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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.



T.O. 31-1-141-14

SECTION I

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.



Chapter 13 Section I T.O. 31-1-141-14

o

Figure 13-4. Typical Waveguide Sections

o

o
13-6



T.O. 31-1-141-14

SECTION n

TRANSMISSION LINE PROPERTIES AND ELECTRICAL FUNDAMENTALS

13-17. CIRCUIT PROPERTIES.

o

13-23. SCHEMATIC REPRESENTATION.

13-7
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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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13-9

PROTON 
(+ CHARGE)

13-32. Electricity consists of two elemen­
tary particles, arbitrarily called positive
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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:

T
3 —2CM-*|

-0| ■ -Qg'IUNIT CHARGE 

d«2 CENTIMETERS

-Op 2 UNIT CHARGES 

-Qg= 3 UNIT CHARGES 

d> 2 CENTIMETERS 

Q|XQ2

*

IXI I 
-。一4 DYNES d2 an

4- 0|«2 UNIT CHARGES 

-Q2=3UNIT charges 

d « I CENTIMETER

2X3 6 
------»l.5 DYNES

(2)2 4

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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13-95. STATIONARY MAGNETIC FIELD.

o
13-22

L
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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 
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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 ) 
f® !® !®L L L 厂
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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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—―四~- i® r©L L L
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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 
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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
+ d
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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.

o13-160. POSITIVE 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
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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.

I------

4
5 6

C

Figure 13-34. Self-capacitance of a Wire

13-37

13-178. INDUCTANCE OF A STRAIGHT 
CONDUCTOR.

B
I I1 r

Chapter 13 Section JU 
Paragraphs 13-178 to 13-183

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

Chapter 13 Section HI
Paragraphs 13-184 to 13-185

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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DISTRIBUTION CURVES
VOLTAGE CURRENT
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Figure 13-37. Voltage and Current Distribution (Part A)
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Figure 13-37. Voltage and Current Distribution.(Part B)
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Chapter 13 Section JU 
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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Figure 13-37. Voltage and Current Distribution (Part C)
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DISTRIBUTION CURVES 
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DISTRIBUTION IVESBUTION CUR' 
(CONTINUED)

VOLTAGE CURRENT

% Q
 292.5

 292.5' 

©A-B2 38 e max. I = .93l MAX,

QTI5

 315° 

 315 

efl_B=.7O7eMAX. i=.707i MAX.

.93 

4 

)0 

 337. 5 
 337.5* 

eA_Q= 93 e MAX. i».38i MAX.

+ 

0 0

es e MAX.

D
292.5 DEGREES TO 360 DEGREES

Figure 13-37. Voltage and Current Distribution (Part D)
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Chapter 13 Section IH 
Paragraph 13-207 (Cont)

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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Figure 13-39. Voltage Distribution Drawing and Graph Showing 
Sinusoidal Voltage at Each Point
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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
VOLTAGE AT y
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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.

百我丁5 丫6 丁7 T9 Tq 川/了由 2 T|3 T|4 由6
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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.
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13-230. DIVISION OF ENERGY.

Zo

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

a>
«tM
 
lN3

o:
a:no 

u.o

UJa
r
u
m
d
s
<

UJM
M

39V1

-J0A
 

u
o

UJa
n
t
 

盘 dsv



T.O. 31-1-141-14

x

oper mile.

A 13-310. PHASE DIFFERENCE.
TRANSMITTER RECEIVER

Figure 13-65. Sine Wave Motion

o

13-70

INSTANTANEOUS
VALUE

OF

PHASE 
VELOCITY DISTANCE 

ALONG 
THE LINE

Chapter 13 Section IV
Paragraphs 13-309 to 13-314

TRANSMISSION LINE WIRES

B

FEET 
OR 

MILES

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.



T.O. 31-1-141-14

b. Then:
10,000 CPS SINE WAVE

18 MILES —*1

IY

c.

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

13-72

36QQf
V

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
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A
INPUT WAVE

-8V 
-IOV

4V
5V

+ 5V
+ 4V

■MOV
+ 8V

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

UNDESIRABLE： NOT DIRECTLY 
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Figure 13-72. Phase Distortion
13-343. STANDING WAVES OF VOLTAGE.
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Chapter 13 Section IV
Paragraphs 13-342 to 13-344
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90* PHASE SHIFT 
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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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Chapter 13 Section IV 
Paragraphs 13-345 to 13-350
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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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SHORT-CIRCUITED LINE

13-79

C
INFINITE LINE

A
OPEN -CIRCUITED LINE

A
OPEN-CIRCUITED
HALF-WAVE LINE

SYMBOL X(LAMBDA) 
WAVELENGTH

OPEN 
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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13-80

Chapter 13 Section IV 
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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Figure 13-82. Short-Circuited Lines and 
Corresponding Lumped Circuits

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 
of a quarter-wave line (X /2, X , 3 X/2 etc). 
The impedance is an extremely high resist­
ance.
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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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REACTANCE.
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Chapter 13 Section V
Paragraphs 13-382 to 13-384

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
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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.



T.O. 31-1-141-14

COPPER BRAND SHIELD

Figure 13-87. Shielded Pair

13-398. CONSTRUCTION OF CABLES.

13-91

DIELECTRIC 
MATERIAL

RUBBER 
COVERING

Chapter 13 Section VI 
Paragraphs 13-398 to 13-400

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 
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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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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.
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13-411. CONCENTRIC CABLE ASSEMBLY.

TWISTED PAIR.13-413.

CONSTRUCTION OF TWISTED

13-415. Figure 13-93. Twisted Pair

o

13-416. FIELD WIRES.

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.

13-414.
PAIR.
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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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SECTION vn

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
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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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o13-425 ・ LOADING OF LINE.

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.

13-100
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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

Chapter 13 Section VII 
Paragraphs 13-445 to 13-448

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.
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C24
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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 
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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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Figure 13-107. Resonant-Line Sections as Parallel-Re sonant (Tank) Circuits
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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.



T.O. 31-1-141-14

+ HV

o HEATER

+ HV

13-115

A

INNER 
CONDUCTOR

B
EQUIVALENT CIRCUIT

T
I
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Chapter 13 Section VII 
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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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Figure 13-113. Re sonant-Line Sections 
Used as Impedance Transformers

Chapter 13 Section VII 
Paragraphs 13-493 to 13-494

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 
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COAXIAL IMPEDANCE TRANSFORMER AND 
EQUIVALENT CIRCUIT
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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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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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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

Chapter 13 Section VII 
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,x_ 

B

Figure 13-122. Phase Inverter Used as 
Line-Balance Converter

UNBALANCED
Z s 4

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

r/VVVVWV\A _ _ 2
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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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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

/ /TV~

_RECEIVER INPUT 
/\~ IMPEDANCE



T.O. 31-1-141-14

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
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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
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THE CIRCUIT OF THE LINE
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EQUIVALENT CIRCUIT 
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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

SWITCH 
r-0-»-0

T2
B

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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Figure 13-132. Mercury Delay Line

13-540. SOLID MEDIA.

13-134

PATHS OF 
MECHANICAL­
VIBRATIONS

REFLECTING 
SURFACES 

(8)

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 
Paragraphs 13-542 to 13-543

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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