposition to the transmis
sion of the vertically polarized forward wave.
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the particular requirements of each micro- 
wave arrangement. These can, in general, 
be solved by the careful design of special 
components. Such components may be any
thing from a straight section of waveguide to 
a complicated structure such as an rf unit, 
which consists of a duplexer, tr and atr 
switch tubes, a local oscillator, a mixer, a 
beacon oscillator, and automatic frequency 
control provisions. Each component must 
be mechanically and electrically tested and, 
at times, carefully adjusted before you final
ly mount the component in its place in the 
equipment. This procedure calls for a great 
degree of flexibility in the test equipment 
and of the test procedures employed in order 
to achieve accurate and sign迁icant results 
in a number of different types of measure
ments . A better understanding of the prob
lems arising in connection with microwave

measurements can be obtained by an analysis 
of a typical microwave arrangement, for 
example, 3-cm radar plumbing. Figure 
13-251 shows such an arrangement, com
prising a magnetron, an rf unit, a direc
tional coupler, a transmission line with 
several bends and twists, a rotating joint, 
and an antenna. Each component has a 
definite function for which it was designed 
and tested. In general, we can say that a 
radar set functions by beaming a high level 
of rf energy in a definite direction and by 
receiving the faint echo reflected from any 
target intercepting this beam. The echo is 
so weak that it requires an enormous amount 
of amplification before it can be used for lo
cating a target. The intensity of the echo is 
proportional to the transmitted power; thus, 
the elimination of all losses in the transmis
sion line which connects the antenna to the
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generator and the receiver is of great im
portance . These losses, if not properly 
reduced, are doubly detrimental to the ef
ficiency of the transmitting function in that 
they cut down the power available at the 
antenna for transmission and, at the same 
time, reduce the intensity of the originally 
weak return echo. Losses result from two 
principal causes: reflection and skin effect. 
The skin effect is distributed along the whole 
length of the transmission line, and can be 
reduced if you properly plate the interior of 
the waveguide and all other surfaces exposed 
to the high-frequency fields. Plating results 
in an attenuation on the order of a few hun
dredths of a decibel per foot. It is, there
fore, almost negligible in the case of short 
runs of waveguide, but it may become quite 
appreciable in the case of long transmission 
lines. Thus, you should test long sections 
of waveguide for attenuation characteristics.

change in shape or position (for example, 
the rotating joint shown in figure 13-251). 
The same applies to the flexible waveguide. 
Such components should be tested for reflec
tion in a number of different configurations, 
selected as being representative of all the 
possible configurations that the component 
may assume. After you assemble the trans
mission line and put it into operation, it is 
desirable to provide a means for detecting 
any accidental change in the reflections in 
the line which may result from corrosion in 
the waveguides, obstructions in front of the 
antenna, water condensation, etc. It is also 
desirable to provide a means for monitoring 
the output power. Both of these functions 
are accomplished by the directional coupler, 
shown in figure 13-251. A directional cou- 

,pier is a device which extracts a very small 
amount of energy traveling down the main 
waveguide and couples it to a secondary 
waveguide, where it can be separately meas
ured. The most important feature of the di
rectional coupler is the fact that energy 
traveling in only one direction is coupled 
out, while energy traveling in the opposite 
direction has almost no effect on the output 
of the secondary guide ・ Two important 
values must be known before using a direc
tional coupler: the coupling, C (ratio of 
output power in the secondary guide to input 
power in the main guide in the preferred di
rection) ,and the directivity, D (ratio of out
put power for input in the preferred direc
tion to output power for the same input in the 
opposite direction). Thus, measurements of 
coupling and directivity are essential in con
nection with all directional couplers, in addi
tion to the usual measurements of the reflec
tion coefficient. The function of the rf unit 
is more complicated. It must prevent the 
high-level transmitted pulse from reaching 
the sensitive detector crystal and damaging 
the crystal. It must also convey all of the 
weak, received pulse to the detector and 
prevent any percentage of it from deviating 
into the magnetron and being lost there.
This is accomplished by means of gas dis-

13-880. Reflections result from discontin
uities and mismatch in the line. The amount 
of power lost as a consequence of reflections 
is usually much higher than that lost by at
tenuation; consequently, all components 
must be tested for reflections before they 
are assembled in the over-all arrangement. 
You should test the line, as a whole, after 
assembly. Usually, the total reflection is 
much less than the sum of all individual re
flections, because these, by combining with 
different phases, tend to cancel out one 
another. If you know the reflection coeffici
ent of each component, in terms of amplitude 
and phase, you can design the transmission 
line so that all reflections do cancel each 
other. The result is a reflectionless line, 
made with not quite reflectionless compo
nents. The importance of a very accurate 
measurement of the reflection coefficient 
(including phase and amplitude) is self- 
evident. Reflections must not only be small, 
but also constant. It is thus important for 
you to test, under actual operating condi
tions ,all those components where a change 
in reflection might occur because of some
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a. Measurements intended to determine 
the amplitude of the oscillation.

c , Measurements intended to determine 
the phase of the oscillation.

b. Measurements intended to determine 
the frequency of the oscillation.
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charge tubes and use of the geometry of the 
structures connecting them with the main 
guide. This involves several types of wave
guide transformers, resonant sections, etc.

13-882. The first group may be further sub
divided into absolute amplitude measurements 
and relative amplitude measurements, de
pending upon whether the information re
quired concerns the total energy present in 
the oscillation or a comparison of the am
plitude of two waves with the same frequen
cy, regardless of their absolute values. Ab
solute amplitude measurements are usually 
called power measurements. Relative am
plitude measurements may be again sub
divided into: attenuation measurements, in
tended to determine the ratio of the wave 
amplitude in one point of the equipment to 
the wave amplitude in another point of the 
equipment; and reflection measurements, 
intended to determine the ratio of the ampli
tude of the wave traveling in one direction, 
at some point of the equipment, to the am
plitude of the wave traveling in the opposite 
direction at the same point.

13-883. Frequency measurements are al
ways absolute, and phase measurements are 
always relative; you must define the refer
ence plane in connection with phase meas
urements . Frequency measurements may be 
subdivided according to the type of wavemeter 
employed (either the absorption type or the 
transmission type). However, this subdivi
sion refers to the physical structure of the 
equipment only, and not to the measured

tions of this form which may be considered 
separately. In this manner, it is obvious 
that the determination of Ao, f, and ©will 
give all possible information on the oscilla
tion itself. A practical classification of 
measurements is as follows：13-881. The rf unit must also provide a 

mixer effect, incorporating a local oscilla
tor. The generated frequency is mixed with 
the arriving signal in the crystal detector, 
and the resulting output is fed to the i-f am
plifier. Another oscillator is coupled to the 
main guide for beacon operation. The test
ing of this complex unit requires a means 
for measuring and comparing waveguide im
pedances, resonant effects, reactances, etc, 
as well as the usual attenuation, reflection, 
and coupling. Since all effects in waveguides 
generally change with frequency, the fre
quency must be accurately known while mak
ing all types of measurements. Every test 
setup must, therefore, include a means for 
measuring the frequency while the test is be
ing made. The example listed above shows 
the large variety of microwave measurements 
necessary for properly testing the components 
of a complete arrangement, such as a radar 
plumbing arrangement. Special tests for 
experimental and research purposes may re
quire even more complex measurements. 
The necessity of a comprehensive classifi
cation of all types of measurements is clear. 
Since all impedance and resonance effects 
can be determined with measurements of 
reflections and absorptions (i.e., in terms 
of wave parameters), a rigorous classifica
tion of all types of measurements can be 
made by observing that the characteristics 
of the most general electric oscillation de
pend on three parameters only. As a matter 
of fact, any generic alternating quantity, A, 
can be described by the simple equation:

where Aq is the crest amplitude, f is the 
frequency, and (j) is the phase angle. The 
most complicated oscillation can always be 
split up into a number of elementary oscilla-
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Figure 13-252. Microwave Measurements
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13-885. The test equipment should furnish 
accurate results readily. The requirement 
of accuracy is sometimes in conflict with the 
requirements of ease and speed of procedure, 
and it is not always possible to reach a work
able compromise. In some cases, high 
speed and simplicity of procedure are the 
most important requirements, as in the case 
of production testing. Here a large number 
of similar components are successively 
tested and, generally, the only information 
required is whether or not the components

quantity. Figure 13-252 is a complete table 
of micro wave measurements, showing some 
of the most important specific measurements 
currently made in the laboratories. All 
types of measurements described in connec
tion with our example can now be classified 
in accordance with this table. Any other 
measurement can be fitted into the table in 
accordance with its relationship to the basic 
types illustrated.

Chapter 13 Section XI 
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meet a given set of specifications. In other 
cases, accuracy is of the utmost importance, 
for example, in the calibration of test equip
ment components or in experimental pro
jects. In these cases the number of pieces 
to be tested is usually small, and time and 
effort are of secondary importance. The 
test equipment involved and the techniques 
employed are accordingly different. In any 
case, it must be kept in mind that the preci
sion of the most accurate instrument is no 
better than the precision of the measuring 
method employed. The best instrument may 
become worthless if improperly used； on the 
other hand, small procedural refinements 
may greatly improve its precision. When 
several instruments are concurrently used 
for one measurement, the accuracy that can 
be obtained is no higher than that which can 
be expected from the least accurate of the 
group of instruments employed, regardless 
of the precision of all the others. However, 
the best results can be obtained if the least 
accurate instrument is used in connection 
with equipment of the same quality level
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13-888. Assume that you write the direct 
wave in a lossless line with the usual com
plex notation, as follows:

13-886. PRINCIPLES OF REFLECTION 
COEFFICIENT MEASUREMENT.

Chapter 13 Section XI
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2”(power supplies, oscillator tubes, amplifiers, 
etc). The test equipment required to per
form each type of measurement will be de
scribed, together with the proper procedure, 
in the order indicated in figure 13-252.

13-889. The total amplitude where both the 
direct and reflected waves are present is 
given by the sum of their amplitudes； that is:

If you substitute values, you will have the 
following:

You can see that this a vector rotating with 
angular velocity 3 , with the amplitude de
pending on position z and phase angle〔 
The maximum amplitude will occur where 
both components have the same argument, 
that is, when:

z) +

+ 4)

+ 2 7F
Xg

You can rewrite this equation as follows:

z +1)

27T

Xg

Thus, it appears that Pis a vector of con
stant amplitude which makes two complete 
turns in the complex plane for every full 
wavelength of displacement of the reference 
plane in the Z direction. The modulus of 
this vector is equal to the ratio of the crest 
values (Ey to Eq), and the argument repro
duces itself every half wavelength of travel 
in the Z direction. At the origin (z = 0) the 
argument is equal to which is seen to be 
the phase angle as above defined.

where Er is the crest amplitude of the wave 
propagating in the negative Z direction. By 
definition, the reflection coefficient, T, is 
the ratio of E2 to Ejj that is:

13-887. The reflection coefficient is a 
vectorial quantity with absolute value equal 
to the ratio of the amplitude of the reflected 
wave to the amplitude of the direct wave. 
Since a wave does not ordinarily experience 
total reflection, the reflection coefficient is 
usually less than one in absolute value. You 
can define the phase angle of the reflection 
coefficient only by arbitrarily assuming a 
reference plane. Whenever possible, the 
reference plane is set to coincide with the 
plane where the reflection occurs. This, in 
turn, is not always possible because some
times reflections may occur as a result of a 
gradual change in the properties of the trans
mission line or where the field distribution 
in the guide is so complicated that it is dif
ficult to determine just where the reflection 
occurs. However, once a reference plane 
is established, the phase angle is defined as 
the phase difference between the reflected 
and direct waves in that plane. From this 
point on, the voltage gradient or electric 
field strength, E (in volts per meter), will 
be assumed to represent the amplitude of 
the waves.

_32?r Er i27F
e」福亦商e/z

where Eo is the crest amplitude, (jJ is the 
angular frequency (a)= 2 7Tf), Xg is the guide 
wavelength, and the wave is propagating in 
the positive Z direction. You can write the 
reflected wave as follows:

27T
入g

E2 = Er ej(3 t +
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The amplitude at the maximum point is:

Eo(i + |r|)Emax

The amplitude at the minimum point is:

-lrl)Emin = Eq (1

Vswr

Conversely：

|r| (3)

13-235

27T

Thus, the amplitude and phase angle of the 
reflection coefficient can be determined with

13-891. It is known that the power output 
and the frequency of a reflex klystron depend 
critically on the reflector voltage. A typical 
output characteristic is shown in figure 13- 
254. When you increase the reflector volt
age, the tube enters successively into a num
ber of modes of oscillation separated by gaps

Chapter 13 Section XI 
Paragraphs 13-890 to 13-891

13-890. A signal generator feeds through rf 
cable to a coaxial-to-waveguide transformer. 
A variable flap attenuator is inserted im
mediately after the tube mount, for padding 
the generator, and is followed by the fre
quency meter. Next in line is the slotted 
line and probe, connected to the vswr indi
cator by a flexible coaxial cable. The com
ponent to be tested is inserted between the 
slotted line and probe and a moving load. 
The rectified signals proceeding from the 
crystal in the probe are amplified and dis
played by the indicator, which is calibrated 
directly in vswr. Since an ac amplifier is 
much more reliable and stable than a de am
plifier, the crystal output must be modulated 
for proper amplification. This is done by 
modulating the output of the oscillator tube 
with a voltage square wave applied to the 
reflector electrode of the tube in the signal 
generator.

ment with the understanding that the same 
procedure may be used on any band, simply 
by using components designed to perform 
equivalent functions at different frequencies. 
Specific differences will be separately indi
cated. The same slotted line and probe can 
be used both for induction testing and for 
high-precision measurements. The test set
up and the test procedures will differ in the 
two cases because of the different require
ments and specifications. Two types of test 
setups and procedures are recommended in 
order for you to operate the slotted line and 
probe at optimum efficiency by fully using 
its precision construction and design flexi
bility. The test setup recommended for 
production testing is illustrated in figure 
13-253.

The minimum amplitude will occur where 
the arguments differ by ir , that is, when:

the aid of equations (1), (2), and (3), by 
measuring the ratio of maximum field value 
to minimum field value and by determining 
the distance from the reference plane where 
such maxima and minima occur. Both meas
urements are readily made with the slotted 
line and probe, which provide a means of 
sampling the field intensity of the waves at 
different points along the waveguide and, at 
the same time, of accurately determining the 
position where the field is probed. Refer
ence is specifically made to the X-band.equip-

=土 7T — ©

Z + 4 27T
人g

一 1 +l「l

_ vswr — 1
vswr + 1

47F
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=—■

The ratio of the maximum value to the mini
mum value is called the voltage standing 
wave ratio, and is given by:

z =
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13-893. The simplest method of tuning out 
the reflection of the load is as follows:

With the carriage of the slide-screw 
tuner in any position, start with the micro
meter screw all the way out and insert it 
slowly, watching the meter imtil it just

This means that the tip is just pro
truding into the waveguide.

of no output at all. The frequency varies 
through each mode from a minimum to a 
maximum around the medium value, cor
responding approximately to the maximum 
power output of the tube for each mode. This 
explains the reason for the square-wave mod
ulation. The voltages must be so adjusted 
that when a square wave is superimposed on 
the de reflector voltage, the tube swings in 
and out of one mode, giving full output during 
one half-cycle and zero output during the 
other. At the same time, the frequency will 
correspond to the maximum output frequency, 
and all frequency modulation will be avoided. 
Frequency modulation is detrimental to the 
accuracy of the measurements because, in 
general, the reflection coefficient is sensi
tive to frequency changes.

b. Read the vswr； then move the carriage 
by steps of about 1/8 inch and read the vswr 
each time.

minimum and at this point note the meter 
reading. If the phase must be known, to
gether with the amplitude of the reflection 
coefficient, note the positions of the carriage 
at maximum and minimum reading also. The 
meter face is calibrated to read the vswr di
rectly. The reflection coefficient of every
thing that follows the slotted line is cumula
tively determined by use of this method.
This method, therefore, is useful for testing 
a single component, such as a termination 
which absorbs almost the total amount of the 
incident power. In the case of a transmis
sion component which is not supposed to ab
sorb any power, such as a twist, a bend, a 
corner, etc, a termination must be placed 
after it to absorb all the power conveyed by 
the component under test. This termination 
must give no reflection of its own; other
wise, the reflection of the termination will 
add vectorially to the reflection of the com
ponent under test, and a corresponding error 
will result. You must therefore tune the 
load to zero reflection. This is done by 
setting it directly against the slotted line 
and adjusting the position until no standing 
waves can be detected in the line.

Decrease the length of the steps until 
the carriage position for minimum vswr is 
found.

d. Adjust the tip depth until unity vswr 
is obtained. A minor change in carriage

/ Chapter 13 Section XI 
Paragraphs 13-892 to 13-893

13-892. You must tune the amplifier to the 
frequency of the square-wave modulation for 
maximum response. The optimum operating 
modulation conditions are then arranged by 
varying the reflector voltage and square- 
wave amplitude until the meter deflection is 
maximum. You will know when the tube is 
operating under the best modulation condi
tion by observing whether a slight change in 
any control setting decreases the meter 
reading. This optimum operating condition 
corresponds also to the highest stability of 
the output because small changes in reflec
tor voltage and square-wave amplitude, clue 
to fluctuations of the line voltage or other 
accidental causes, will have no effect during 
the zero output half-cycle, and will have 
little effect during the full output half-cycle 
because of the rounded top of the mode char
acteristics. Wlien you adjust the power sup
ply, modulator, and amplifier, the probe is 
timed to maximum output and the setup is 
ready for the measurement procedures. 
These are carried out by moving the detec
tor carriage to a point where the meter reads 
maximum and then adjusting the amplifier 
gain until the meter reads exactly full scale. 
Without again touching the gain control, move 
the carriage to a point where the meter reads
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amplitude to

e. Tune the termination as described.

f. Proceed with the testing.

13-238

unaprer jlb section Xl
Paragraphs 13-894 to 13-896

13-894. The component to be tested is then 
inserted between the slotted line and the 
tuner and load, and the vswr reading is 
taken. When a large number of identical 
components are tested at the same frequency, 
the tuner and load should be handled with 
care, and occasionally checked against the 
standing wave detector. If any detuning ap
pears after a series of tests, it should be 
corrected before you proceed with other 
tests. The test procedure with square-wave 
modulation and an audio -frequency amplifier 
can be summarized as follows：

Place the tuner and load against the 
standing wave detector.

b. Tune the amplifier to the square-wave 
modulation frequency.

position may be required for very large 
probe penetrations. In such cases, steps c 
and d are repeated until the desired result 
is obtained.

13-895. The accuracy of the vswr that can 
be expected from this method is +0.01 for a 
range between 2.5 and 1.05, if you use rea
sonable values of stable line voltage and well 
regulated power supplies. The test setup 
recommended for high-precision testing is 
illustrated in part A of figure 13-255. Sta
bility is one of the most important factors

d. Tune the standing wave detector probe 
for maximum response. The gain of the am
plifier should be gradually decreased in steps 
2 through 4, to avoid damage to the meter. 
The probe depth should be the minimum con
sistent with proper sensitivity.

13-896. Connect the galvanometer to the 
standing wave detector through a resistive 
network designed to make the crystal work 
into its optimum resistance and to make the 
galvanometer see its critical damping re
sistance in the input circuit. A switch 
should also be provided to temporarily dis
connect the crystal and occasionally check 
the zero setting of the galvanometer if there 
appears to be a tendency to drift. A mov
able load follows the component being tested. 
The operation of the movable load can be 
understood by observing that small reflec
tion coefficients add vectorially (as long as 
second and third-order reflections can be 
neglected), and that a displacement along 
the line causes the reflected vector to rotate 

complete turn for each half -wavelengthone complete turn tor each haii-waveiengui 
of travel. The reflection coefficient, T , 
measured by the slotted line, is the sum of 
the reflection coefficient of the tested com-

c. Adjust, alternately, the reflector volt
age and square-wave amplitude to maximize 
the meter reading.

involved in the accuracy of the measure
ments. An effort must be made to elimin
ate as many of the potential sources of in
stability as possible. The first source of 
instability is the square-wave modulation, 
which also spreads out the output spectrum 
in a band of frequencies instead of providing 
a single frequency. The result of eliminat
ing modulation is that an audio-frequency 
amplifier cannot be used for the measure
ments ,and it becomes necessary to resort 
to a very sensitive galvanometer. Since no 
variable gain is provided at the input of the 
meter, the full-scale adjustment is made 
with the aid of a variable attenuator in the 
line. The amount of attenuation in the line 
should never be less than 20 db. This will 
prevent changes in the tube output, due to 
changes in the line impedance re suiting from 
the standing-wave detector probe motion. 
Since the calibration curve of most variable 
attenuators is rather steep in the 20-db 
region, it is advisable to use two variable 
attenuators in series, the first one for 
coarse adjusting and the second, operated 
at small attenuation, as a vernier.
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a. It is almost impossible to design and 
build a resistive strip with zero reflection 
coefficient over the band.

13-897. You must consider the following 
two factors in this connection:

ponent and the reflection coefficient of the 
resistive strip.
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13-898. If the resistive strip has a small 
(but not negligible) reflection coefficient and 
it is moved along the guide, the total reflec-
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b. It is very difficult to measure the 
phase angle of very small reflection coeffici
ents.

apart, as 
at the reflec-

Chapter 13 Section XI
Paragraphs 13-897 to 13-898

tion coefficient measured by the slotted line 
will show a constant component (1) and a 
rotating component (2), which will make one 
full turn for each half-wavelength of travel 
of the resistive strip, as shown in part A of 
figure 13-256. If the strip is displaced 
exactly one-quarter of a wavelength in the 
waveguide, its reflection coefficient will 
rotate 180 degrees, so that in the second 
position (2), it will be exactly opposite the 
reflection coefficient of the strip in the first 
position (3), as shown in part B of the figure. 
Now if two measurements of「are taken with 
the strip in two positions 
shown in part C, you can 
tion coefficient of the component is 1, as 
shown in part D, while 2 and 3 are the re-

CROSSGUIDE 
COUPLER (20 OB) 

w J
W/G-
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ADAPTER
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13-240

c. Adjust the vernier variable attenuator 
for full-scale reading of the galvanometer.

f. Repeat all operations in connection 
with the other two minima.

13-900. The complete determination of the 
reflection coefficient from the measured

b. Move the probe to a point equidistant 
from the first two minima.

a. Determine the positions of three 
successive minima.

Chapter 13 Section XI'
Paragraphs 13-899 to 13-900

d. Move the probe to the first minimum 
already found and noted. Do not determine 
the minimum again; simply move the car
riage to the noted position.

e , Read the galvanometer at the first 
minimum.

13-899. Step b is required because a mini
mum is much sharper and better defined 
than a maximum, which is rounded and thus 
cannot be easily located. On the other hand, 
a maximum always occurs exactly halfway 
between two successive minima. The aver
age of the three position readings should 
coincide with the central reading. The dif
ference gives the order of experimental 
error involved in the determination of the 
phase angle. This difference should never 
be larger than two tenths of a millimeter in 
the X band, which is pertinent to our exam
ple. The average of the galvanometer read
ings gives the amplitude of the reflection 
coefficient. If the error spread of the three 
readings is too large, more readings should 
be taken. The difference between an indi
vidual reading and the average should never 
be larger than one-half percent of the total 
reading. When the first vector is deter
mined, the strip is displaced by one quarter- 
wavelength in the guide, and the second vec
tor is determined in a similar manner.

flection coefficients of the strip in the two 
positions. Take each measurement of『 at 
least three times, and plot the average value 
on polar paper, where the midpoint of the 
segment connecting the points representing
Il and r 2 is taken to represent the reflec

tion coefficient of the component in terms of 
amplitude and phase. At least three read
ings for each vector are required to de
crease the probable error, resulting from 
accidental experimental errors, to an ac
ceptable value. The three readings should 
be taken in different parts of the standing 
wave detector, using the following procedure：
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Chapter 13 Section XI
Paragraph 13-901

difference by a half-wavelength. The result 
is the fraction of 2 7T, or 360 degrees, cor
responding to the phase angle. It should be 
noted that since the reference plane already 
has a phase angle of 180 degrees, a corres
ponding angle of 180 degrees should be added 
to or subtracted from the value thus deter
mined to be consistent with the definition 
given for the phase angle. Of course, the 
phase angle determined by means of the de
scribed arrangement can also be used direct
ly with a slight modification of the definition 
of phase angle given previously.

13-901. The calibration of the slotted line 
may take several hours, and it is very diffi
cult to prevent oscillator output variations 
during this time. The instability of the os
cillator over this long period is taken care 
of by the additional equipment shown in part 
B of figure 13-255, A small amount of power 
is extracted from the main line by the direc
tional coupler and fed to a secondary line 
comprising a variable attenuator and a crys
tal mount. The output of the crystal is fed 
through an adapter to a second galvanometer. 
Both galvanometers are set to read full 
scale at the beginning of the calibration, and 
any variation in power output is monitored by 
the second galvanometer. The input power, 
as indicated by the second galvanometer, 
should be kept constant by varying the at
tenuation of the vernier attenuator in the 
main line. A single galvanometer may be 
used if the adapter is equipped with a selec
tor switch connecting the meter to either of 
two separate inputs. The same arrangement 
illustrated in part B of figure 13-255 can be 
used during current measurements if, for 
some reason, the tube output is so unstable 
that it varies appreciably in the course of a 
single measurement. The calibration of the 
slotted line also indicates the amplitude of 
the instrumental error in connection with 
slight mechanical misalignments of the car
riage, attenuation in the waveguide, etc. As 
a matter of fact, it is also possible to obtain, 
from a comparison of the measured values of

data requires the definition of a reference 
plane for the determination of the phase 
angle, and a calibration curve for trans
forming the galvanometer reading into the 
amplitude of the reflection coefficient. Both 
the reference plane and the calibration curve 
can be obtained by a simple calibration pro
cedure. The calibration is made by tightly 
clamping a smooth metal plate against the 
output flange of the standing wave detector, 
thus presenting an almost perfect short 
exactly in the plane of the flange. In this 
case, the reflection coefficient is one, and 
the field distribution in the guide follows a 
sine law. The phase of the reflection co
efficient is 180 degrees at the plane of the 
flange. Then the position of the first maxi
mum is determined, and the line attenuator 
is adjusted until the galvanometer reads full 
scale. After this, the carriage is moved by 
steps of 1 millimeter from one end to the 
other of its travel, and the galvanometer 
readings versus carriage positions are re
corded. The operation is repeated backward 
until the carriage comes to the original posi
tion. This procedure may be repeated again 
two or three times, to eliminate accidental 
errors. The resulting values are then com
pared with the readings of a table of sines, 
which gives the true value of the field at each 
point. The calibration curve for the system, 
comprising the crystal, the adapter, and the 
galvanometer, can then be constructed. 
Since no variable gain is inserted between 
the crystal and the galvanometer, the crystal 
always works at the same power level and 
always in the same region of its dynamic 
characteristic. The distance between two 
successive minima gives, directly, half
wavelengths in the slotted line, which is 
slightly different from half-wave lengths in 
the unslotted line； the position of any mini- 
inum is the required reference point for de
termination of the phase angle. You can ob
tain the phase angle by calculating the differ
ence between the average position reading 
during the actual measurement and the 
closest reference point, and dividing this
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where:

Emin = (Eo-Er) ej(3t +
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or the vswr, can thus be read
and the reflected wave:

13-904. PRINCIPLES OF IMPEDANCE AND 
ADMITTANCE MEASUREMENT.

Chapter 13 Section XI
Paragraphs 13-902 to 13-905

13-905. The concept of impedance has a 
very definite meaning when applied to a two-

the standing wave pattern with the theoretical 
sine law pattern, small corrections which 
are functions of the carriage position and 
which may be applied to the galvanometer 
reading in order to obtain a more accurate 
value. The calibration also gives an indica
tion of the amount of probe error which can 
be eliminated. The calibration should be 
repeated for a series of frequencies through
out the band, and the results noted in the 
form of a graph or tables to be used with any 
test frequency. A graph showing the position 
of a reference point and the length of a half- 
wave in the detector versus frequency is 
most useful for its great ease of interpola
tion, and can logically become part of the 
calibration data for the standing wave detec
tor. The degree of accuracy obtainable by 
the above described method is well below 
+0.001 of the reflection coefficient, and 
favorably compares with the accuracy of 
most instruments used in a general physics 
laboratory.

By contrast, the slotted line method com
pares the vectorial sum of these waves at 
different points along the line. Mathemati
cally, when using the reflectometer method: 
13-242

13-902. An alternative procedure for 
measuring the vswr is known as the reflec
tometer method. This method is useful in 
measuring the vswr over either a frequency 
band or at a single frequency. The method 
is fast, but not as accurate as the slotted 
line method. It has the further disadvantage 
of giving no location of the standing wave's 
position of minimum or other indication of 
phase angle. The reflectometer method 
measures, directly, by means of directional 
couplers, both the incident wave:

in determining the value of「for any fre
quency of interest, you should use a long- 
persistence scope display. The vertical am
plifier of the scope receives a de signal 
from the ratio indicator which changes with 
the reflection coefficient, F, while the hori
zontal amplifier receives a voltage which 
changes with the oscillator frequency. Fre
quency vs r, 
directly from the face of the scope. It is 
important that the test piece be terminated 
with a broad-band load whose vswr is well 
below the value to be measured.

27T 
T

13-903. The test setup recommended is 
shown in figure 13-257. Adjust the signal 
source to a single frequency, or to cover an 
entire band. Connected to the attenuator is 
the incident wave directional coupler, which 
samples 20 db (10%) of the incident power. 
The power sampled by the incident direc
tional coupler is detected by the first of a 
pair of matched detectors. The resulting 
1-kc signal is presented to a ratio indicator 
for comparison with the reflected signal. 
Following the incident directional coupler is 
the reflected directional coupler. It samples 
10 db (10%) of the reflected power, which, 
like the incident power, is detected and pre
sented to the ratio indicator. The ratio in
dicator shows you the reflection coefficient, 
r, directly. However, in sweep frequency 

applications, the value of「generally changes 
as the frequency changes, resulting in a con
tinually varying dial indication. To assist 
you in determining the value of「for anyfre-

Emax
Emin

E2 = Er ej( st + .穿-z) 
Ag

=(Eg + Er) ej(3t +Emax

7F2

\>/ 

+ 
-04^1 -6-2
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Also, the wave impedance for a TM mode is 
found to be:

conductor transmission line where voltages 
and currents can be easily measured at the 
input and output terminals or anywhere be
tween the two conductors. The same defini
tion of impedance as a ratio of voltage to 
current cannot be applied immediately to a 
waveguide because a waveguide has no dis
tinct terminals from which voltages and cur
rents may be measured. A more general 
definition of impedance, therefore, must be 
assumed in connection with waveguides which 
may be derived by considering the propaga
tion of electromagnetic waves in a dielectric. 
The intrinsic impedance of a dielectric is 
defined as follows：

E, in volts per meter to the magnetic field 
intensity, H, in ampere-turns per meter. 
E and H are both perpendicular to each 
other and to the direction of propagation. 
By analogy, we may define the wave imped
ance, Zo，of the waveguide, as the ratio of 
transverse electric field intensity E to trans
verse magnetic field intensity H for a wave 
traveling in one direction and in a pure mode 
only. Zo depends upon the intrinsic imped
ance of the dielectric filling the guide, the 
mode of excitation, and the frequency. More 
specifically, the wave impedance for a TE 
mode is found to be:

where fc is the cutoff frequency for the par
ticular mode excited. The wave impedance, 
Zo，has the dimensions of a resistance, be
ing proportional to7), as long as the fre-

Zo(TM) =7) ,1 _ (%得2

1 一(fc//

where 四 is the specific permeability of the 
dielectric and e is its specific capacitivity, 
or dielectric constant. For air, g = 1.26 x 
10—6 henries per meter, and e = 8.85 x 
10—12 farads per meter. The intrinsic 
impedance of air, therefore, is 377 ohms. 
The theory of propagation of plane waves in 
the unbounded dielectric shows that- 7) is 
also the ratio of the electric field intensity,
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Zq + jZi tan z
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quency is higher than the cutoff frequency 
but assumes the dimensions of a reactance 
(in imaginary ohms) when the frequency be
comes lower than the cutoff frequency. Ac
cording to this definition, a change in the 
dielectric properties of the medium filling 
the guide has the same effect on the wave 
propagation that the same change in the un
limited dielectric has on the propagation of 
plane waves through it. You can theoreti
cally show that the reflection coefficient at a 
discontinuity where a dielectric with intrin
sic impedance ' o is substituted for by a 
medium with intrinsic impedance 7)is： 13-907. As long as impedances are calcu

lated according to this definition, they obey 
all formal laws well known in conventional 
transmission line theory. Impedance may 
be readily derived from reflection coefficient 
measurements with the aid of Smith*s chart 
or other equivalent impedance charts. 
Measurements of impedances (and obviously 
measurements of admittances), therefore, 
require the same procedure as measure
ments of the reflection coefficient plus a 
transformation equivalent to the standard 
transformation in two-conductor transmis
sion line theory.

13-906. More generally, you can show that 
the impedance, Z, defined as the ratio of 
transverse E to transverse H, is a complex 
quantity when a reflected wave is present, 
and that it formally obeys the following gen
eral equation, which is well known in two- 
conductor transmission line theory:

2 TT

Up to this point Zi was the wave impedance 
of the second section of waveguide filled with 
dielectric intrinsic impedance 7)i, that is, 
a purely resistive value. The reflection 
coefficient in this case was just what the 
conventional transmission line theory would 
predict in connection with a transmission 
line of characteristic impedance Zq ter
minated into a resistive load of resistance 
R = Zi・ A further extension of the definition 
)f impedance in the waveguide may be readi- 
y made by observing that a purely resistive

termination is a very particular case, and 
that, in general, waveguide components 
have reflection coefficients with phase angles 
not necessarily equal to 0 or . Thus, the 
complex impedance of a termination, a com
ponent, etc, may be defined as equal to the 
impedance of the load that, placed in a con
ventional two-conductor transmission line, 
would present a reflection coefficient equal 
in phase and amplitude to the reflection 
coefficient actually measured in the wave
guide .

13-908. PRINCIPLES OF FREQUENCY 
MEASUREMENT.

Chapter 13 Section XI
Paragraphs 13-906 to 13-909

13-909. All types of microwave measure
ments require, directly or indirectly, de- 
termiiiation of the frequency on which the 
measurement is made. A frequency meter 
(also called wave meter) is, therefore, a 
necessary part of every test setup. The 
frequency meter functions on the fundamen
tal principle of resonance, and may be com
pared to the resonant LC circuit well known 
in lower-frequency techniques. However, 
the physical form that the resonator assumes 
is quite different from the conventional coils 
and capacitors known at the lower frequen
cies. The resonator is a section of wave
guide ,shorted at both ends, with metal 
plates； it resonates at the frequency which 
makes its physical length equal to any number

S — 1
S + 1

where S is the ratio of the wave impedance in 
the second section to the wave impedance in 
the first section. The phase angle of Fis 
zero when S is larger than one, and it (or 
180 degrees) when S is less than one.

Zi + jZ° tan

2
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13-911. Frequency meters are designed to 
give a very sharp indication so that the 
measurement will be accurate. In other 
words, they are very frequency-sensitive 
around resonance, since even a very small 
change in frequency results in a large change 
in absorbed or transmitted power. For this 
reason, they must be well detuned after the 
frequency has been measured in the course

Chapter 13 Section XI 
Paragraphs 13-910 to 13-912

13-910. Resonance is indicated by a sharp 
change in the absorption or transmission 
properties of the cavity. The absorption 
type of wave meter is inserted on a branch 
of the line; when it resonates, it absorbs 
part of the energy traveling in the line into 
the branch. The line output, therefore, 
shows a marked dip when the wave meter 
resonates. The transmission type of wave 
meter is inserted in series with the line; 
when it resonates, it allows part of the 
energy to pass through and appear at the out
put end of the line. The output shows a 
marked peak when the wave meter resonates.

Slowly turn the adjusting head of the 
wave meter, watching the indicator (ampli
fier or galvanometer) until it shows a sharp 
dip. The dip is so sharp that it may pass 
unobserved if the adjusting head is turned 
too fast.

of some other measurement. When the ab
sorption type of wave meter is detuned, it 
does not absorb any significant amount of 
power; therefore, it can be inserted direct
ly into the main line, as indicated in figures 
13-253 and 13-255. The transmission type 
of wave meter cannot be used directly in the 
line because it would transmit no power 
when detuned, and, therefore, no measure
ment would be possible. On the other hand, 
it is not feasible to keep it resonating all the 
time. The solution is to insert it into an 
auxiliary line coupled to the main line, by 
means of a directional coupler, so that the 
power flow in the main line suffers almost 
no variation and a small amount of power is 
extracted for measuring the frequency. This 
small amount of power is either reflected or

.transmitted by the wave meter; when it is 
transmitted, a crystal at the output end of 
the wave meter indicates resonance. The 
procedure for a frequency measurement may 
be summarized as follows:

c. Read the frequency indicated on the 
scale.

of half-wavelengths at the particular mode 
which is excited. This attributes to each 
cavity an infinite number of resonant fre
quencies. The frequency, or rather the in
finite set of frequencies, is varied by vary
ing the physical dimensions of the cavity. 
For mechanical reasons, the resonator is 
usually in a cylindrical form, and the dimen
sions are varied by moving the bottom or 
top metal plate. The corresponding wave
guide, therefore, is cylindrical, and may be 
excited in any of the modes pertaining to a 
cylindrical waveguide. The best suited 
modes are the TEon modes, in which no 
current flows between the cylindrical walls 
and the end plates. Greater ease of design 
and greater consistency of results are possi
ble because no electric contact is required 
between moving parts. The TE°i mode is 
usually selected among all TEqn modes be
cause of the smaller dimensions of the cavity 
and the reduction in spurious frequency re
sponses.

d. Detune the frequency meter by ro
tating the adjusting head several complete 
turns in either direction.

b. Tune very carefully until the meter 
reading is minimum.

13-912. It is important to note that the ab
sorption type of wave meter requires a cer
tain amount of attenuation in the line between 
the generator and the frequency meter. If 
insufficient attenuation is present, the wave 
meter may "pull" the oscillator when it is 
near resonance, and cause a false peak in
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the indicator reading. Frequency measure
ments performed under such circumstances 
may result in considerable error.

c. The TEq form of wave composes only 
modes which have no angular variation of

13-913. PRINCIPLES OF RESONANT 
CAVITY MEASUREMENT.

Chapter 13 Section XI
Paragraphs 13-913 to 13-917

field strength, and thus does not introduce 
spurious points of resonance.

a. The amount of energy dissipated on 
the cavity walls is extremely low; therefore, 
a high Q value results.

b. There is no radial current present on 
the end cavity walls.

13-914. Since you can use a cavity resona
tor as a tuned circuit in high-frequency cir
cuits, it follows that you can use a resonator 
as a wavemeter. Although a cavity-resona
tor wavemeter uses various wave modes of . 
oscillation, its operating theory is much the 
same as that of a coaxial line wavemeter 
shorted at both ends. A cylindrical cavity 
is perhaps the most practical type for use 
as a wavemeter because it is easier to 
machine accurately..

13-917. The calibration of a cavity wave
meter is theoretically calculable from the 
dimensions of the cavity. However, such 
dimensions are usually not known with a 
sufficient degree of accuracy because the 
effective cavity size changes with tempera
ture. A copper cavity may change in reso
nant wavelength about three parts in ten 
thousand between summer and winter, and 
such a change is by no means negligible at 
frequencies above 3000 me. A cavity
resonator wavemeter, therefore, should 
have the calibration temperature recorded

13-915. There are two main classes of wave 
modes that can be usefully employed in a 
cavity-resonator wavemeter: the TM（）｝ i, o 
mode and the TEo, 1,1 mode. A typical wide
band wavemeter which operates in the TMo, 
1, o mode is illustrated in part A of figure 
13-258. A set of four wavemeters of this 
kind can be made to cover a frequency range 
from 200 to 10,000 me, with an accuracy 
better than one part in ten thousand. The 
design of the wavemeter illustrated in part 
A of the figure is based on the very large 
change in characteristic impedance which 
occurs between the two sections of coaxial 
line. The use of the TEo, i, 1 mode as ap
plied to wavemeters has several important 
advantages over the TM°,i, o mode； these 
advantages are summarized as follows:

13-916. A high Q value is an essential 
feature of the resonance type of wavemeter, 
and a cavity excited in the TEo, 1,1 mode is 
superior in this respect to any other. With 
the absence of radial current flow in the TEo 
wave, there is no need to establish good 
electrical contact between the end walls and 
the cylindrical surface. In fact, the absence 
of such a contact will tend to suppress any 
other modes of oscillation in the cavity which 
might otherwise arise. If one of the end 
plates is made slightly smaller in diameter 
than the cylinder, and arranged to move 
axially over a limited range, the resonant 
frequency of the cavity may be varied and 
the cavity used as a wavemeter. Wavemeters 
excited in the TEo, 1,1 mode are illustrated 
in parts B and C of figure 13-258. Coupling 
to the wavemeter, shown in part B of the 
figure, is provided by means of small loops 
similar to those in the coaxial type of wave
meter. An alternative coupling method, 
which has the advantage of avoiding spurious 
wave-mode excitations, is illustrated in part 
C of the figure. Cavity-resonator wave
meters are usually silver-plated on the in
side to improve their Q value; for accurate 
work the enclosure should be hermetically 
sealed or equipped with a dehydrator such 
as silica gel.
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Figure 13-258. Cylindrical Wavemeters
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Qlb. By use of a coaxial-line wavemeter.
where:

QL = loaded Q value

△ X = desired accuracy in centimeters

o10/2 (0.001) 5000

—10 logioAtt(db)= 10 logio =

13-248

Pl 
pF

13-923. If and when the impedance of the 
output waveguide is equal to the impedance 
of the input line, the ratio of the power is 
equal to the square of the ratio of the elec
tric (and magnetic) fields. In this case yoi 
can write the attenuation in db as follows:

Chapter 13 Section XI
Paragraphs 13-918 to 13-923

13-921. PRINCIPLES OF ATTENUATION 
MEASUREMENT.

X= operating wavelength in centi
meters

^2
Pl

a. By use of a heterodyne frequency 
meter .

on the instrument; if the working tempera
ture differs greatly from that value during 
operation, you must make appropriate al
lowances.

Therefore, at 10 cm, for an accuracy of 
+0. 001 cm, the loaded Q value must be

13-919. The first method is perhaps the 
more accurate system of calibration. Power 
from an rf oscillator is fed into a matched 
waveguide, which is equipped with short 
probes to couple the cavity and the hetero
dyne meter to the guide. You must vary and 
measure the oscillator frequency with the 
heterodyne frequency meter while taking dial 
readings of the cavity wavemeter. You 
should then prepare a calibration chart to 
include the date, temperature, and humidity 
at the time of calibration. In the heterodyne 
method of calibration, you must decrease 
the unknown frequency to a predetermined 
value by heterodyne action, and then amplify 
and measure the signal at this frequency. 
The unknown frequency is determined from 
the heterodyne frequency that must be used 
in order to change the unknown frequency to 
the known fixed frequency.

13-920. Cavity calibration may be made as 
described above by substituting a coaxial
line wavemeter or another cavity of known 
calibration in the place of the heterodyne 
frequency meter. Although the accuracy ob
tained by use of these alternative standards 
is considerably lower than that obtained with 
the heterodyne meter, the calibration pro
cedure can be carried out much faster. The 
accuracy of a wavemeter depends upon the 
accuracy with which its scale is divided, and 
also upon the loaded Q value. For example, 
if an accuracy of +0.001 cm is desired, the

13-922. Attenuation is the ratio of the power 
available at the output end of a dissipative 
component to the power fed to the input end. 
Attenuation is currently measured in deci
bels (db), defined as the logarithm to the 
base 10 of this ratio, multiplied by 10; that 
is：

13-918. You can calibrate cavity-resonator 
wavemeters by either of the two methods 
listed below:

scale must be fine enough to read at least 
three decimal places, and the sensitivity of 
the wavemeter must be great enough to de
termine when the tuning is 0. 001 cm or less 
from resonance. In other words, the fre
quency response curve of the wavemeter 
must drop to its "half power" points within 
0.001 cm of the resonant wavelength. The 
necessary loaded Q value of a wavemeter 
may be found by the following formula:

X 
Xx
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E2 H2

—20 log］。初=—20 logio-jr—

Att (n)

ej3t — (j^9 +a)zEE 0
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You can see that a is the negative of the at
tenuation in nepers per unit length (meter).

13-928. A directional coupler is a device 
which extracts a small amount of power 
traveling down the main waveguide and cou
ples it into an auxiliary waveguide. The main

13-926. PRINCIPLES OF COUPLING 
MEASUREMENT.

Chapter lb section 入jl 
Paragraphs 13-924 to 13-928

13-927. Coupling is simply a special case 
falling under the more general category of 
attenuation measurements, being the ratio 
of the power in one part of a particular struc
ture to the power in another part. More par
ticularly, coupling is the ratio of the power 
output of an auxiliary guide to the power in
put of a main guide. This definition is used 
in measuring the coupling coefficient of di
rectional couplers.

13-924. Under the same condition, the at
tenuation can also be measured in nepers, 
defined as the logarithm to the base e of the 
ratio of electric (or magnetic) fields; that is:

In the case of a lossy line, the propagation 
equation becomes：

13-925. You can measure attenuation by 
using a substitution method, that is, by 
measuring what known amount of attenuation 
in the line results in the same power reduc
tion as the insertion of the tested component 
in the line. A variable attenuator can be 
used for this purpose; it is inserted between 
the component and a crystal mount, as shown 
in part A of figure 13-259. The attenuator 
is adjusted until the meter contains an ar
bitrary midscale reading, which is recorded. 
Then the component is taken away and the at
tenuator is set directly against the input wave
guide. The attenuation is increased until the 
meter repeats the same reading again. The 
difference between the attenuation corres
ponding to the two attenuator settings gives 
the attenuation of the tested component. This 
method can be varied in several ways ac
cording to the type of component to be tested 
and the test equipment available. For exam
ple ,instead of reading the difference in at
tenuation with one variable attenuator, you 
can use two attenuators, adjusting the power 
with one and leaving the other set to zero.

When the component is removed, read the 
attenuation directly on the second attenua
tor. This variation may be preferable be
cause the calibration curve of a variable at
tenuator is generally less steep and more 
accurate near the beginning than at higher 
attenuation values. You can apply another 
variation, using the variable gain of the am
plifier to set the meter at the reference 
reading instead of using a separate attenua
tor. This method is less preferable because 
the crystal may be exposed to a high power 
level in the course of the measurement； 
consequently, its characteristic may deviate 
from the square law which it should closely 
approximate. Another important variation 
will be described in connection with coupling 
measurements. Table 13-7 gives the cor
respondence between decibels, nepers, power 
ratios, and voltage ratios, assuming that the 
input and output impedances are equal. It 
should be noted that the number measuring 
the attenuation in db is negative, and that a 
positive number measures the reciprocal of 
the attenuation, that is, gain (the ratio of 
output power to input power). However, the 
minus si印 in front of the db value is often 
omitted when no confusion is possible, as is 
done in table 13-7.

Att (db) = 20 logio-^Y = 20 logio—=

f竺些 
Hl

El
E2

Hl
H2

E2
El
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Figure 13-259. Attenuation Measurement Using the Substitution Method
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Cnapter 13 section XI 
Paragraph 13-928 (Cont)

feature of the directional coupler is the fact 
that a percentage of the power traveling in 
one direction appears only at the output of 
the auxiliary guide, while almost no part of 
the power traveling in the opposite direction 
is coupled out. The measurement of the 
coupling is performed as a regular attenua
tion measurement, except that the crystal 
mount is first connected to the auxiliary 
guide output and the meter is set to the refer
ence reading. The directional coupler is then 
removed and the attenuation measured as 
usual. The main guide output is connected 
to a matched load during the first part of the 
operation. A variation of this method must 
be employed when the auxiliary guide output

is taken through a coaxial connection. In 
this case, a coaxial cable feeds the output 
to a transformer, as shown in part B of fig
ure 13-259, which is connected to the varia
ble attenuator and the crystal mount (con
nection 1 in the figure). After setting the 
reference reading on the meter by means of 
this variable attenuator, the directional 
coupler can be removed and the connection 
made to another transformer, following the 
measuring variable attenuator (connection 2 
in the figure), which is connected in place of 
the removed directional coupler. During the 
first part of the operation, this variable at
tenuator may be used as a matched load, as 
shown in the figure, or a separate load can

| PREFERRE\ 
| DIRECTION ■

FREQUENCY 
METER

SIGNAL 
GENERATOR
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Table 13-7. Cor re spondence Between Decibels, Nepers, Power, and Voltage Ratios

NEPERSDECIBEL

0.97723 0.988521.01160.011513 1.02330.1
0.95502 1.0233 0.977230.023026 1.04710.2

1.03150.93327 0.969460.034539 1.07150.3
1.0471 0.955020.911990.046052 1.09650.4
1.0593 0.944020.891270.057565 1.12200.5

0.87093 1.0715 0.933271.14820.0690770.6
1.0839 0.922590.851141.17490.0805900.7
1.0965 0.911990.831741.20230.0921030.8
1.1092 0.901550.812810.10362 1.23030.9
1.1220 0.891270.794340.11513 1.25891.0
1.1482 0.870931.3183 0.758550.138151.2
1.1749 0.851140.724431.38041.4 0.16118
1.2023 0.831740.691830.18421 1.44541.6
1.2303 0.812811.5136 0.660681.8 0.20723

0.794341.25890.630951.58492.0 0.23026
1.2882 0.776282.2 1.6595 0.602590.25328
1.3183 0.758552.4 1.7328 0.577100.27631

1.3490 0.741291.8198 0.549512.6 0.29934
0.724431.38041.9055 0.524802.8 0.32236

1.4125 0.707963.0 1.9953 0.501180.34539
1.4962 0.668362.23873.5 0.446690.40295

0.630951.58494.0 2.5119 0.398110.46052
0.595661.67884.5 2.8184 0.354810.51808
0.562333.16235.0 0.316230.57565
0.530860.281853.54805.5 0.63321
0.501180.251190.69077 3.9811 1.99536.0
0.446695.0119 0.19953 2.23877.0 0.80590
0.398112.51196.3096 0.158498.0 0.92103

0.125899.0
0.1000010.0

0.281853.548012.5891.2664 0.07943411.0

13-251

1.0362
1.1513

POWER RATIO 
(DB POSITIVE)

7.9433
10.0000

POWER RATIO 
(DB NEGATIVE)

2.8184
3.1623

VOLTAGE 
RATIO 

(DB NEGATIVE)

0.35481
0.31623

VOLTAGE 
RATIO 

(DB POSITIVE)

1.7783
1.8836
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Table 13-7. Correspondence Between Decibels, Nepers, Power, and Voltage Ratios (Cont)

NEPERSDECIBELS

o12.0 1.3815 0.06309515.849 3.9811 0.25119
13.0 1.4967 19.953 0.050118 4.4668 0.22387

1.6118 25.11914.0 0.039811 5.0119 0.19953
15.0 1.7269 31.623 0.031623 5.6234 0.17783

1.842116.0 39.811 0.025119 6.3096 0.15849
1.9572 0.01995317.0 50.119 7.0795 0.14125
2.072318.0 63.096 0.015849 7.9433 0.12589

19.0 2.1875 79.433 0.012589 8.9125 0.11220
20.0 2.3026 100.00 0.010000 10.0000 0.10000
22.0 2.5328 158.49 0.0063095 12.589 0.079434
24.0 2.7631 251.19 0.0039811 15.849 0.063095
26.0 2.9934 398.11 0.0025119 19.953 0.050118
28.0 3.2236 630.96 0.0015849 25.119 0.039811
30.0 3.4539 1000.0 0.0010000 31.623 0.031623 o32.0 3.6841 1584.9 0.00063095 0.02511939.811
34.0 3.9144 2511.9 0.00039811 0.01995350.119

0.00025119

5.7565
5.9867
6.217054.0 501.19 0.0019953

56.0 6.4472 630.96 0.0015849
58.0 6.6775
60.0 6.9077
70.0 8.0590 10 0.00031623
80.0 9.2103 0.00010000

0.000031623
0.000010000

13・252

36.0
38.0
40.0
42.0
44.0

90.0
100.0

107
108
109
1010

POWER RATIO 
(DB POSITIVE)

POWER RATIO 
(DB NEGATIVE)

VOLTAGE 
RATIO 

DB POSITIVE)

794.33
1,000.00
3,162.3
10,000.0
31,623.0

100,000.0

63.096
79.433
100.000
125.89
158.49
199.53
251.19
316.23
398.11

VOLTAGE 
RATIO 

(DB NEGATIVE)

0.015849
0.012589
0.010000
0.0079434
0.0063095
0.0050118
0.0039811
0.0031623
0.0025119

0.0012589
0.0010000

10-8
IO"9 
10-10

3981.1
6309.6

104
104X 1.5849 
104X 2.5119 
1。4 X 3.9811 
104 X 6.3096

105
105 X 1.5849
105 x 2.5119
105 x 3.9811
105 X 6.3096

106

10.362
11.513

50.0
52.0

46.0
48.0

4.1446 
4.3749 
4.6052
4. 8354 
5.0657 
5.2959
5.5262

0.00015849 
0.00010000

10-5 x 6.3095 
10-5 X 3.9811 
10-5 X 2.5119 
10-5 X 1.5849 

10-5
10-6 x 6.3095 
10-6 X 3.9811 
10-6 X 2.5119 
10-6 X 1.5849 

10-6
-7
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13-930. PRINCIPLES OF DIRECTIVITY 
MEASUREMENT.

Chapter 13 Section XI 
Paragraphs 13-929 to 13-933

be used to terminate the directional coupler 
output. In either case, the reflections from 
the termination should be small.

13-932. The power output will be zero when, 
and only when, the reflection coefficient is 
equal to the reciprocal of the directivity and 
the two waves have opposite phase. This 
suggests another method for measuring the 
directivity, by means of a termination whose 
reflection coefficient can be varied at will in 
amplitude and phase. Figure 13-260 illus
trates the test setup.13-931. The directivity is the ratio of power 

coupled out when the main guide is fed in the 
preferred direction, to the power coupled 
out when the main guide is fed with the same 
amount of power in the opposite direction. 
The first method that presents itself for 
measuring the directivity is to measure the 
coupling in both directions and determine the 
power ratio (or the difference in decibels). 
It is very important that the main line ter
mination be perfectly matched when the cou
pling is measured in the opposite direction, 
because any reflection from the termination 
enters the directional coupler in the pre
ferred direction and experiences a much

13-929. When the coupling is small (less 
than approximately —20 db), very little 
power is coupled into the auxiliary guide, 
and the difference between the input power 
and the output power is negligibly small. If 
the vswr of the main guide is small, it is 
proper to assume that the output power of 
the main guide is equal to the input power.. 
In this case, the measurement can be made 
without removing the directional coupler by 
measuring the power ratio between the output 
of the auxiliary guide and the output of the 
main guide. This variation saves time in 
production testing, where, in general, the 
tolerances in specifications are wider than 
the probable experimental error involved in 
this method. The probable experimental 
error can be estimated from the reflection 
coefficient of the main line (power lost by 
reflection), the coupling (power lost by 
coupling in the auxiliary line), and the cali
bration tolerances of the variable attenuator. 
However, this time-saving procedure is not 
recommended for precision testing.

13-933. Insert the directional coupler into 
the line with the preferred direction cor
responding to the direction of propagation of 
the wave reflected from the termination. 
The reflection coefficient of the termination 
is varied in phase and amplitude by means of 
the slide-screw tuner until the output from 
the auxiliary line is reduced to zero (connec
tion 1). The directional coupler is then re
moved and the reflection coefficient of the 
termination measured with the standing wave 
detector (connection 2). The directivity, D, 
can be transformed in decibels as follows:

c（r-*）三 wS c（「+*

tighter coupling than the direct power which 
enters the directional coupler in the opposite 
direction. Since the output of the auxiliary 
line depends on the power coupled from both 
directions and is maximum when the two 
waves add in phase (it is minimum when the 
two waves add with opposite phase), the re
sulting power output can be anywhere be
tween the two limits, depending upon the 
phase of the reflection coefficient of the ter
mination. Now if C is the coupling and 「 
is the amplitude of the reflection coefficient 
of the termination, the power output due to 
the wave traveling in the preferred direction 
(i.e., from the termination) is C T for unit 
power input. The power coupled from the 
wave traveling in the opposite direction (i.e., 
from the direct wave) is, by definition, —, 
where D is the directivity. The total power 
output, therefore, will be contained between 
the limits:
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D(db) = 一20 log”「

o
a. Continuous-flow calorimeter.

b. Johnson power measurer.
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Figure 13-260. Directivity Measurement Test Setup
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Chapter 13 Section XI
Paragraphs 13-934 to 13-936

c. Low-level power measurer equipped 
with an attenuator.

PIECE UNDER
\ TEST

13-936. CONTINUOUS-FLOW CALORIME
TER. The continuous-flow calorimeter is 
probably the simplest device to use and the 
easiest to build. Figure 13-261 illustrates 
the construction of such a device for use 
with a coaxial transmission line. A section 
of coaxial transmission line is short-cir
cuited at the far end and closed at the other 
by means of a thick dielectric bead, which is 
usually made of glass or micalex. The length 
of the device should be such that the distance 
from the bead to the short circuit is several 
wavelengths; this is in order to insure com
plete absorption of the rf energy. The length 
of the dielectric bead should be a quarter- 
wavelength of the operating frequency, and 
the dielectric constant of the bead is chosen 
in accordance with the following equation:

13-935. GENERAL. High-frequency rf 
power measurements are generally classi
fied into two groups: high-level measure
ments and low-level measurements. Several 
devices are not available for measuring high- 
level rf power, some of which are outlined 
below.

—■

一 PREFERRED 
DIRECTION

/
SLIDE SCREW 

TUNER

FREQUENCY
METER
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CLAMP [ I
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zd =/\j zair x ZH2O

where:

Zd = impedance of dielectric-filled line

Zair = impedance of air-filled line

Zh 2。= impedance of water-filled line

W = 4.19 VD ⑹
where:

calibration constant for components

(5)W = 4.19 VT

where:
in formula 6Since the expression 4.19

W = rf power in watts

W = AVD ⑺T = temperature change of the water
where:

4. 19 T0/dA

Apzz

The measurement is absolute.a.

Figure 13-261. Coaxial Water Load
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b. The rise in temperature can be made 

small, thereby limiting the energy lost by

Chapter 13 Section XI
Paragraph 13-937

V = volume of water flowing through 
cavity per unit time

To 
d 

is a constant for a given set of components, 
the rf power may then be found by the formu
la:

d = deflection of meter during power 
measurement

In practice, T is not measured directly； it 
reflects the current in microamperes flow
ing through the thermocouple. The differ
ence in temperature of the two thermocouple 
junctions is a linear function of the current. 
Therefore, it is necessary to know the cali
bration of the thermocouples and the meter. 
The constant may be obtained by placing the 
thermocouple junctions in water baths which 
differ in temperature by Tq and noting the 
deflection, d, of the meter used. Formula 
5 may then be rewritten as follows:

13-937. Water flows continuously through 
the chamber, and is heated by the rf energy. 
Thermocouple probes are placed in the water 
inlet and outlet to measure the rise in tem
perature of the water flowing through the 
cavity. To find the rf power, it is neces
sary to measure the rate of flow and the 
change in temperature of the water. The rf 
power may then be found by the following 
formula:

Thus, once the constant A is known, the rf 
power absorbed in the termination can be 
determined by multiplying the constant by 
the rate of water flow, V, and the meter de
flection, d. There are two advantages in 
measuring rf power by this method, as 
follows:

c， , ■

To = 
d used
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Chapter 13 Section XI
Paragraphs 13-938 to 13-941

radiation and conduction from the transmis
sion line. However, in order to maintain a 
constant rate of water flow, it is necessary 
to use some device to supply water at a con
stant pressure. The only serious disadvan
tage of the method is that such a device must 
completely terminate a line, and, in so doing, 
absorb 100 percent of the rf power. A con
tinuous-flow calorimeter, therefore, cannot 
be used as a power monitor except by the use 
of a mechanical switching arrangement.

13-941. LOW-LEVEL POWER MEASURER 
USING AN ATTENUATOR. Low-level power 
measurements cannot generally be carried 
out by the methods described above because 
the temperature rise becomes too small for 
accurate determination. However, three 
common detectors may be used to advantage 
for such measurements： crystals, bolome
ters, and thermistors. The crystal detects 
by virtue of its rectifying property, while 
the bolometer and thermistor detect through 
a resistance change induced by the heating 
effect of absorbed rf power. The thermistor 
consists of a resistance element made from 
certain metal oxides which have a high nega
tive temperature coefficient； that is, the re
sistance of the thermistor decreases with 
increasing temperature. Its sensitivity is 
approximately ten times that of a bolometer, 
and it has both mechanical ruggedness and 
good overload characteristics. Therefore, 
for accurate work, the thermistor is the 
most desirable of the three detectors men
tioned.

13-938. A waveguide calorimeter is elec
trically the same as a coaxial-line calorime
ter, and is matched to the guide by a quar
ter-wavelength transformer. The trans
former consists of a section of guide whose 
electrical length is one quarter -wavelength 
of the operating frequency, and is filled with 
a material whose dielectric constant is the 
geometric mean of the dielectric constants 
of air and water.

13-940. If the bridge is initially balanced, 
any change in temperature of one of the coils 
with respect to the other will unbalance the 
bridge. The unbalanced condition is caused 
by the change in resistance of the platinum 
wire around the section of constantan with 
temperature. The unbalanced current in the 
bridge is directly proportional to the power 
in the line, and a straight-line calibration 
curve can be drawn by measuring only one 
point with an accuracy of 5 percent. Since 
there is a time delay between turn-on of the 
power and the thermal equilibrium of the 
measuring device, there is a time interval 
of between one and three minutes after turn
on before readings can be taken.

13-939. JOHNSON WATTMETER. A type 
of rf power measuring device which may be 
used as a constant monitor is the Johnson 
wattmeter. This type of meter requires only 
1 percent of the rf energy in the transmis
sion line as compared to the 100 percent 
needed for the constant-flow calorimeter. 
Figure 13-262 illustrates a type of Johnson 
wattmeter which is designed for use with a 
waveguide transmission line. A small 
longitudinal section of the waveguide wall is 
removed and replaced with a piece of high- 
resistance material. A sheet of constantan 
0.015 inch thick can be used. At high rf 
power levels, enough heat is dissipated in 
the constantan to produce an appreciable 
temperature change. Since the conductivity 
of the waveguide is greater than that of the 
constantan, there will be a measurable dif
ference in the temperature of the two mate
rials. This difference in temperature is 
used to give an indication of the rf power 
level. The difference in temperature is 
measured by a platinum resistance thermom
eter which consists of 200 ohms of 0. 002-

inch platinum wire wound on the constantan 
section and another 200 ohms wound on the 
guide. The two windings serve as two arms 
of a Wheatstone bridge, as shown in figure 
13-262.
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the difference in de power between the two 
balanced conditions is exactly equal to the 
magnitude of the rf power.

13-942. Precise measurements of small rf 
power levels are generally made by use of a 
balanced bridge. The bridge is first balanced 
with a known amount of direct current, after 
which an unknown amount of rf power is ap
plied to the detector, unbalancing the bridge 
again. Balance is restored by removing 
some of the direct current from the detector, 
and the change in de power is used to calcu
late the magnitude of the rf power added. 
Most bridge circuits are so arranged that

13-943. An unbalanced bridge may also be 
used to measure low-level rf power； in fact, 
it is easier and faster to use than the balanced 
bridge. Such a bridge is initially balanced on 
direct current, and the deflection of the bridge 
meter is noted when the rf power is added. 
The meter scale is previously calibrated in

Chapter 13 Section XI 
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笃

(ON BRASS)

COMMON—

AAWW
CONST.

-------------1

3" X 1-1/2"

卜015" CONSTANTAN SOLDERED* 
I ACROSS NARROW SLOT



T.O. 31-1-141-14

o

o

o
13-258

Chapter 13 Section XI 
Paragraph 13-943 (Cont)

rf power, to give a direct-reading rf micro- 
wattmeter. For instance, with a thermistor 
detector and a low-resistance microamme

ter, it is possible to make full-scale deflec
tion represent 1 milliwatt with a calibration 
that is appreciably linear.
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13-952. When an inherently balanced antenna 
is fed at the center through a coaxial line, as 
indicated in part A of figure 13-263, the bal
anced condition is upset. On the side con
nected to the shield, a current can flow down 
over the outside of the coaxial line. The re-

13-947. Note that if the swr is to be made 
as low as possible, the load at the point of 
connection to a transmission line must be

13-946. Whatever the application, only the 
conditions existing at the load determine the 
standing-wave ratio on the line. If the load 
is purely resistive and equal in value to the 
characteristic impedance of the line (Zo), 
there will be no standing waves. If the load 
is not purely resistive and/or is not equal to 
the line Zo, there will be standing waves. 
Adjustments made at the input end of the 
line cannot change the swr, nor is the swr 
affected by changing the line length. Only in 
a few special cases is the load inherently of 
the proper value to match a practical trans
mission line. In all other cases, it is neces
sary either to operate with a mismatch and 
accept the swr that results, or to take steps 
to bring about a proper match between the 
line and the load by means of transformers 
or similar devices. Impe dance -match ing 
transformers may take a variety of physical 
forms, depending on the circumstances.

output circuits and 
their respective lines, are called baluns. A 
balun performs a two-fold function: it pro
vides impe dance-matching capabilities while 
it also maintains a balanced condition from 
the transmitter output to the coaxial line, 
and from the coaxial line to the antenna ・ 
The baluns used between the antenna and 
transmission line are generally of the linear 
type, consisting of transmission-line sec
tions . Those generally used between the 
transmitter and the transmission line are of 
the inductively coupled matching network 
type, described later in this section. In 
cases where a fixed impedance ratio can be 
tolerated, a device called a coil balun may 
be used.

13-945. The load for a transmission line 
may be any device capable of dissipating rf 
power. When lines are used for transmit
ting purposes, the most common type of 
load is an antenna. When a transmission 
line is connected between an antenna and a 
receiver, the receiver input circuit, not the 
antenna, is the load since the power taken 
from a passing wave is delivered to the re
ceiver ・

purely resistive. In general, this requires 
that the load be tuned to resonance. If the 
load itself is not resonant at the operating 
frequency, the tuning can sometimes be ac
complished by the matching method.

The devices most commonly used 
for coupling between an antenna and its feed, 
and between transmitter
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13-959. A definite line length is necessary 
only for decoupling purposes. As long as 
there is adequate decoupling, the arrange-

Chapter 13 Section XII 
Paragraphs 14-953 to 13-959

13-955. Part D shows a third type of balun, 
in which equal and opposite voltages, balanced 
to ground, are taken from the inner conduc
tors of the main transmission line and the

13-953. Part B shows a balun arrangement 
which uses a sleeve over the transmission 
line to form a shorted quarter-wave line 
section with the shield, or outer conductor, 
of the coaxial line. The impedance looking 
into such a section is very high, so that the 
end of the outer conductor of the coaxial line 
is effectively insulated from the part of the 
line below the sleeve. The length is an elec
trical quarter wave, and may be physically 
shorter if the insulation between the sleeve 
and the coaxial line is other than air. This 
arrangement has no effect on the impedance 
relationships between the antenna and the 
coaxial line.

13-954. Another method that provides an 
equivalent effect is shown in part C. Since 
the voltages at the antenna terminals are 
equal and opposite (with reference to ground), 
equal and opposite currents flow on the sur
faces of the line and secondary conductor. 
Below the shorting point of the two conduc
tors, these currents combine to cancel each 
other. The balancing section appears as an 
open circuit to the antenna, since it is a 
quarter-wave parallel-conductor line shorted 
at the far end, and thus has no effect on the 
normal operation of the antenna. However, 
the length is not essential to the line-balan
cing function of the device, and baluns of this 
type are sometimes made shorter than a 
quarter wavelength in order to provide the 
shunt -inductive reactance required on certain 
types of matching equipments.

half-wave phasing section. Since the volt
ages at the unbalanced end are in parallel, 
there is a 4-to-l step-down ratio of imped
ance from the balanced side to the unbal
anced side. This arrangement is useful, for 
example, for coupling between a balanced 
300-ohm line and a 75-ohm coaxial line.

suitant fields produced cannot be canceled by 
the fields from the inner conductor, because 
the fields inside the line cannot escape 
through the shield provided by the outer con
ductor .Hence, the current flowing on the 
outside of the line produces unde sired radia
tion.

13-957. The principal advantage of using 
coil baluns is that they permit operation 
over a wide band, covering a frequency 
range of about 10 to 1 (3 to 30 me, for ex
ample) without the need for any adjustment. 
This is possible because coil baluns use no 
resonant circuits, which limit the frequency 
range of other commonly used coupling de
vices. However, since this type of balun 
has a fixed impedance ratio (4 to 1), its use 
is restricted to equipment which can toler
ate this ratio over the frequency range used 
and still maintain the swr within the desired 
limits.

13-958. Coil baluns are based on the princi
ples of a linear transmission line, as shown 
in part A of figure 13-264. Two transmis
sion lines of equal length having a charac
teristic impedance, Zo, are connected in 
series at one end and in parallel at the other. 
At the series-connected end, the lines are 
balanced to ground and will match an imped
ance equal to 2Z0. At the parallel-connected 
end, the lines will match an impedance of 
Zo/2. One end may be grounded at the par
allel-connected end if the length of the two 
lines (considering each line as a single wire) 
is such that the balanced end is effectively 
decoupled from the parallel-connected end. 
This requires a length that is an odd multiple 
of a quarter wavelength. The impedance 
transformation from the series-connected 
end to the paralle 1 -connected end is 4 to 1«
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13-960. The principal use of such coils is 
in coupling a 300-ohm balanced line to a 75- 
ohm coaxial line. This requires that the 
characteristic impedance of the lines form

Chapter 13 Section XU 
Paragraphs 13-960 to 13-963 .

ment will act as a 4-to-l impedance trans
former regardless of the line length. If 
each line is wound into a coil, as shown in 
part B of figure 13-264, the resultant induc
tances will act as choke coils and will tend 
to isolate the series-connected end from any 
ground connection that may be placed on the 
parallel-connected end. Balun coils made 
in this manner will operate over a wide fre
quency range since the choke inductance is 
not critical. The lowest usable frequency is 
the lowest frequency at which the coils are 
effective in isolating one end from the other. 
The length of line in each coil should be about 
equal to a quarter wavelength at the lowest 
frequency to be used.

PARALLELCONDUCTORLINE

Z0« 2Z
A

13-963. Typical examples of non-radiating 
loads for a transmission line are the grid 
circuit of a power amplifier, the input cir
cuit of a receiver, and another transmission 
line. The last case includes the antenna 
coupler, which is a misnomer because it is 
actually a device for coupling a transmission 
line to a transmitter or receiver.

ing the coils be 150 ohms. A balun of the 
type, when matched, is simply a fixed-ratio 
transformer. It cannot compensate for in
accurate matching elsewhere in the equip
ment. For example, with a 300-ohm line on 
the balanced end, a 75-ohm coaxial cable 
will not be matched unless the 300-ohm line 
is actually terminated in a 300-ohm load.
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13-966. INDUCTIVE LINK COUPLING WITH 
FLAT LINE. In adjusting this type of line, 
the object is to make the swr on the line as 
low as possible over as wide a band of fre
quencies as possible so that power can be 
transferred over this range without retuning. 
As far as the amplifier grid circuit is con
cerned, the controlling factors are the Q of . 
the tuned grid circuit, L2C2, the inductance 
of the coupling coil, L4, and the degree of 
coupling between L2 and L4. An swr indica
tor is essential.

13-967. Assuming that the coupling is ad
justable, start with a trial position of L4 
with respect to L2, and adjust C2 for the 
lowest swr. Then change the coupling 
slightly and repeat. Continue in this maimer 
until the swr is as low as possible ； if the 
circuit constants are in the right region, it 
should not be difficult to obtain an swr of 1

13-965. GENERAL. When the grid of a 
power amplifier is to be fed from a low- 
impedance transmission line, as in a radio 
transmitter, an impedance step-down is 
necessary, since the grid input resistance 
is a matter of a few thousand ohms. This 
can be done by the use of a tank circuit as 
an impe dance -transforming device in the 
grid circuit of the amplifier, as shown in 
figure 13-265. This coupling arrangement 
may be considered either as simply a means 
of obtaining mutual inductance between the 
two tank coils or as a low-impedance trans
mission line. If the line is longer than a 
small fraction of a wavelength, and if an swr 
bridge is available, the line is more easily 
handled by adjusting it as a matched trans
mission line.
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13-969. Wlien a resistance-type swr bridge 
is used, it is not possible to feed full power 
through the line when making adjustments. 
In such a case, the operating conditions in 
the amplifier grid circuit can be simulated 
by using a carbon resistor (1/2 or 1 watt 
size) of the same value as the calculated 
grid impedance, connected as indicated by 
the arrows in the figure. In this case the 
amplifier must be operated cold, without 
filament or heater power. The adjustment 
is the same as described above, but the 
driver povzer is reduced to a value suitable 
for operating the swr bridge.

13-970. When the grid coupling equipment 
has been adjusted so that the swr is close to 
1 to 1 over the desired frequency range, the 
power fed into the link line will be delivered 
to the grid circuit with minimum loss.

13-972. These troubles may not be encoun
tered if the link line is kept very short for 
the highest frequency. Adjusting the cou
pling in such an arrangement must neces
sarily be largely a matter of trial and error. 
If the line is short enough to have a neglibi- 
ble reactance, the coupling between the two 
tank circuits can be increased, within limits, 
by adding turns to the link coils or by cou
pling the link coils more tightly to the tank 
coils, if possible. If it is impossible to 
change either of these, a variable capacitor 
may be connected in series with, or in par
allel with, the link coil at the driver side of 
the line, depending upon which connection is 
most effective. If coaxial line is used, the 
capacitor should be connected in series with 
the inner conductor. If the line is long 
enough to have considerable reactance, the 
variable capacitor is used to resonate the

to 1. The Q of the grid circuit should be at 
least 10. Maximum coupling, for a given 
degree of physical coupling, will occur when 
the inductance of L4 is such that its react
ance at the operating frequency is equal to 
the characteristic impedance of the link line.

13-971. LINK FEED WITH UNMATCHED 
LINE • Wlien the equipment is to be treated 
without regard to transmission line effects, 
the link line must not offer any appreciable 
reactance at the operating frequency. Any . 
appreciable reactance will, in effect, reduce 
the coupling, making it impossible to trans
fer sufficient power from the driver to the 
amplifier grid circuit. Coaxial cables es
pecially have considerable capacitance even 
for short lengths and it may be desirable to 
use a spaced line, such as twin-lead, if the 
radiation can be tolerated. The reactance 
of the line can be nullified only if the link is 
macle resonant. This may require a change 
in the number of turns in the link coils, a 
change in the length of the line, or the in
sertion of a timable capacitance. Since the 
swr on the link line may be quite high, the 
line losses increase because of the greater 
current, the voltage increase may be suf
ficient to cause a breakdown in the cable 
insulation, and the added timed circuit makes 
adjustment more critical with relatively ] [ 
small changes in frequency.

13-968. Once the swr has been reduced to 
1 to 1, the frequency should be shifted over 
the band so that the variation of the swr can 
be observed without changing C2 or the cou
pling between L2 and L4. If the swr rises 
rapidly on either side of the original fre
quency, the circuit can be made nflattern by 
reducing the Q of the tuned circuit. This 
may be done by decreasing C2 and corre
spondingly increasing L2 to maintain reso
nance . The tuned circuit must then be re
adjusted for minimum swr. It is possible 
to set up the equipment so that the swr will 
not exceed 1.5 to 1 over the entire band. If 
the coupling between L2 and L4 is not ad
justable, the same results can be obtained 
by varying the L/C ratio of the tuned circuit, 
that is, varying its Q.
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Figure 13-266. Antenna Coupler Circuit Diagram
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RECEIVER 
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entire link circuit. The size of the link 
coils and the length of the line, as well as 
the size of the capacitor, will affect the reso
nant frequency, and it may take an adjust
ment of all three before the capacitor will 
show a pronounced effect on the coupling. 
When the coupling equipment has been made 
resonant, the coupling may be adjusted by 
varying the link capacitor.

13-975. Figure 13-266 shows the circuit 
diagram of an antenna coupler commonly 
used for receiving. Actually, this circuit

Chapter 13 Section XII 
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13-974. A good match between an antenna 
and its transmission line does not guarantee 
a low standing-wave ratio on the line when 
the antenna equipment is used for receiving. 
The swr is determined by what the line sees 
at the receiver input terminals. For a 
minimum swr the receiver input circuit 
must be matched to the line. The most de
sirable condition exists when the receiver 
is matched to the line Zo and the line in turn 
is matched to the antenna. This will result 
in maximum power transfer from the antenna 
to the receiver, with the least loss in the 
transmission line.

provides impedance matching between the 
receiver input and the antenna feed line, and 
not the antenna itself. The values of capaci
tance and inductance vary depending upon the 
operating frequency of the equipment and the 
impedance of the line. Normally, the cou
pler is adjusted for optimum coupling or 
maximum image rejection, but if the cou
pler is detuned, it can be used as an auxil
iary gain control to reduce the overloading 
effects of strong signals. This circuit is 
basically the same as the coupling circuits 
used to couple a transmitter to the line, and 
a more detailed description of its function 
and adjustment can be found in subsequent 
paragraphs in this section.

13-976. COUPLING A TRANSMITTER TO
THE LIN瓦 —

13-978. The type of coupling needed to 
transfer power adequately from the final rf 
amplifier to the transmission line depends 
almost entirely on the input impedance of the 
line. This input impedance is determined 
by the standing-wave ratio and the line 
length. The simplest case is that where the 
line is terminated in its characteristic im-
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13-980. IMPEDANCE-MATCHING CIRCUITS 
FOR PARALLEL-CONDUCTOR LINES.

13-979. Current practice in transmitter 
design is to provide an output circuit that 
will work into such a line, usually a coaxial 
line of 50 to 75 ohms characteristic imped- 

If the input impedance of the trans
mission line that is to be connected to the 
transmitter differs appreciably from the 
value of impedance into which the transmit
ter output circuit is designed to operate, an 
impe dance -matching network must be in
serted between the transmitter output circuit 
and the line input terminals.

pie st type of circuit that will match a range 
of impedances of 50 to 75 ohms is a par
allel-tuned circuit resonant at the operating 
frequency. Such a circuit is shown in figure 
13-267. Ordinarily such a circuit will be 
connected to a short length of coaxial line 
link by inductive coupling, as shown. The 
other end of the cable is attached to the out
put terminals of the transmitter. The cable 
may be of any convenient length if the im
pedance that it sees at the matching circuit 
is equal to its own characteristic impedance.

13-981. The input impedance of a line that 
is operating with a high standing-wave ratio 
can vary over quite wide limits. The sim

pedance so that the swr is 1 to 1 and the in
put impedance is equal to Zo regardless of 
line length. Coupling methods that will de
liver power into a flat line are readily de
signed. For all practical purposes, the line 
can be considered flat if the swr is no greater 
than about 1.5 to 1. A coupling method de
signed to work into a pure resistance equal 
to the line Z° will have enough leeway to 
handle the small variations in input imped
ance that will occur when the line length is 
changed.

13-982. The constants of tuned circuit C]Li 
are not particularly critical. The principal 
requirement is that the circuit be capable of 
being tuned to the operating frequency. The 
construction of Li must be such that it can 
be tapped at least every turn. L2 must be 
tightly coupled to Li, and the inductance of 
L2 should be approximately the value that 
gives a reactance equal to the Zo of the con
necting line at the frequency in use. An 
average reactance of about 60 ohms will suf
fice for either 50- or 75-ohm coaxial cable. 
Initial set up of the coupling arrangement 
can be accomplished with the use of a simple 
resistance-type swr bridge, requiring only 
that the transmitter output power be reduced 
to a low enough value to prevent damage to 
the bridge.

o
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13-984. Figure 13-268 shows how the match
ing adjustment may be facilitated, by using a 
variable capacitor (C2) in series with the 
matching circuit coupling coil. This addi
tional adjustment makes the tap setting on Li 
much less critical, since varying C2 has the 
effect of varying the coupling between the 
two circuits. For optimum control of cou
pling, L2 should be considerably larger than

13-985. UNTUNED COUPLING. A simple 
coil can be used for coupling to a transmis
sion line having a high standing-wave ratio, 
provided that the line length is adjusted so 
that there is a current loop near the point 
where it connects to the pick-up coil. For a 
given separation between the pick-up coil 
and the amplifier tank coil, the coupling will 
be maximum if the line is cut to a length 
such that the input impedance is just suffi
ciently capacitive to cancel the inductive re
actance of the pick-up coil. The higher the 
swr on the line, the easier it is to load the 
amplifier with loose coupling between the 
two coils. The sharper the antenna tuning 
and the higher the swr on the line, the more 
difficult it is to operate over a band witliout 
progressively changing the line length.

13-983. To adjust the circuit, take a trial 
position of the line taps on Li，selecting 
taps that are equidistant from the center of 
the coil, and adjust Ci for minimum swr as 
indicated by the bridge. If the swr is not 
close to 1 to 1, try new tap positions and 
adjust Ci again, continuing this procedure 
until the swr is practically 1 to 1. The set
ting of Ci and the tap positions may then be 
logged for future reference. At this point, 
check the link swr over the frequency range 
normally used, without changing the setting 
of Ci. If the swr remains below 1.5 to 1, 
no readjustment is required. If the swr ex
ceeds 1. 5 to 1 at any part of the band, it is 
advisable to note as many settings of Ci as 
necessary to maintain the swr below 1.5 to 
1. Changes in the link swr are caused 
chiefly by changes in the swr of the main 
transmission line； relatively little change is 
due to the coupling circuit itself. If the an
tenna used is broad band enough, a single 
setting of Ci at mid-frequency will suffice.

C2

it is when C2 is not used; it should have 
about twice the reactance value discussed 
in the preceding paragraphs. The reactance 
of C2, when set for maximum capacitance, 
should be the same as that of L2 at the oper
ating frequency. Li and Ci are the same 
value whether or not you use C2・ The 
method of adjustment is the same, except 
that for each trial tap position, C] and C2 
are alternately adjusted, a little at a time, 
until the swr is brought to its lowest possi
ble value. In general, an adjustment should 
be sought which keeps C2 at the largest 
possible value, since this broadens the fre
quency response of the circuit.
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C2

13-987. In series tuning, the circuit formed 
by Li, Ci, and C2 with the line terminals 
short-circuited should tune to the operating 
frequency. Ci and C2 should be maintained 
at equal capacitance. In parallel timing, the

circuit formed by Li and Ci should tune to 
resonance with the line disconnected. The 
L/C ratio on either circuit depends on the 
transmission line Zo and the standing-wave 
ratio. With series timing, a high L/C ratio 
must be used if the swr is relatively low and 
the transmission line Zo is also low. With 
either series or parallel tuning, the L/C 
ratio is less critical when the swr is high. 
The coupling coil, Lg, should have a re
actance equal to the Zo of the coaxial line. 
The coupling between Li and L2 should be 
continuously adjustable. A balanced capaci
tor is used in the parallel arrangement in 
preference to a single unit. An alternative 
method of maintaining balance is to use two 
single-ended capacitors in parallel, but with 
the frame of one connected to one side of the 
line and the frame of the other connected to 
the other side of the line. The same two 
capacitors may then be switched in series 
when series tuning is desired. As an alter
native to adjustable the couplmg between Li 
and L2, fixed coupling with a variable capac
itor connected in series with L2 may be used, 
as shown in figure 13-268.

13-986. SERIES AND PARALLEL TUNING. 
Lines class迁ied as tuned or resonant have a 
length equal to a multiple of one-quarter 
wavelength. They are characterized by hav
ing either a very high or a very low input 
impedance depending on whether the multiple 
is odd or even. Also, the impedances of 
such lines are essentially resistive. Under 
these conditions the circuits shown in figure 
13-269 will work satisfactorily. Their ad
vantage over the circuits shown in figures 
13-267 and 13-268 is that taps are not re
quired on the matching circuit coil, Li・ 
Series timing is used when a current loop 
occurs at or near the input end of the line; 
i.e., when the input impedance is low. 
Parallel tuning is used when a voltage loop 
occurs at or near the input end of the line; 
i.e., when the input impedance is high.
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13-991. LINES OF RANDOM LENGTH.
Series or parallel tuning will always perform 
satisfactorily with lines having a high stand
ing-wave ratio as long as either a current or 
voltage loop appears at the input end of the 
transmission line. This condition will exist 
when the antenna is resonant and the line 
length is a multiple of a quarter wavelength. 
However, it is not always possible to couple 
satisfactorily when lines of intermediate 
length are used. This is because at some 
lengths the input impedance of the line has a 
relatively large reactive component, and the 
resistive component is too large to be con
nected in series with a tuned circuit and too 
small to be connected in parallel.

more rapidly with small frequency changes 
than would be the case with a matching cir
cuit adjusted for optimum performance with 
the aid of an swr bridge.

13-989. ADJUSTMENT WITHOUT SWR 
BRIDGE. Use of the swr bridge with the , 
circuits previously described is an effective 
way of arriving at optimum adjustments. 
However, if a bridge is not available, the 
transmitter can usually be made to take the 
proper load by a trial method of adjustment. 
In the case of figure 13-267, take a trial 
position of the taps fairly close to the center 
of Li・ With loose coupling between Li and 
L2 (either by adjustment of the mutual in
ductance or the series capacitor, C2) and 
with the amplifier plate tank circuit tuned to 
resonance as indicated by the plate-current 
dip, vary Ci until the plate current rises to 
a peak. This peak will be less than the nor
mal loaded plate current. Then increase 
the coupling between Li and L2, readjust Ci 
for maximum plate current, and readjust the 
amplifier tank circuit for a current dip. 
Continue imtil the amplifier is fully loaded 
at the plate-current dip, increasing the cou
pling between the transmitter tank and the 
coaxial line, if necessary, to obtain full load
ing. Then spread the taps on Li a little 
farther apart and repeat the procedure. The 
object is to use the widest spread between 
taps that will permit proper loading of the 
transmitter. The procedure for series and 
parallel tuning is similar, except that there 
are no taps to adjust.

13-990. Although this trial method will gen
erally lead to adequate transmitter loading, 
the adjustments are seldom optimum from 
the stan^oint of a low swr in the coaxial 
link. A high swr may lead to excessive 
power dissipation in the link, with overheat
ing as a result. Also, the loading may change

13-992. The coupling arrangement shown in 
figure 13-267 is capable of handling the re
sistive component of the input impedance re
gardless of the swr on the transmission line. 
Consequently, it can generally be used wher
ever series or parallel tuning would normally 
be called for, simply by setting the taps 
properly on the coil. Within limits, the 
same circuit is capable of compensating for 
the reactive component of the input imped
ance； this means that a 1-to-l swr would be 
obtained at a different setting of Cl than it 
would be if the line were purely resistive. 
However, Cl may not have enough range to 
give satisfactory compensation, particularly 
when the input impedance is principally re
active. When such conditions exist, it is 
necessary to provide additional methods for 
canceling the reactive component of the in
put impedance. If the line impedance ap
pears inductive, a suitable capacitance in 
parallel will resonate the circuit. If the line 
impedance appears capacitive, a suitable in
ductance in parallel will resonate the circuit. 
The resistive impedance that remains can 
easily be matched to the coaxial link by means 
of the circuit shown in figure 13-267.

13-988. These circuits should be set up and 
adjusted in the same way as the tapped 
matching circuit shown in figure 13-267. 
That is, an swr bridge is used to indicate 

impedance match, which is obtained by 
( Alternately adjusting Ci and the coupling be- 

tween Li and L2 until the bridge shows a 
null.
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13-995. GENERAL. Coaxial transmission 
lines are generally operated at a low enough 
swr so that no special matching circuits are 
needed. The line may be connected directly 
to the equipment output terminals. The out
put circuit of a transmitter should be capa
ble of handling variations in the swr that are 
acceptable from the standpoint of line losses. 
However, there are some cases where it is

13-993. The practical application of this 
principle is shown in parts A and B of figure 
13-270, where L and C are the reactances 
required to cancel the line reactance, L be
ing used for a line having capacitive react
ance, and C for a line having inductive re
actance. The amount of inductance or ca
pacitance required can be determined by us
ing a resistive-type swr bridge in the co
axial link. First, disconnect the main trans
mission line from Li, and connect a non- 
inductive 1-watt resistor with about the same 
resistance as the Zo of the line. Adjust the 
coil taps and Ci for a l-to~l standing-wave 
ratio, as described earlier. This deter
mines the proper setting of Ci for a purely 
resistive load. Then remove the resistor 
and connect the line, again adjusting the taps 
and Ci to obtain a minimum swr. Compare 
the new setting of Cl with the original set
ting. If the capacitance has increased, the 
line reactance is inductive, and a capacitor 
must be connected as shown in part B of the 
figure. If the capacitance of Ci has de-

Figure 13-270. Reactance Cancellation on Random-Length Lines Having a High 
Standing-Wave Ratio

creased from the original setting, the line 
reactance is capacitive, and an inductor 
must be connected as shown in part A of the 
figure. No specific values for L and C can 
be recommended, since they vary widely 
with Zo，line length, and swr. Their values 
are usually comparable to those used in the 
regular compensating circuits at the same 
frequency. Using this procedure makes it 
possible to couple practically any length of 
line to a transmitter, even when the swr is 
quite high.

4
#C，

''ci
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13-998. To insure effective operation, the 
two sections of the filter should be shielded 
from each other, as indicated by the dotted 
line, and the entire filter should be con-

between Li and L2. The constants for cir
cuit LiCj are not critical. Any convenient 
values that will tune to the operating fre
quency may be used. The Q of the circuit, 
and hence the selectivity, is controlled 
principally by the position of the line tap. 
As the tap is moved farther up the coil, the 
Q and selectivity decrease.

13-997. HALF-WAVE FILTERS FOR 
HARMONIC SUPPRESSION. If impedance 
matching is not a consideration (i.e., the 
transmission line to the antenna is operating 
at a low swr), but harmonic suppression is 
desirable, the circuit of figure 13-272 may 
be used. This is a half-wave filter circuit 
with its input impedance equal to the imped
ance which the filter sees at its output. For 
example, if the line input impedance is a 
pure resistance of 50 ohms, the impedance 
at the filter output terminals is also 50 ohms. 
The characteristic impedance of the filter 
can be any value without altering its per
formance with respect to the input and out
put impedances. However, if broad-band 
operation is desirable, the filter character
istic impedance should equal the Zo of the 
line.

necessary to provide some frequency selec
tivity between the transmitter and the an
tenna to prevent undesired radiation of har
monics. A matching circuit of the same 
general type previously discussed can pro
vide a considerable degree of selectivity, in 
addition to impedance-matching capabilities. 
The difference in circuit arrangement is 
simply that the secondary, or output side, 
need not be balanced to ground.

13-996. Figure 13-271 shows a typical cir
cuit. Except for the fact that there is only 
one coil tap, the design and adjustments are 
the same as described for figure 13-267.
Also, the series capacitor, C2, shown in 
figure 13-268 may be used with this circuit 
for fine variation of the effective coupling

玄C4穴C3

Figure 13-271. Inductively Coupled Matching 
Circuit for Coupling Between Coaxial Lines
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str acted in a shielded enclosure. Component 
values are determined by the frequency of 
the particular equipment in use. The atten
uation provided by a filter of this type is 
about 30 db at the second harmonic and even

Chapter 13 Section XII 
Paragraph 13-998 (Cont)

greater at higher harmonics, up to the point 
where the self-resonance that occurs in in
ductors at high frequencies limits the atten
uation. The attenuation value is not impor
tant at harmonics below the fourth.
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13-999. WAVEGUIDE TECHNIQUES

13-1000. GENERAL.

dl = g
2 7T

kl =

13-273

13-1002. PHASE SHIFTER AND FIXED 
PROBE.

13-1005. PHASE-SHIFTER CALIBRATION.
If the phase angle of the reflection coefficient

Chapter 13 Section XIII 
Paragraphs 13-999 to 13-1005

13-1003. GENERAL. When waveguides 
operate at very short wavelengths, slot radi
ation difficulties can be reduced by associat
ing a fixed probe with a phase shifter. The 
arrangement shown in figure 13-273 can be 
regarded as a standing-wave detector, where 
the electrical length of the arrangement be
tween the probe and the unknown impedance 
is variable. Instead of mechanically moving 
the probe, a phase shifter varies the elec
trical length of the arrangement. The effect 
is exactly as if the probe were mechanically 
moved along the line. As the phase shift is 
varied, the probe voltage will be found to go 
through its high and low peaks. From this 
data the standing-wave ratio can be deter
mined.

where X g is the guide wavelength. Any con
venient type of phase shifter may be used. 
Typical arrangements suitable for wave
guide apparatus are the wave-squeezer,. 
movable-vane, and rotary phase shifters. 
In the arrangement shown in the figure, the 
magnitude of the standing-wave ratio existing 
in the guide can be determined without know
ing the actual amount of phase shift intro
duced. Simply observe the maximum and 
minimum values of probe response as the 
phase shifter is varied, and then divide the 
minimum voltage into the maximum voltage 
to obtain the standing-wave ratio (S). Once 
the standing-wave ratio has been determined, 
you can also calculate the reflection coeffi
cient by using the formula:

13-1001. The waveguide vswr detector is 
the basic measuring tool for determining 
reflection coefficients and impedances in
waveguide apparatus. However, there are 
times when alternative techniques, using 
simpler apparatus, permit a faster deduc
tion of data. Techniques which are not com
monly used with coaxial arrangements but 
which are especially adapted to waveguide 
components are discussed in the following 
text.

13-1004. INTERPRETATION. Introducing 
an additional phase shift of 小 radians be
tween the probe and the load has the same 
effect as moving the probe a distance (di) 
farther from the load, as derived from the 
equation:

wnere | p | is the magnitude of the reflection 
coefficient, and S is the standing-wave ratio.

S — 1
S + 1

ALTERNATE TECHNIQUES FOR MEASURING REFLECTION 
COEFFICIENTS AND IMPEDANCES
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Figure 13-274. Magic-Tee Configuration
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13-1007. HYBRID JUNCTION OR MAGIC- 
TEE

13-1010. USE WITH AN OSCILLOSCOPE. 
The hybrid junction arrangement shown in 
figure 13-275 is particularly useful where 
impedances must be compared over a wide 
frequency range, because the magic-tee is 
not frequency-sensitive. If the output of the 
amplifier in the figure is applied to the ver
tical input of an oscilloscope, and a sweep 
voltage from an oscillator is applied to the 
horizontal input, you can observe the presen
tation of the reflections existing on a wave
guide arrangement as a function of frequency. 
The carrier frequency of the exciting oscilla
tor is swept electronically by a voltage that 
also provides the horizontal deflection of the 
oscilloscope display. Thus, the horizontal

13-1008. FUNCTIONAL DESCRIPTION.
The magnitude of the standing-wave ratio or 
the magnitude of the reflection coefficient 
can be determined by the "Magic-Tee" or 
hybrid junction method shown in figure 13- 
274. A wave entering waveguide A cannot 
pass directly to output waveguide B, but 
rather splits into two equal parts that travel 
down the side arms, C and D. Reflected 
waves in arms C and D reaching the junction 
will, however, enter arm B, producing a 
resultant wave in B that is the difference be
tween the reflected wave in arm C and the 
reflected wave in arm D. If arms C and D 
are of equal length and are terminated iden
tically, no output will appear in B. How
ever, since the terminating impedances are 
not identical, some output will appear in B.

13-1009. A block diagram of the magic-tee 
configuration is shown in figure 13-275. 
Here a reference termination Zo is con
nected at D, while the unknown impedance, 
Zx, is used as the termination for arm C. 
Arms C and D are further made identical in 
every respect, particularly length. The 
oscillator supplies power to arm A, through 
an isolating attenuator, while the arm B 
output is observed by a crystal detector, 
preferably operated on the square-law part 
of its characteristic. A bolometer may be 
used in place of the crystal detector. Zero 
output will be observed in arm B when the 
unknown impedance, Zx, is the same as the 
known reference impedance, Zo. Thus, if 
Zo has a value that provides a nonreflecting 
termination for arm D, then zero output in
dicates that Zx is a nonreflecting termina
tion for arm C. However, if an output is 
present in arm B when D is terminated in a 
nonreflecting termination, then the magni
tude of the reflection coefficient introduced 
by Zx is directly proportional to the magni
tude of this output. The relationship in
volved can be readily obtained experimental
ly from the fact that when Zx is replaced by 
a short circuit, the output magnitude present 
in B corresponds to a reflection coefficient 
of 1.0.

tenuator absorbs the wave reflected by the 
‘ load impedance. The attenuator also iso

lates the oscillator from the measuring ar
rangement, thus preventing the oscillator 
frequency from changing as variations in the 
phase-shifter setting alter the input imped
ance at point a in the figure.
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Figure 13-275. Magic-Tee Arrangement for Making Impedance or Reflection- 
Coefficient Measurements
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13-1012. EARLY-TYPE IMPEDANCE 
BRIDGE.

13-1013. GENERAL. The six-arm wave
guide structure shown in part A of figure

13-276 is a true micro wave equivalent of a 
Wlieatstone bridge. The resulting relation 
among the admittances of the various arms 
is exactly that of a Wheatstone bridge with 
shunting susceptances across each pair of 
terminals. With this bridge it is possible 
to measure practically any impedance to ap
proximately the same accuracy as with a 
standing-wave detector. One of the impor
tant features of the six-arm waveguide struc
ture is that the standard impedances re
quired are three variable reactances (mova
ble shorting plungers) and a Zo termination. 
The data are obtained in the form of three 
lengths—the positions of the movable shorts. 
Because this device is the equivalent of a 
Wheatstone bridge, it can also be used as a 
four-terminal lattice section in filter design 
or in any other related application requiring 
the microwave equivalent of a lattice section.

13-1011. The hybrid-junction technique re
quires relatively simple equipment； there
fore ,this technique is convenient to use. It 
will precisely compare two terminations 
that are almost identical; also, it will ac
curately determine very small values of re
flection coefficients when a good nonreflect- 
ing termination is available.

13-1014. Any comparison method of meas
uring impedances at microwave frequencies

position on the presentation represents the 
frequency, while the vertical deflection 
represents the reflection coefficient. A 
scale of reference for interpreting vertical 
deflections can be obtained by placing a short 
circuit across arm C in place of Zx, thus 
producing a reflection coefficient of 1.0 for 
all frequencies.
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requires an impedance standard and some 
sort of device which can function as a bridge.

Figure 13-276. Six-Arm Impedance Bridge 
with Equivalent Circuit
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is not a bridge, because it is necessary to 
have an adjustable impedance which will 
exactly equal the unknown impedance, and 
this requires both a variable resistance and 
a variable reactance. When micro wave fre
quencies are involved, a variable resistance 
is difficult to provide. However, if a true 
bridge is used, it is possible to match prac
tically any impedance by the use of a fixed 
resistance only, plus variable reactances. 
The bridge shown is made by joining six 
pieces of rectangular waveguide at a sym
metrical junction. Four of the waveguides 
represent the arms of the bridge, and the 
two remaining waveguides represent the in
put and output. Opposite pairs of arms (A, 
B and C, D) lie on common axes, but are 
displaced 90 electrical degrees with respect 
to each other. A bridge of this type was 
constructed and tested. It was made of 3 x 
1-1/2-inch waveguide, which is the standard 
size used in the 10-cm region.

13-1015. BASIC PRINCIPLES OF OPERA
TION. Assume that B is the unknown im
pedance. If A and C are variable reactances 
consisting of shorted, variable -length sec
tions of transmission line, the ratio C/A can 
be adjusted to a desired value. D consists 
of a perfectly terminated line in series with 
a variable reactance, which is another 
shorted-section line. By adjusting the 
shorted-section line, D can be made to have 
any arbitrary phase angle and can be ad
justed to have the phase angle of the unknown, 
B. The ratio C/A can now be adjusted to 
provide the correct magnitude. The imped
ance of the unknown, B, can then be deter
mined from the three physical lengths of 
stubs A, C, and D.

In a true Wheatstone bridge, A, B, C, and D 
are four impedances, three of which are 
known and the other unknown. The magic- 
tee or hybrid junction, previously discussed,

13-1016. Once properly calibrated, the 
bridge is simple to use, and measurements 
can be performed rapidly. The unknown im
pedance is calculated in terms of three physi
cal lengths—the distances of the shorts from 
their correct reference planes. This is a

TD
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simple standard, and is independent of de
tector calibration. The accuracy of the 
measurement is equivalent to that of a good 
swr detector. The use of the three physical 
lengths to specify the unknown impedance 
can be facilitated with the aid of formulas 
and charts. With conventional broad-banding 
techniques it is possible to make the device 
cover quite a broad band, so that the fring
ing susceptance is almost zero over a con
siderable range of frequency.

13-1018. S WE PT-FREQUENCY IMPED
ANCE INDICATOR. •

13-1020. OPERATION. A variable-fre
quency signal generator with a reasonably 
constant output applies a signal to a four- 
terminal waveguide circuit, called a wave 
sampler. The wave sampler is equivalent

13-1017. As mentioned previously, this de
vice can be used as a four-terminal lattice 
section in micro wave filter design or in 
similar applications. Generally, microwave 
filter structures have been the equivalents 
of ladder sections. However, a lattice sec
tion offers greater flexibility in design, be
cause the image impedances and transfer 
constant can be separately adjusted. Also, 
physical four-terminal networks can be syn
thesized by means of lattice sections, while 
this is not always true for ladder sections.

13-1019. GENERAL. The swept-frequency 
impedance indicator, shown in figure 13-277, 
was designed to provide a method of deter
mining the magnitude and phase of an un- 
known impedance by presentation on an os
cilloscope. This is accomplished at a num
ber of closely spaced frequencies over a 12- 
percent frequency range centered in the 3- 
cm band. The impedance indicator contains 
a signal generator, a wave sampler with 
load, and a voltage-ratio computer. The 
output of the voltage-ratio computer supplies 
the vertical deflection voltage for a cathode- 
ray tube, while the signal generator supplies 
the horizontal deflection voltage for the tube.
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NOTE：
FOR THE SAKE OF CLARITY, GUIDES E-F AND C-D ARE DISPLACED LATERALLY.

to a section of waveguide having on it two 
identical, uncoupled short probes one-quar
ter wavelength apart at all frequencies. A 
known length of transmission line receives 
the signal from the wave sampler and ap
plies the signal to the load containing the un
known impedance. Two voltages are devel
oped in suitable detectors; these voltages 
fed, after amplification, to a continuous com
puter, which has an output proportional to 
the ratio of these voltages. The output volt
age is applied to the vertical deflection plates

of a cathode-ray tube. The voltage on the 
horizontal plates of the tube is synchronized 
with the frequency of the signal generator.

SLOTS 
(b)

-十三辛亲七- I . (0) I

13-1021. WAVE SAMPLER. The wave 
sampler shown in figure 13-278 is funda
mental to the accuracy and bandwidth of 
this arrangement. The signal generator is 
applied to terminal A, and the load is con
nected to terminal B. When terminals F and 
D are well matched, signals proportional to 
A? + b2 — ZAB cos 6 and + 2AB

I

m 
圳…

i »!(b)
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The frequency.a.

The phase of the impedance of the

13-280

The result is applied to the vertical deflection 
plates of the oscilloscope.

b. The length of line separating the load 
from the slots of the wave sampler.

13-1024. It is fundamental to an understand
ing of the operation of this device to know 
that the phase ( .) of the reflected voltage 
relative to the incident voltage (measured at 
the wave sampler) is a function of the follow
ing factors:

Chapter 13 Section XHI
Paragraphs 13-1022 to 13-1025

cos
This is accomplished by cutting slots (a) and 
(b) in the main guide so that their center 
falls perpendicular to the axis of the guide. 
Slot (b) is excited by the total longitudinal 
current flow in the main guide (A to B), 
while slot (a) is excited by the total trans
verse current flowing in the main guide (C 
to D). The excitation of slot (b) is propor
tional to the vector difference of the incident 
and reflected voltages, whereas the excita
tion of slot (a) is proportional to the vector 
sum of the incident and reflected voltages. 
The principles by which the impedance of a 
termination is determined with this arrange
ment are identical to those employed in 
slotted-line measurements. The use of the 
wave sampler and the rather wide frequency 
variations combine to make any mechanical 
motion unnecessary. Consequently, the 
speed with which the data may be presented 
on the cathode-ray tube is limited by the time 
constants of the electronic circuits and the 
characteristics of the frequency-modulated 
signal generator.

13-1022. VOLTAGE-RATIO COMPUTER.
The voltage-ratio computer is a two-channel 
amplifier arranged so that an automatic gain 
control, simultaneously acting on both chan
nels, holds the output of one of the channels 
constant. The output of the other channel 
gives the ratio of the input signals. Identi
cal tube types are used in both channels to 
minimize the effects of tube unbalance. The 
numerator channel operates at 1000 cps, and 
the denominator channel operates at 3000 
cps. These frequencies are obtained di
rectly from the repetition rate of the signal 
generator. The output of the voltage-ratio 
computer can be calculated from the follow
ing formula:

13-1023. Tune the signal generator across 
the, de sired band, and record the maximum 
and minimum values of the computer output 
as indicated by a voltmeter, together with 
the frequencies at which they occur. Nor
malization of these values to the values ob
tained with a matched load at the same fre
quencies then allows you to determine the 
standing-wave ratio over the frequency band. 
The phase of the load impedance is deter
mined from the electrical length of the wave 
sampler and the frequencies at which the 
maximum and minimum voltage amplitude 
values occur.

c.
load.

a2 + b2 + 2ab cos </> 
a2 + b2 - 2ab cos </>

8 are obtained from terminals E and C.

13-1025. At 3 cm, for a transmission line 
whose length approximates 3 feet, </> changes 
sufficiently with X for reasonably broad
band loads, so that the impedance (Z) repre
senting the ratio (R) takes on alternately the 
values (a + b)2 / (a 一 b)2 and (a - b)2 / (a + 
b)2 about once for every 1-percent change in 
wavelength. These are true values of the 
square of the standing-wave ratio and its 
reciprocal, respectively. All other values 
of Z lie between these extremes. True 
values of standing-wave ratios are given 
only at those wavelengths which correspond 
to maxima and minima of the trace. When 
the phase of the reflected wave at the wave 
sampler and the length of the transmission 
are known, you can determine the phase and



T.O. 31-1-141-14

0

13-281

Chapter 13 Section XHI 
Paragraphs 13-1026 to 13-1030

13-1026. CIRCULAR-POLARIZATION 
COUPLER.

13-1028. The standing wave may be dis
played on an oscilloscope by operating the 
probe at a constant speed, or the swr and 
minimum position may be determined by 
operating the probe manually. The coupler 
can also be used to indicate or directly re
cord the impedance as the frequency is 
swept over the 20-percent operating range 
of the instrument. The latter method, how-

magnitude of the impedance of the load at 
those wavelengths.

13-1029. In part A of figure 13-279, the 
two z slots couple the horizontal depth (Hx) 
fields in the two waveguides, while the x 
slot couples the respective horizontal width 
(Hz) fields. Hence, these slots excite TEn- 
mode waves in the circular waveguide, which 
are orthogonal in space relationship. If a 
pure traveling wave were in the rectangular 
waveguide, Hx and Hz would be 90 degrees 
out of phase; therefore, the two TE11 waves 
would also be 90 degrees out of phase. These 
facts, plus an additional stipulation that the 
amplitudes of the TEn waves must be equal, 
are conditions for the excitation of a circu
larly polarized wave. The equality of the 
amplitudes may be obtained by properly 
positioning and dimensioning the slots.

13-1027. A broad-band impedance measure
ment that is particularly suitable for use in 
automatic or manual impedance -measure - 
ment apparatus is the circular-polarization 
coupler. This device consists of an appro- 
priate length (Y) of circular waveguide at
tached at right angles to the broad wall of a 
rectangular waveguide, and coupled to it by 
three apertures. High accuracy over ap
proximately a 20 percent bandwidth is main
tained. By rotating a probe one turn in the 
circular waveguide, the probe can sample a 
field variation exactly equivalent to that in 
one guide wavelength of the rectangular 
waveguide. This impedance-measurement 
instrument has the ability to reproduce a 
standing wave in the rectangular waveguide 
as a field-strength variation around the cir
cumference of the circular waveguide. The 
varying field has a maximum-to-minimum 
ratio equal to the swr in the rectangular 
waveguide. One rotation in the circular 
guide is exactly equivalent to one rectangu
lar-waveguide wavelength at all frequencies 
in the operating band. This means that the 
angular position of the minimum value in 
the circular waveguide varies linearly with 
the position of the minimum in the rectangu
lar waveguide, with the circular variation 
in mechanical degrees being equivalent to 
the rectangular variation in electrical de
grees.

13-1030. A TEio wave generating in the +z 
direction will produce a right-hand circu
larly polarized wave (clockwise rotation 
when viewed from the rear). Alternately, a 
TEio wave generating in the —z direction 
will produce a left-hand or counterclockwise 
circularly polarized wave. Wlien the rec
tangular waveguide is connected to a mis
matched impedance, waves in both the +z 
and -z direction are present; hence, both 
right- and left-hand circularly polarized 
components exist in the circular waveguide. 
The resultant of the combination of these

ever, requires a more complicated arrange
ment. By comparison with slotted-wave im
pedance meters, the circular-polarization 
coupler has the operational convenience of 
rotary motion with maxima and minima al-* 
ways separated by exactly a quarter of a 
turn. The rotary motion and the constant 
equivalent wavelength make it more easily 
adaptable to automatic instrumentation. In 
comparison with reflectometers, the circu
lar coupler offers readily available phase 
data and does not require a well-matched 
termination. The only important disad
vantage is the limitation of the bandwidth to 
approximately 20 percent within the toler
ance factor (p) near units.
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Figure 13-279. Circular-Polarization
Coupler with Apertures

BROAD-BAND
TYPE

This formula provides a very close approxi
mation to a unity axial ratio over a wide fre
quency range. In the case of unity swr the 
axial ratio may be held within plus or minus 
2 percent of unity over approximately a 20- 
percent frequency band. An elliptically po
larized wave has a characteristic in which 
the major and minor axes are fixed in direc
tion in all transverse planes. Therefore,

13-1031. The first two types of apertures 
in part B of the figure are narrow-band de
signs yielding an axial ratio proportional to

X g (wavelength in the rectangular wave
guide) . The last two types of apertures 
yield a compensated axial-ratio response by 
means of a proper spacing of apertures 
along the z axis. Part C of the figure illus
trates the proportionality of the axial ratio 
developed in the following formula:

OPERATING BAND
- OF
IROAD-BAND TYPE

waves is an elliptically polarized wave whose 
axial ratio is equal to the ratio of the sum 
and difference of the component amplitudes, 
which, in turn, are proportional to the re
spective TE10 amplitudes in the rectangular 
guide. Therefore, it follows that the axial 
ratio is equal to the swr in the rectangular 
waveguide. Also, the angular position of 
the major or minor axis of the polarization 
ellipse will vary linearly with the angle of 
the reflection coefficient of the load； a 360- 
degree change in the latter produces a 180- 
degree change in the former. In other 
words, the minor axis of the ellipse will 
vary linearly with the minimum position in 
the rectangular guide ； a one guide-wave- 
length change in the latter corresponds to a 
360-degree change in the former. It is 
evident, then, that all information concern
ing swr, impedance, and reflection coeffi
cient of a load connected to the rectangular 
waveguide may be obtained by means of a 
probe rotated in the transverse plane of the 
circular waveguide.

(z 7TZ1/ X g)
Xg
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13-1033. METHODS USED ON COAXIAL
LINES.

13-1034. BYRNE BRIDGE.

SLOTTED AUXILIARY LINE

=

Figure 13-280. Byrne Bridge
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13-1032. The end of the circular waveguide 
need not have a matched load. However, the 
load must be symmetrical with respect to 
the probe. This may be understood by rep
resenting the elliptical wave by means of 
two orthogonal, linearly polarized compo
nents ,one parallel to the probe and the 
other at right angles to it. If the parallel 
component sees a mismatch, repetitive re
flections will occur; this will result in a 
certain degree of increase or decrease of 
the picked-up signal, depending on the de
gree of mismatch and the length (y) of the

the minimum-signal position of the rotatable 
probe is independent of the particular trans
verse plane in which the probe is located. 
However, the probe should be far enough 
from the apertures to insure that all higher 
modes excited by the apertures have decayed 
to negligible amplitudes. An adequate dis
tance is normally three times the waveguide 
diameter. By measuring the angular posi
tion of the minimum from an axis parallel 
to the x axis (part A of figure 13-279), the 
angle of the reflection coefficient at z = 0 is 
equal to 2札

、MOVABLE PROSE
(PHASE CONTROLI

circular waveguide. Since the end wall con
taining the small apertures is virtually a 
perfect short circuit to a wave returning at 
any angle, the relative change in signal clue 
to the reflections will be independent oi tiic 
probe angle, and the axial ratio and mini
mum position indicated by the probe will not 
be affected. The perpendicular component 
to the probe will be reflected repeatedly 
until it is dissipated. If the load were not 
symmetrical with respect to the longitudinal 
plane through the probe, cross coupling be
tween the components might occur; thus 
errors might be introduced.

13-1035. GENERAL. The Byrne bridge 
device, shown in figure 13-280, is a null
type impedance meter that provides a direct
reading in either impedance or admittance. 
The oscillator applies power through a 
coaxial line to the unknown impedance. At 
a point on this line as close as is feasible
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13-1038. NODE-SHIFT METHOD.
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13-1037. The Byrne bridge is equivalent to 
an ac bridge, and gives the vector value of 
the unknown impedance. Because of the 
critical tolerances incorporated during the 
manufacturing process, this device has good 
accuracy over a wide frequency range. The 
ease of operation, as contrasted with that of 
the swr detector, is very significant.

to the load, two sampling elements are in
troduced; these elements are responsive, 
respectively, to the voltage and the current 
flowing into the load. The element that is 
responsive to voltage is a capacitive probe, 
and the element that is responsive to current 
is an inductance loop probe. The amount of 
pickup by each sampling probe can be ad
justed by moving the probe with respect to 
the coaxial line. In practice, the two probes 
are joined together so that when one probe 
moves in toward the center conductor of the 
line, the other moves away from it. A 
slotted auxiliary line connects the two samp
ling probes. The voltage induced in each 
sampling probe initiates a wave which starts 
from the probe and travels around tlie auxil
iary line, where it is entirely absorbed in 
the terminating resistance at the opposite 
end. The movable probe in the auxiliary 
line measures the net voltage in the line re
sulting from the super-position of the two 
waves traveling in opposite directions. The 
relative magnitudes of the two waves induced 
in the auxiliary line depend both upon the 
vector ratio of voltage to current in the un
known impedance and upon the relative posi
tions of the sampling probes.

between the two sampling probes. The 
phase angle of the impedance being measured 
will be proportional to the displacement from 
the reference position corresponding to a re
sistive load. The phase angle being meas
ured will also be proportional to frequency. 
Thus, the indicator providing the position of 
the movable probe can be calibrated directly 
in phase angle at some convenient frequency. 
The impedance measured corresponds to the 
voltage and currents existing at the sampling 
probes (point A toward Zx).

13-1036. OPERATION. To determine the 
unknown impedance, Zx, set the detector 
output to zero by positioning the movable 
probe with one hand and varying the sampling 
probe with the other hand. Under these con
ditions ,the two waves induced on the auxil
iary line are equal in magnitude and are in 
phase opposition at the position of the mova
ble probe. The setting of the sampling probe 
is determined by the ratio of voltage to cur
rent flowing into the unknown impedance, 
i.e., by the magnitude of the impedance to 
be determined, and is independent of the fre
quency. You can also calibrate this dial to 
read impedance directly, and the phase angle 
of the unknown impedance can be determined 
by the position of the movable probe corre
sponding to the null condition. If the load is 
resistive, the null position will be midway

13-1039. GENERAL. When a standing-wave 
detector constructed from a length of large- 
diameter rigid coaxial line is to be used in 
measurements on small-diameter flexible 
coaxial cable, as shown in part B of figure 
13-281, the junction between these two types 
of line should contain as few reflections as 
possible. The discontinuity capacitance will 
cause some reflection at the junction, even 
when the two lines have the same character
istic impedance. Small reflections are dif
ficult to determine by the usual method of 
standing-wave measurement. These reflec
tions could be evaluated by ordinary stand
ing-wave measurement techniques, by ter
minating line 2 in its characteristic imped
ance so that there are no reflections in this 
line, and then measuring the standing-wave 
ratio present on line 1. However, the stand
ing-wave ratio will be close to unity if the 
junction is well designed. The exact value 
will be difficult to determine, because me
chanical irregularities in the traveling-wave 
probe may introduce variations in the voltage
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13-1040. APPLICATION. Even though me
chanical irregularities may cause fluctua
tions in the magnitude of the probe voltage, 
the position of the probe where a voltage 
node or minimum occurs is not influenced. 
The following procedure describes how to 
use the node-shift method：

readings that will be as great as those due 
to the maxima and minima of the standing
wave ratio.

b. Determine the position of the voltage 
node in line 1 by moving the probe to the 
left and to the right of the voltage minimum 
value until a small but appreciable voltage 
reading of equal amount is obtained on either 
side of the minimum voltage point. An aver
age of these two positions is the correct lo
cation of the node.

SMALL DIAMETER 
LINE 

/

U)

a.- 
figure.
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.If a small superimposed reflection ap-

Xl
p = sin

where △ d = total variation in the quantity where

2 7T LI a

XI = line wavelength for line 1.

\2 = line wavelength for line 2.
Lib = distance LI from discontinuity

Unlike the magnitude of the reflection co- o
The corresponding standing-wave ratio is：

SQ 1 +△ d

13-1043. PROBE METHODS.

o
13-286

Chapter 13 Section XHI
Paragraphs 13-1041 to 13-1044

junction c to the node point in line 2 
corresponding to point B in part A 
of the figure.

d. If no reflection is produced at the 
junction, the position of the node in line 1 
would move a distance exactly equal to the 
movement of the position of the short circuit 
in line 2.

13-1041. The magnitude of the reflection 
coefficient can be determined without an 
exact knowledge of the location of the dis
continuity, since Ad can be determined when 
LI and L2 are measured from arbitrary 
fixed positions such as points a and b in part 
B of the figure. Thus, the presence and 
magnitude of a discontinuity of unknown 
origin can be detected and evaluated without 
a precise knowledge of its location.

13-1044. The standing-wave ratio or re
flection coefficient, from which the load 
impedance can be determined, can be cal
culated from the output of fixed capacitance 
probes in various arrangements. One ar
rangement consists of three probes spaced 
along the line at eighth-wavelength separa
tions . The magnitude and phase of the im
pedance terminating the line can be com
puted from the radio -frequency voltages ob
served at the three probes. An alternative 
arrangement uses four probes, and yields 
two voltages, respectively proportional to 
the real and imaginary part of the reflection

distance LI from discontinuity 
junction c to the node point in line 1 
corresponding to point A in part A 
of the figure.

—— a

efficient, the phase angle, <f> , of the reflec
tion can be determined only if the location of 
c (in part B of the figure) of the irregularity 
producing the reflection is known. This 
technique has been described in terms of 
coaxial transmission lines, but the method 
is completely adaptable to two-wire trans
mission lines and to waveguides.

△ d△d

c.
pears, the position of the node in line 1 will 
vary sinusoidally, as shown in part A of the 
figure. The magnitude of the reflection co
efficient at the junction can be determined 
from the following equation:

LI = position of a minimum on line 1 
measured with respect to a con
venient reference point, such as 
a or c in part B of the figure .

L2 = position of short circuit on line 2 
measured with respect to a con
venient reference point, such as 
b or c in part B of the figure.

13-1042. The phase angle of the reflection 
coefficient at the junction can be determined 
with the aid of data corresponding to points 
A and B of part A in the figure. The ap
propriate data can be calculated from the 
following:

2” T 1 
~Llb~
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reactance at the junction of the three lines. 
This is accomplished by giving the suscept
ance branch a characteristic impedance of 
50 ohms, and then adjusting the length of the 
branch to be exactly an eighth-wavelength at 
the frequency being used. The third, or 
conductance, branch (D) also has a 50-ohm 
characteristic impedance, but is terminated 
by a 50-ohm resistance so that this branch 
always offers an input impedance of 50 ohms.

shown in figure 13-284. The power from the 
oscillator is applied through the coaxial line 
(A). It then branches into three coaxial 
lines, one of which (E) is terminated by the 
unknown impedance; this line is kept as short 
as possible so that its input impedance at the 
junction point is almost equal to the unknown 
impedance. The second branch (B), or sus
ceptance branch, is arranged to offer a sus
ceptance corresponding to 50 ohms inductive

Chapter 13 Section XLH 
Paragraph 13-1051 (Cont)

FROM |
OSCILLATOR1
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Figure 13-283. Woodward Comparator
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tuned to the appropriate frequency. The 
measurement is made by rotating the three 
loops until the three currents add to zero, 
giving a null in the receiver output.

b. Rotate the conductance loop (D) (vary
ing the amount of in-phase current available 
from the conductance standard) to balance 
the in-phase current for the unknown loop (E).

Chapter 13 Section XIH 
Paragraphs 13-1052 to 13-1054

Assume first that the loop in the un
known impedance arm (E) is kept fixed at the 
position of maximum coupling. Normally, 
this is when it is parallel to the center con
ductor.

13-1052. The same voltage is supplied to 
each of the three branches (E, B, and D) 
from the oscillator. This causes branch 
currents which at the junction have relative 
magnitudes and phases as determined by the 
input admittances of the three branches. 
These currents are sampled at each branch 
by coupling loops which can be rotated to 
vary the amount of current induced. The 
three loops are connected, in parallel, to 
the detector, which can be a radio receiver

c. Similarly, rotate the susceptance loop 
(B) (varying the amount of reactive current 
available) to balance out the reactive current 
induced in the unknown loop (E). By rotating 
the loop 180 degrees, the reactive current 
can be made either positive or negative. 
Thus, for a given setting of the unknown 
loop (E), the conductance and susceptance 
components of the unknown impedance are 
determined by the settings of the conductance 
and susceptance loops, respectively, when 
you have a null.

d. Directly calibrate the controls for 
these two loops, in mhos, on the assumption 
that the unknown loop (E) is at a standard 
reference position.

13-1053. OPERATION. The principles in
volved in the operation of the admittance 
comparator can be understood from the fol
lowing procedure:

e. Rotate the unknown loop (E) from its 
standard reference position. This changes 
the magnitude of the induced current that 
must be balanced out by the other two loops. 
Hence, the control for the unknown loop (E) 
may be calibrated to provide a multiplying 
factor.
13-1054. The calibration of the admittance 
comparator is independent of frequency to
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Figure 13-284. Admittance Comparator
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Chapter 13 Section XHI 
Paragraph 13-1055

the extent that the distances from the junc
tion to each of the three loops are small as 
compared with a wavelength. This sets an 
upper limit to the useful frequency range. 
At low frequencies the only limiting factor 
is the length of the susceptance stub, which 
becomes impractically long if the frequency 
is quite low.

TO 
DETECTOR

13-1055. A commercial form of the admit
tance comparator has the T junction and 
coupling loop contained within a cube about 
2 inches on a side, and has accuracy on the 
order of 5 percent up to a frequency of about 
1000 me when measuring admittances on the 
order of 0.02 mho. This device is designed 
to have a low-frequency limit of 70 me, and

乂
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13-1056. SWEPT-FREQUENCY METHOD.
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has a working range of 0.004 to 0.1 mho 
(250 to 10 ohms) with an accuracy on the 
order of 10 percent or less.

13-1057. Combining a frequency-swept 
source with a delay line can give you a flexi
ble method for measuring low values of swr. 
The resulting reflection-coefficient indicator 
offers moderate accuracy and a convenient 
cathode -ray-tube display. For a source, a 
triode modulated by a vibrating capacitor or 
a pair of klystrons (one modulated by a saw
tooth wave) is practicable. Connect the load 
to be measured, as shown in figure 13-285, 
through an appropriate length of low-loss 
cable. The cable should provide a delay of 
several tenths of a microsecond. Connect a 
crystal detector in parallel with the source. 
This will detect the beat note between the 
outgoing and reflected signals. The beat

frequency is the result of the frequency 
sweep rate with respect to time in conjunc
tion with the delay time (T). The frequency 
resolution is provided by the sweep excur
sion per cycle of beat frequency. An at
tendant loss will eventually mask the re
flections at the far end of the line, which 
will limit the maximum delay-line length. 
Delays up to 1 microsecond are commonly 
used, corresponding to cable lengths of 
several hundred feet. For example, a 30- 
megacycle sweep excursion will correspond 
to 30 cycles per sweep, or a resolution of 
1 megacycle per cycle of beat frequency. 
The height of the envelope on the crt pre sen 
tation corresponds to the magnitude of the 
reflection coefficient, and the horizontal or 
x-axis (abscissa) corresponds to the fre
quency. The phase of the reflection coef
ficient may be estimated from the shift in 
the pattern when a standard replaces the un
known termination.
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13-1058. REFLECTED-PULSE TESTING.
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DOTTED LINES 
REPRESENT DISTRIBUTED 

VALUES

C

Figure 13-286. Distributed LC on Two- 
Wire Line

13-1061. Wlien a transmission line is per
mitted to discharge into an impedance other

13-1059. In most cases, the reflected-pulse 
method of testing transmission lines can 
eliminate the need for bridge-type measur
ing equipment. This type of check can be 
quickly performed with highly accurate re
sults, and has an advantage over the bridge 
type in that it can locate several line defects 
at one time. The testing of transmission 
lines with reflected pulses is a method 
ideally suited to the needs of most radar 
stations.

13-1060. Each type of transmission line has 
its own characteristic or surge impedance, 

As shown in part A ofreferred to as Zo.
figure 13-286, L is the series inductance of 
the line and C is the distributed capacitance 
between the two conductors. This same 
transmission line can be reconstructed (part 
B) by using lumped values of inductance and 
capacitance. By the addition of identical 
sections, the length of the line can be ef
fectively increased without a change in Zo, 
since the L/C ratio remains constant. The 
only change is the time required for energy 
to travel from the generator end of the line 
to the load end, as computed from the formu
la T = N 2 7T V LC, where T is the time re
quired for energy to travel the length of the 
line, N is the number of line sections, and 
LC is the product of one section. From this 
you can see that the time for an electrical 
impulse to travel from one end of the line to 
the other depends not only on the length of 
the line, but also on the time required to 
change the inductance and capacitance of the 
line. The charging time accounts for the 
fact that energy travels along a line at a 
velocity less than the speed of light. The 
velocity factor is the ratio of line velocity 
to the speed of light, and is normally ex
pressed as a percentage. Velocity factors 
for common lines are shown in table 13-8.
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Table 13-8. Common Transmission Line Data

Zq (ohms)TYPE

RG-8/U .6653 .28

RG-58/U .6653 .53

RG-ll/U .66 .2775

Twin Lead .84300 .37

Zip Cord .60110 .96

13-293

Chapter 13 Section XIH
Paragraph 13-1062

ATTENUATION 
(cDd/100 ft) 
AT 3.5 MC

13-1062. An oscilloscope with a minimum 
sweep length of 0. 05 microsecond, and pro
vision for obtaining an 0.18-microsecond 
test pulse can be used to measure the elapsed 
time between the initial pulse and its reflec

tion. An accurately calibrated time base is 
also necessary. The scope is internally 
synchronized, and the trigger output is ap
plied to the vertical input jack of the scope 
as well as to the line under test. Attenua
tion encountered in testing extremely long 
lines will necessitate the use of an external 
trigger, such as a radar modulator trigger, 
to increase the amplitude of reflection. In 
free space or atmosphere, electrical energy 
will travel 483.7 feet and return in 1 micro
second. For example, assume that 5000 
feet of RG-ll/U cable is used with a 50-volt 
positive trigger fired into the line, which is 
opened at the receiving end. If the line is in 
good condition, a positive reflection 2.23 
volts in amplitude will be seen 15.7 micro
seconds after the main pulse. A simplified 
formula for converting round trip time (in 
microseconds) to feet is: Distance in feet to 
reflection = gsec x velocity factor x 483.7. 
In the case of RG-ll/U, since the pulse must 
actually travel 10,000 feet, the reflection 
will be 27 db down from the main pulse. 
Therefore, measuring the return-pulse 
amplitude will supply information relative 
to the attenuation of the line. Assume that 
a negative pulse was observed on the scope 
9.6 microseconds after the occurrence of

VELOCITY 
FACTOR

than its own Zo, the energy not dissipated in 
the impedance is reflected back into the line. 
The only time a line will produce no reflec
tions is when it is terminated in an imped
ance equal to Zo. A line of this type will 
have all of its energy absorbed by the im
pedance ,and is said to be matched. Wlien 
rf energy is ti'aveling in an unmatched line, 
the reflections will result in standing waves, 
the magnitude of the reflected waves depend
ing on the amount of mismatch. All energy 
will be reflected with either an open or a 
shorted line, and the polarity (or phase) of 
the reflection will depend on the type of ter
mination used at the load end. Applying a 
positive pulse to an open line will cause a 
positive reflection with an amplitude depend
ing only upon the line loss. Conversely, ap
plying a positive pulse to a shorted line will 
cause the reflection of a negative pulse. 
Therefore, in reflected-piilse tests for line 
defects, the polarity of the return is indica
tive of the type of defect.
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the trigger pulse.
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the short is located approximately 3075 feet 
from the end of the cable to which the scope 
is connected. This check is rapid, accurate, 
and complete. The scope time base can be 
considered to represent the transmission 
line itself. Any poor connections or shorts 
will show on the time base, and the distance 
to the defect can be ascertained by one 
simple multiplication.

The fact that the return 
pulse is negative indicates that the line is 
shorted, and the point at which the short is 
located can be determined. Since the vel
ocity factor for RG-ll/U (from table 13-8) 
is 0.66, energy will travel along the cable 
320 feet and return in 1 microsecond. Multi
plying this by 9.6, the number of micro
seconds observed on the scope gives a total 
distance of approximately 3075 feet. Thus,



T.O. 31-1-141-14

SECTION XIV

TRANSMISSION LINE PRESSURIZATION

13-1064. GENERAL.

10 7.6

30 8.4

50 9.5

60 10.0

90 11.5

110 12.4

13-295
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Table 13-9. Temperature-Pressure
Variations

PRESSURE 
(Psi)

13-1065. A coaxial transmission line is 
most efficient when the interior of the line 
is dry. Moisture increases the attenuation 
and reduces the maximum operating voltage 
of the line. Hence, the coaxial cable must 
be purged of any moisture which may have 
entered, and then pressurized to prevent 
moisture from entering during operation. 
Purging should be accomplished immedi
ately upon completion of cable installation. 
Purging should also be performed whenever 
a cable has been opened for repairs or when 
the resistance between the inner and outer 
conductors measures less than 100,000 
megohms per 1000 feet of cable. After 
purging, pressurizing the coaxial cable 
transmission line to about 10 psi with dry 
air will keep the interior of the line dry.

TEMPERATURE
(°F)

13-1067. The air within a cable must be 
sufficiently dry to maintain its dew point 
below the minimum temperature to which 
the cable will be subjected. This value 
varies depending on the latitude, altitude,， 
and time of year. Also, the temperature of 
the cable a.nd of the air inside varies through 
out the day for a fixed graphical location. 
Since the volume of air inside the cable is 
constant, the pressure will vary with a 
change in temperature. Table 13-9 gives 
the pressure changes which are caused by a 
100-degree Fahrenheit change in tempera
ture, from 10 degrees to 110 degrees.

13-1066. Dry air is air which has had suf
ficient moisture removed from it that the 
remaining moisture will not condense onto 
the inner walls of the cable over the cable !s 
range of temperature and pressure varia
tions. The temperature at which the water 
vapor in the air (in the cable) condenses is 
known as the dew point. Explained very 
briefly, as the temperature of the air in 
the cable is decreased, it is capable of 
holding a smaller quantity of water vapor. 
Finally, a temperature is reached where 
the air is saturated; that is, it cannot hold 
any more water vapor. If the temperature

is lowered below this point, some of the 
water vapor condenses as water on the in
terior walls of the cable. If the dew point 
is below freezing, the vapor condenses into 
ice crystals.

13-1063. COAXIAL CABLE PURGING 
AND PRESSURIZING^
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Figure 13-287. Dry-Air Power Rating vs Pressure
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ure 13-287 shows the increase in peak power 
percentage obtained with an increase of pres
sure to approximately 3 atmospheres.

Chapter 13 Section XIV
Paragraph 13-1068
13.-1068. Peak power ratings of coaxial 
jables can be increased by maintaining high
er pressures in the dry air dielectric. Fig-
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13-1069. GAS AND EQUIPMENT.

13-1071. PROCEDURE.

13-1075. GENERAL.

13-297

Chapter 13 Section XIV 
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d. Continue the procedure in steps b 
and c until an insulation test indicates a 
satisfactory resistance.

13-1073. DETECTING LEAKS. When the 
pressure in the cable drops more than the 
normal amount caused by a change in tem
perature, efforts should be initiated to lo
cate the leak. The first places you should 
examine are the cable connections and ter
minations, as these are the most likely 
areas for leaks to occur. A simple method 
is to apply undiluted liquid shampoo to the 
outside of the cable in the vicinity of the sus
pected area. If a leak exists, the escaping 
pressure will cause bubbles to appear. If 
nothing is detected, it may be necessary for 
you to segregate the cable into sections and 
carefully examine each section individually. 
First use all the divisions which already 
exist to determine the section containing the 
leak. When the leak is located and correct
ed, you should try to determine the cause 
so that it can be eliminated.

c. Bleed the transmission line very 
slowly through the gas escape valve at the 
end of the line while maintainii^ pressure 
from the dry-gas source.

13-1076. Microwave transmission lines are 
pressurized for protection against dirt, 
moisture, and, in tropical climates, mold 
growth and insects. These factors can

13-1072. GENERAL. The procedure for 
purging and pressurizing coaxial cables is 
as follows：

b. Pressurize the equipment to 10 psi 
and let it remain in this state for two hours.

13-1070. Purging is usually accomplished 
using dry air or dry nitrogen gas. Nitrogen 
gas is generally preferable to dry air for 
small-diameter and medium-length cables. 
Standard nitrogen gas equipment is used. 
Dry air is obtained by using a manual dry 
air pump. The pump pushes the air through 
a desiccant, usually silica gel crystals, 
which extract any moisture. Silica gel cry
stals are normally colorless, and if used 
alone, their state of dryness (that is, their 
ability to extract moisture from the air) is 
usually very difficult to determine. To in
dicate the condition of the silica gel, a small 
sack of crystals is added which contain a 
chemical capable of changing color with mois
ture content. The darker their blue color, 
the dryer they are; and the darker the pink 
color, the more moisture they contain.
Hence, if the crystals are pink, the silica 
gel must be dried by baking. A mechanical 
dehydrator, preferably one equipped with 
two desiccant chambers, is recommended 
for the continuous purging and pressuriza
tion of a large-volume cable. Dehydration 
is accomplished by forcing the air, using a 
compressor, through the desiccant chambers. 
The dry-air output from the dehydrator is 
connected by copper tubing to the cable 
through a pressure-regulating valve. Me
chanical dehydrators are capable of main
taining pressures between 6 and 10 psi in 
3/4 inch cable up to 50,000 feet long, and 
in 3-1/8 inch cable up to 10,000 feet long.

a. Connect the dehydration equipment to 
the cable. Suggested equipment arrange
ments are shown in figure 13-288, 13-289, 
and 13-290.

e, Close the gas escape valve and pres
surize the transmission line to 10 psi. A 
positive pressure should be maintained in 
the line.

13-1074. WAVEGUIDE PRESSURIZATION 
AND SEALING.



PRESSURE GAUGE

闻
NIPPLE

ICOPPER TUBE

NITROGEN CYLINDER

FLARE 
FITTING

FLARE 
FITTING

PRESSURE 
REGULATOR

NEEDLE 
VALVE

PIPE TEE

jmni

Figure 13-289. Dehydration Apparatus Using Nitrogen Gas

13-298

Chapter 13 Section XIV T.O. 31-1-141-14

PRESSURE GAUGE

O
C：3

NIPPLE .CLOSE

4-----SILICA GEL

J」

Figure 13-288. Dehydration Apparatus Using Manual Dry Air Pump

I I

HAND
PUMP

INLET VALVE 
PIPE TEE

"
M
l

:



T.0. 31-1-141-14

MANIFOLD

PIPE PLUG

NEEDLE VALVECOPPER TUBE

PIPE TEE

FLARE FITTING

Figure 13-290. Dehydration Apparatus for Multiple Transmission Lines

13-1077. TYPES OF SEALS.

13-299

-1 厂-一？
・吊_若一1

<]

PRESSURE 
REGULATOR

PRESSURE GAUGE

NITROGEN CYLINDER

Chapter 13 Section XIV 
Paragraphs 13-1077 to 13-1079

urement of its electrical characteristics. 
In addition, all branch lines must be sealed, 
preferably with some form of window. Most 
magnetrons and the newer klystron local 
oscillators can also be pressure-sealed to 
a waveguide assembly. Of the windows 
available for pressurization, most are 
rated for a differential pressure of 30 to 
50 psi or more.

13-1078. WINDOWS. The simplest seal is 
a viewing plane provided by a nonresonant 
thin sheet of dielectric material. Mica, 
teflon film, and polythene are some materi
als commonly used for this purpose. To 
completely seal a micro  wave assembly in
volves capping the antenna feed in some 
manner with a dielectric cover or window. 
This cover then becomes an integral part of 
the antenna feed and is involved in any meas-

13-1079. GASKETS. When a pressurized 
waveguide assembly is inside a sealed com
partment, the connecting flanges may be of 
the unpressurized type. In most cases, 
however, the line will be exposed and the 
connecting flanges are provided with grooves 
for sealing gaskets. Such gaskets must be 
made of a material 5Adiich does not acquire 
a permanent set when compressed for long 
periods of time. The material should also 
resist deterioration from weather, oils and

seriously deteriorate the operation of wave
guide equipment by reducing its power-handl
ing capacity. Pressurization of a transmis
sion line is also used to avoid voltage break
down or corona discharge. In all cases, it 
is essential that the line be adequately sealed 
so that the correct working internal pressure 
can be maintained.
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13-1086. RECTANGULAR WAVEGUIDE 
DISTORTION.

is gas 
pressur-

greases, and any elements peculiar to the 
area in which the gasket is to be used, such 
as mold growth in tropical climates. These 
gaskets are of two distinct types.

13-1081. The second type of gasket has a 
flat, rectangular cross section and is made 
of compressible material. The gasket has 
a thiclmess of about 50 percent greater than 
the groove depth of the flange and on clamp
ing is compressed to form a seal. A cork
neoprene composition is the material gen
erally used in this type of gasket. If no con
tact shim is used in the connector, the gas
kets in the two mating flanges press against 
each other to form a satisfactory seal. Gas
kets of this type require considerably more 
clamping force than the round type, and the 
flanges must be carefully mated to avoid 
distortion.

13-1080. One type of gasket is composed of 
a material containing a cross section which 
can be distorted but not compressed. Syn
thetic materials such as neoprene are gen
erally used, but for operation down to -40 
degrees C natural rubbers are preferable. 
The rectangular groove in the connector is 
designed so that when the gasket is pressed 
into place it extends beyond the groove by 
about 15 percent of its diameter. When the 
connector is bolted to the wave guide flange, 
the gasket expands to form a seal.

13-1087 The internal pressure of a wave
guide may be raised as high as 50 psi or 
more in order to increase its power-handling 
capacity. Rectangular waveguide, however, 
has a poor shape to withstand such a differ
ential pressure, as the walls of the wide di
mension have a tendency to bulge or bow 
outward. An exaggerated example of this 
is illustrated in figure 13-291. This out
ward deflection produces a small change in 
the wave impedance of the guide, but causes 
little trouble since it is reduced considerably 
in the neighborhood of the connecting flanges, 
where its effects would be mostly felt. This 
distortion does, however, produce an inward 
deflection of the narrow walls. This causes 
a change in the guide wavelength since the

13-1084. Sulfur hexafluoride 
commonly used in conjunction 
ization in waveguides. The properties of 
this gas are such that it can be used to sig
nificantly raise the power-handling capa
bility of a transmission line without physi
cally changing the line itself. Where the 
prevention of moisture and corrosion are 
the primary considerations for pressur
izing a waveguide assembly, dry nitrogen 
gas is often used in place of air. The ex
cellent dehydrating ability of nitrogen, along 
with ease of procurement, makes it extreme
ly useful for this purpose.

level breakdown problem. More effective 
results can be obtained by using a gaseous 
dielectric in the waveguide rather tlian air.

13-1083. When a microwave assembly is 
operated at high power levels, the air inside 
the waveguide ionizes and causes arcing and 
corona. The value of power at which this 
arcing and corona appear is referred to as 
the poweo-breakdown level. Pressurizing 
the air within the guide will often raise the 
power-breakdown level to a point which en
ables the guide to handle the power required 
by the equipment in use. However, in some 
instances, pressurization of the air alone 
may not be sufficient to overcome a power-

13-1085. You may find that there are num
erous other gases associated with waveguide 
pressurization, but sulfur hexafluoride and 
nitrogen are the most commonly used. Fac
tors such as economy, safety, availability, 
etc., limit the use of other gases to special 
applications, and it is unlikely that you will 
encounter any of them.
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wavelength is determined by the distance be
tween the narrow walls. This will lead to 
trouble when the phase is critical over a 
given line length.

tions, such as in a rotating antenna, where 
the use of circular waveguide is advanta-

13-1092. METHODS OF ELIMINATING 
DISTORTION.

13-1091. An apparatus used to accurately 
measure the distortion of a waveguide con
sists of a strain gage-activated transducer, 
an amplifier, a deflectometer, and a record-

13-1088. CIRCULAR WAVEGUIDE DIS
TORTION.

13-1089. Due entirely to its physical con
figuration, a circular waveguide is much 
less susceptible to distortion than the rec
tangular type. The distortion in a circular 
guide is so small that it is considered negli
gible. However, the same physical factor 
which makes circular waveguide readily 
adaptable to pressurization also makes it 
very difficult to maintain proper mode ori
entation. Therefore, this type of guide is 
generally used only for specialized applica-

ing system. The transducer itself, shown 
in figure 13-292, is essentially a cantilever 
beam which is deflected as the waveguide 
section passes beneath the probe point. 
These deflections are picked up as strain 
gage outputs and fed to an amplifying ar
rangement which controls a recorder chart, 
A deflectometer is used to synchronize the 
chart drive and the trace of the transducer 
probe along the waveguide wall. The result 
is a magnified profile of the waveguide wall 
on the chart paper.

13-1093. Several methods can be used to 
reduce or eliminate distortion in pressur
ized waveguide. The easiest and most ef
fective method is to keep the internal pres
sure of the guide low enough to prevent the 
occurrence of distortion. Typical limiting 
values of pressure for a given size wave
guide are：

OUTWARD DEFLECTION 
/ OF WIDE DIMENSION
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13-1095. Another method of minimizing dis
tortion is to enclose the rectangular wave
guide in a circular sheath or cylinder and to 
pressurize this sheath and the waveguide to 
the same pressure. The pressure differ
ence is then transferred to the sheath, which 
has a shape less susceptible to distortion. 
If any distortion of the sheath should occur, 
it will have no electrical effect on the wave
guide assembly. Other advantages of this 
method are that it eliminates the need for 
clamps and provides excellent physical pro
tection for the guide against accidental dam
age, such as dents and punctures. However, 
this method is at a distinct disadvantage in 
areas where space limitations are severe, 
since the diameter of the sheath must neces
sarily be about twice the waveguide1 s narrow 
dimension.

Although this is the most effective method, 
it is not always the most practical since 
pressure exceeding the limiting value is 
often necessary for satisfactory operation 
of the waveguide.
13-1094. When excess pressure is required 
for satisfactory operation, waveguide dis
tortion .can be mininuzed by artifically in
creasing the strength of the guide with ex
ternal clamps placed at intervals along its 
length. Such clamps are generally made of 
steel and should be closely spaced if dis
tortion is to be kept within acceptable limits. 
Also, if these clamps are to be used, you 
must exercise great care upon installation. 
Carelessness can result in a nicked, dented, 
or crushed waveguide.
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13-1096. PRESSURIZATION EQUIPMENT.
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ize waveguide assemblies of any appreciable 
length because of the large volume of air 
required. When sulfur hexafluoride is used 
as the dielectric, a charcoal filtering de
vice is generally included as part of the 
equipment for purification of the gas.

13-1097. The equipment used to pressurize 
waveguide sections is basically the same as 
that used for coaxial cable. However, a man
ual dry air pump is seldom used to pressur-


