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METHODS, FORMULAS, AND TABLES FOR THE
CALCULATION OF ANTENNA CAPACITY

By Frederick W. Grover

ABSTRACT

To calculate the capacity of an antenna a certain charge is assumed upon the

antenna and the resulting potential is calculated.

In carrying out this method the difficulty is met that, in general, the law of

distribution of the charge is not known. Howe made the assumption that

sufficient accuracy is attained if first a uniform distribution of charge is supposed

to exist and the potential calculated at various points of the antenna, the average

of these potentials being taken as the final equilibrium potential. Howe called

attention to discrepancies between the values obtained by his method and
published values for the same antennas by the inductance method. The present

paper shows that the two methods agree if appropriate inductance formulas are

employed. The Howe method is more general, and it is believed to give suffi-

cient accuracy for engineering requirements.

Formulas are given for the common types of single and multiple wire antennas

in a form convenient for numerical computation, together with tables of constants

which will be found useful in such calculations. In addition, tables of the

capacities of both horizontal and vertical single-wire antennas and horizontal

two-wire antennas have been included, which should render all calculation

unnecessary in many inportant practical cases.
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1. INTRODUCTION

Formulas for the calculation of the capacity between two parallel

wires of infinite length have long been known. The case of a single

wire of infinite length, stretched parallel with the surface of the

earth at a distance which is small, compared with its length, may
be treated by the same formulas, since, by the theory of electric

images, the effect of the induced charge on the earth may be taken

into account by supposing the earth to be replaced by a wire of the

same dimensions as the given wire and carrying a charge of opposite

sign. This image wire is assumed to lie as far below the surface of

the earth as the actual wire is above the surface of the earth. A
very complete treatment of the whole subject for wires of infinite

length, together with a bibliography, is given in a paper by Kennelly ^

who has also in a later article ^ published curves for simplifying the

calculations.

1 l»roc. Am. Phil. Soc., 48, p. 142; 1909. ' Elec. World, Oct. 27, 1910.
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The formulas for wires of infinite length suffice for calculations

with transmission lines, but in the very important case of an antenna,

the wires of which it is composed are seldom of such a length that

their distances from one another and from the earth, can be neglected

in comparison with their lengths. A correction for the lack of uni-

formity of distribution of the charge along the wires has to be taken

into account. The capacity of a single wire has sometimes been

calculated from the formula for a very long thin ellipsoid, isolated

in space, but only in recent years have formulas for the more common
forms of antenna been derived.

Of these, especial mention may be made of the work of Cohen,^

who derived formulas for the capacity of an antenna consisting of a

number of wires, arranged parallel to one another and to the surface

of the earth (flat-top antenna) by assuming the reciprocal of the

capacity per unit length to be equal to the inductance per unit

length of the system of wires, assumed to be joined in parallel with

the earth as return. This reciprocal relation holds exactly only

when the wires are of infinite length.

The most extensive contribution is, however, furnished by the

papers of Howe,* who has obtained formulas for a number of common
forms of antenna from electrostatic considerations. The distin-

guishing feature of his treatment is the method used to take into

account the lack of uniformity of distribution of the charge along the

wires. Howe called attention to the considerable difference in the

value of the capacity calculated by Cohen for a certain flat-top

antenna and the value obtained by his own formula for the same
case, but gave no explanation of the discrepancy.

In 1917 formulas derived by the author of the present paper were
published by the Bureau of Standards.^ In these account was taken

of the finite length of the wire, but the lack of unifomiity of charge

distribution was only imperfectly taken into account. Themethod
of Cohen was employed, but with a considerable simplification in

the mathematical work.

An approximate formula by Austin ^ for the capacity of multiple-

wire flat-top antennas has the advantage of simplicity, with an
accuracy which is greater the greater the number of wires in the

antenna top; that is, for close distribution of the wires.

The present paper has grown out of an examination of the difference

between the results of Cohen and Howe. It will be shown that

although neither method is exact, the method of Cohen leads to the

same formulas as the method of Howe in those cases where the

former method is applicable.

» L. Cohen, Alternating-current Problems, McGraw-Hill Publishing Co., 1913.

* G. W. O. Howe, Lond. Elect., 73, p. 829; 1914. Lond. Elect., 77, p. 761; 1916. Proc. Lond. Phys.
Soc, 39, p. 339; 1916-17.

« Circular No. 74, Radio Instruments and Measurements, Bureau of Standards, pp. 237-241; 1917.
« L. W. Austin, J. Wash. Acad, of Sci., 9, p. 393; 1919
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Finally, the Howe method of approximation has been used to

derive formulas for the capacity of the more usual types of antenna.

Some of these cases have already been treated by Howe, but for the

most part with further simplifying assumptions. The attempt has

been made here to avoid, as far as possible, approximations other

than that involved in Howe's fundamental assumption. Especial

attention has been paid to putting the formulas in a form conven-

ient for numerical calculation, and to unifying the mode of expres-

sion, so that a few tables suffice for all the principal cases.

The formulas of this paper apply strictly only to the electrostatic

capacity. For the case of alternating currents, provided that the

length of the antenna is small compared with the wave length, the

value of the quotient of charge by potential may be regarded as the

effective capacity of the antenna.

n. GENERAL METHOD USED FOR CALCULATING THE
CAPACITY

The electrostatic capacity of a conductor is defined as the quotient

of its charge by its potential. The potential is the algebraic sum of

the values of potential given it by its own charge and by the charges

on all the other conductors of the system. The effect of the induced

charges on the earth may be taken into account by including with

each conductor an image conductor which is supposed to carry an
equal and opposite charge to that on the conductor to which it

corresponds.

Accordingly, the capacity of an infinite straight wire placed

parallel to the surface of the earth is the same as that of an infinite

straight wire, placed parallel to an equal wire, bearing an equal

charge of the opposite sign. The exact formula for the capacity in

this last case is well known. If d is the diameter of cross section of

the wire, and Ji is its height above the earth, the capacity of the

wire per unit length is

1 2logn[
2 J

For a wire 0.01 foot (0.12 inch) in diameter, placed 25 feet above
the ground, the formula

"""^"^ '''

differs from the exact formula (1) by only 1 part in 10^. The exact

formula takes into account the fact that the surface density of the

charge is not quite uniform around the perimeter of the elements of

the wire, as a result of the attraction between the charge on the

wire and that on the earth. This disturbance is neglected in equation

(2), and the smallness of the error thus committed in the example
in question shows that this effect does not need to be taken into

account with the sizes of wire and the heights common in antennas.
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For an infinite wire the distribution of charge is uniform along the

axis; that is, the quantity of charge is everywhere the same for

portions of the cylindrical surface intercepted between planes drawn
perpendicular to the axis and 1 cm apart. Neglecting the slight

variation of the surface density around the perimeter of the cross

section, the potential at external points and at points on the surface

of the wire, is the same as would be produced by a unifomi distri-

bution of charge on the axis itself, if the quantity of charge g per

centimeter, measured along the axis, be taken equal to the charge

on the cylindrical surface between planes perpendicular to the axis

and 1 cm apart.

III. SINGLE HORIZONTAL WIRE

For a horizontal antenna wire the height above the earth can not

be regarded as negligible in comparison with the length of the wire;

on the contrary, these two dimensions are, as a rule, of the same order

of magnitude. No exact formula for the calculation of the capacity

of such a wire is known. In fact, the simpler problem of the calcu-

lation of the capacity of an isolated cylinder has not yet been solved

and seems to offer great difficulties. Fortunately, the smallness of

the diameter of the wires used for antennas, as compared with their

length, allows an approximation to the capacity to be obtained.

The following possibilities may be considered for the case of a single

horizontal wire.

We may, first, assume that the capacity per centimeter is the same
as for an infinite wire of the same diameter and height above the

earth, and may thus write for the capacity

0^-'
^,4^ (3)2logn^

I being the length of the wire in centimeters. This formula, how-

ever, does not take into account the fact that the charge density on
the wire increases as the ends of the wire are approached, and must
become infinite for an infinitesimal area of the surface at the extreme

ends of the wires.

Let us suppose that a charge distribution of q units per centimeter

be placed along the axis of the wire. (Fig. 1.) The potential at any
point P (a, D) is readily found to be

v = q
2 + ^

2
sinh ^ —fv- + sinh"^ —D '

^"^" D
(4)
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and taking the point P on the surface of the wire; that is, putting

J9= ^'the potential of the wire due to the charge is

t2 + «
_ 2"^

I (5)
sinh 1 -^ +sinh ^

-^J
The similar distribution of charge of — g per centimeter on the image

wire will give to the wire at the point P the potential

»2 = [sinh-'li^+ sinh-i^^J
(«>

The potential values calculated from equations (5) and (6) are

plotted in Figure 2 for a wire 50 feet long, 0.01 foot in diameter,

£
a. ^

I

I

Fig. 1.

—

Potential due to a uniform line charge at an
external point

placed 25 feet above the ground. Curve A shows the potential

variation along the wire, due to the assumed uniform distribution of

charge on the wire. The potential has a maximum value of 18.420

q at the center, and decreases only very slightly until the ends are

nearly reached, when the value drops suddenlj^ to 9.903 g. The
potential due to the charge on the image wire, curve B, is also largest

at the center, and is quite uniform over the wire, decreasing some-

what toward the ends. The value at the center is —0.962 q, and at

the ends —0.881 q. The resultant potential, curve C, which is the

sum of the curves A and B, has, therefore, a maximum value of

17.458 q at the center and 9.022 q at the ends, but the changes are

small, excepting within the last few inches of wire at the ends.

Thus, the value of potential at the center may be taken as repre^

senting approximately the actual potential of the wire, and this

approximation is a closer one than the value 18.420 q given by the

infinite wire formula for in the latter is included the potential

which would be contributed by uniform axial charges of density q
per centimeter reaching from the ends of the wire to infinity.
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IV. HOWE^S APPROXIMATION

The assumed uniformly distributed charge on the wire would not

be in equilibrium. The potential variation shown in curve C (fig. 2)

would cause charge to move from the center toward the ends. Thus,

the potential at the middle would fall, and that at the ends would

rise, until the whole wire would reach a uniform potential. It is thus

evident that the potential value calculated for the middle of the wire

on the assumption of uniform charge density is too large, and the

value similarly calculated for the ends is too small. As an approxi-

mation to the true equilibrium potential, Howe calculated the average

of the potentials taken over the length of the wire. The expression

for this average is
_^

readily obtained by ? '.^^TZZZ:̂ - ^^:i.m^

integrating equa-

tions (5) and (6)

over the wire, and

dividing the result

by the length of the

wire. The average

potential due to the

charge on the wire

is thus found to be

17.807 q {DD\ fig.

2), and that due to

the image charge

-0.934 2- Their
sum is 16.874 g
{EE', fig. 2). If,

instead of supposing

an axial distribution

of charge, the dis-

tribution were sup-

posed uniform over

the cylindrical sur-

face of the wire, and

the average of the potentials taken over the surface of the wire, the

result found would differ in this example by only 5 parts in 100,000.

Thus, for the dimensions common with antenna wires, the assump-

tion of an axial distribution in carrying out the Howe method of

approximation is justified.

The different approximations to the potential of the wire considered

may be summarized as follows:

Infinite wire formula, v = 18.420 g
Uniform axial distribution (middle point), v= 17.458 g;

Howe's approximation, v= 16.874 g
60750°—28 2

20 10 10 20
WIRt.

8

ElAKTH

Fig. 2.

—

Potential curves of uniformly charged horizontal

wire
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The first and second of these are known to be too large. A con-

firmation of this fact is furnished if we consider the wire to be com-

pared with a charged isolated ellipsoidal conductor, having its

greatest dimension the same as that of the wire, and the same central

cross section as that of the wire. Using the previous nomenclature,

the potential of such a conductor is known to be ^o= ~7j,^^^ cosh""^
g

which, for an ellipsoid equivalent to the wire previously considered,

gives a value (18.420 q) which differs by a negligible amount from the

potential produced at its middle point by the same charge uniformly
distributed on an isolated cylindrical wire. This fact is not surprising,

since it is known that on the ellipsoid the charge included between
planes perpendicular to the axis and 1 cm apart is everywhere the

same; that is, the ellipsoid, as well as the wire, has a distribution of g
imits per centuneter of its length. However, the cross section of the

ellipsoid is everywhere less than that of the wire, except at the central

cross section, and this fact would lead one to expect for it a higher

potential, for a given quantity of charge, than for the equivalent

cylindrical wire.

V. METHOD OF SUCCESSIVE NUMERICAL APPROXI-
MATIONS

To obtain an idea of the accuracy of the Howe approximation, a
method of successive numerical approximations was employed.

Starting with a imiform linear charge density upon the wire and its

image, the potential variation over the wire is calculated, as already

described. The average, or Howe value, gives a first approximation

to the required equilibrium potential. A second approximation to

the true charge density is obtained by increasing the values at those

points where the potential is low, and decreasing the values where
the potential is high, in such a way as to keep the total quantity of

charge constant. As a simple method of doing this, the values of the

linear charge density were taken as inversely proportional to the

calculated potential values (total charge kept constant). With this

new distribution of charge the corresponding new potential dis-

tribution has to be calculated, and the average taken. This gives a

second approximation to the equilibrium potential. Correcting the

charge distribution again in the inverse ratio to the potential

variation of the potential distribution last found, potential values are

again calculated and averaged, and thus a third approximation to the

equilibrium potential found, and so on.

The chief difficulty with the method lies in the fact that the

expressions for the calculation of the charge density and potentials

of the second and higher approximations can not be integrated

directly, but methods of mechanical integration and averaging have

to be employed, thus requiring the evaluation of many ordiaates of

the curves of these quantities. Thus the work is very laborious

and time consuming.
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The only case for which the author has obtained more than the

second approximation to the potential is that of a single vertical wire

50 feet long; 0.01 foot in diameter, with its lower end only 1 foot

from the groimd. The effect of the earth is in this case very marked,

so that this may be regarded as rather a severe test of the simple

Howe approximation. The curves of the successive approximations

to the equilibrium calculated for this case by the method just out-

lined are shown in Figure 3. The curve A is for uniform linear

charge density on the wire and its image. The average or Howe
approximation to the potential is 16.563 q. Curve B shows that the

potential corresponding to the corrected charge density (second

approximation) is very uniform

over the wire except for the last

0.2 foot at each end. The average

of this curve gives 16.42 q as the

second approximation to the equi-

librimn potential. Again correcting

the charge densities, the potential

distribution resulting hardly varies

in the fourth figure, except at the

extreme end of the wire. The
third approximation to the equi-

iibrimn potential is 16.41 q^ or

about 1 per cent less than the

Howe approximation. The con-

vergence of the method appears

to be entirely satisfactory. It

should be noted that in making
these calculations the effect of the

charges on the end faces of the

cylindrical wire were taken into

account. Then- effect is found to be

inappreciable at distances greater

than about the diameter of the cross section of the wire.

A second approximation to the potential of the same wire isolated

in space has been calculated. The first or Howe approximation, as

has already been mentioned, is 17.807 q. The second approximation
is only 2 to 3 parts in 1,000 less, which makes it probable that

the value 17.75 g is correct to perhaps a unit in the last place.

From the nature of the case it is apparent that the method of

successive numerical approximations can not give a general estimate
of the accuracy of Howe's approximation. Each wire or combination
of wires has to be treated as a special case. The fact that the error

in the case of a single wire or a vertical wire and its image is small is

to be expected, since the cases which they resemble (ellipsoid and
hyperboloid of revolution, respectively) are known to be in equi-

EARTH

Fig. 3.

—

Successive approximations

the potential of a single vertical wire

to
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librium with equal charges between equally spaced planes drawn
perpendicular to the axis. However, in the case of more complicated

wire systems no evidence is yet available as to the error of the Howe

20 18 16 14- IE 10

10

20

30
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50

22
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18

16
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lO ao 30 40 SO 60 70 do 90 100.

Fig. 4.

—

Potential variation of uniformly charged isolated L antenna

approximation. Figures 4, 5, 6, and 7 show the potential variation

resulting from a uniform linear charge density on two important

POTE-NTIAU^
20 18 16 14 12 10 WIRE,

lo

20

30

40

10 20 ^ 40 50 60 TO eO 90 , 100

UMmiuimuui/uu e^rth

Fig. 5.

—

Potential variations of uniformly charged L antenna

cases, viz, two wires each 0.01 foot in diameter and of lengths 50 and
100 feet, respectively, joined in the one case to form an inverted L
and in the other to form a T antenna. The shorter wire is placed
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vertical with its lower end 5 feet from the ground and the image

wires are included. Curve A shows in the case of each combination

the potential distribution resulting from the charge of the wires,

while curve B in each case shows the potentials as modified by the

earth. The Howe values are also indicated in each case. From the

potential curve for the L antenna it appears that this case is little

different from what would be found for the same wires arranged to

form a single vertical antenna. Thus, the Howe approximation is

probably as accurate in this case as has been found for a vertical

wire by the method of successive approximation. For the T antenna,

and still more so in other more complicated antenna systems,

nothing can be stated as to the accuracy of Howe's approximation.

The author believes it probable that for such long thin wires as are

found in practice the error is not important in the light of the uncer-

tainties introduced by errors in the measurements of the dimensions,

irregularities in the earth's surface, disturbances due to neighboring

objects, effect of imperfect dielectrics, and the like.

Accordingly, the formulas of this paper are based on the Howe
approximation, and it remains to show how it may be extended to

the treatment of the more complicated forms of antenna. Two
general methods are available.

VI. TREATMENT OF COMBINATIONS OF WIRES

First, we may follow Howe, assuming, first, that a uniform linear

charge density q be imparted to the whole system and calculating

the potential distribution which would result, average these values

over the whole length of wire in the system. This value is taken as

an approximation to the true or equilibrium potential.

Thus, denoting by I and m the lengths of two wires joined to form

a system, and by Vi and V2 the values of the potentials at any points

of the wires, due to a imiform linear charge density upon the wires

and their images, then the approximation to the equilibrium poten-

tial is to be taken as equal to

I

Vidl+ I V2dm
l+m

I

l +m

which indicates that the mean is to be taken of the Howe potentials

for the two wires, weighting them according to their lengths.

A second, and perhaps more general, treatment of complicated

systems is illustrated by the following solution of the problem of a

flat-top antenna consisting of four equally spaced parallel wires
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Fig. 6.
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Potentials of uniformly charged isolated T antenna
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Potentials of uniformly charged T antenna
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of equal length and joined at both ends, the whole being placed with

the wires all at the same height above the earth.

The general Maxwell potential equations are then

Vi = QiPn + Q2PU + QzPu + Qipu
V2 = QlPu + Q2P22' + Q3P23' + QaV24'

V3 = Q1P13' + Q2P23 + ^3:^33' + QiPs/

Vi = QiPxa! + Q2P24! + QzVzi + QiVu

(8)

The potential coefficient pn refers to the potential of wire 1 due to

both its own charge Qi and that on its image wire. Similarly,

Pu refers to the contribution to the potential of wire 1 by the charge

Q2 on wire 2 and the equal and opposite charge on the image of wire 2.

By symmetry in this problem ^4 = ^1, and Qz = Q2, Vn =P22' ^Pzi —

P44', P2z'^Pu^Vz4!i 'P2i'=^Pizj and the equations for v^ and V4, are

the same as those for V2 and Vi^ respectively. To apply Howe's
approximation, uniform linear charge densities are assumed to be

given to the wires, ^i to wire 1, and — gi to its image, and q^ and
—

Ci2 to wire 2 and its image wire, respectively.

Thus Qi = qil, Q2 = g,J', and the general equations are

Vi/l = qi(pn+Pu) + a2(l>u+Pi3')
V2/l= qi(pu+Pu) + q2(pn+Pu)

The potential coefficients must be defined in terms of the Howe
method of approximation. That is, pu for example, is the average

of the potentials contributed to wire 1 by a unit charge distributed

uniformly along the axis of wire 2, etc.

Since the wires are all at the same potential when joined together,

we will have V2 = z^i = ?^, so that the potential equations give

(9)

where

The capacity is

2i

9.2

A=

1 Pu+Pu
1 Pu+Pu

Pn+Pu 1

Pu+Pu 1

Pn+PuPu+Pu
Pu+PizPn+Pu'

^^ 2(gi + g2)Z

Pn ^'' ~^. + "2 ']

and thus

\Pn Pn 2 ^^

)

(10)

(11)

(12)
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The solution of the problem of finding the inductance of the same
four wires joined in parallel with their return circuit through the

ground, the resistances of the wires being supposed negligible in com-
parison with their reactances, leads to the same mathematical ex-

pression for their joint inductance if, in the equation for -^^ we put

for the potential coefficients the corresponding mutual inductances

of the wires and their image wires. Cohen derived the expressions

for the joint inductance of different numbers of parallel wires up to

and including 7i = 6. He assiuned then that the inductance, divided

by the length of the wires, is equal to the reciprocal of the capacity

of the same wires, divided by their lengths, and thus obtained capac-

ity formulas for these cases. The identity of the inductance per

centimeter and the reciprocal of the capacity per centimeter is,

however, exact only in the case of wires of infinite length.

Through the use of a mutual-inductance formula in which the

height of the wires above the ground is neglected in comparison with

their lengths, and also as the result of an error in the numerical value

of a logarithm, Cohen's values for given systems of wires differed

considerably from the values found by Howe for the same systems.

However, using the appropriate mutual-inductance formula, this

inductance method of Cohen agrees exactly with the method of using

Howe's approximation sketched above, and we have the striking

result that the two methods, each of them inexact, are entirely

equivalent for the case of the flat-top antenna. The reason for this

agreement and its limitations may be shown as follows:

The potential at any point of a wire A, of length Z, due to a uniform

linear charge density ^b along the axis of a wire B of length m, is

2b I
where Tab is the distance between any two points on the

Jo ^ab

two wires. The average of this potential, taken over the length of

the wire A is

-4l'4^=t^ ^

as)

The total charge on B is q^m, so that the potential coefficient is

N N

.

.

^^^^Tm ^^ P ^^ ^^® wires have equal length. From equation (12) it

is evident that the reciprocal of the capacity per centimeter of length

I . N
of the wires - is a function of terms of the form Ipa,^, or of y
For the mutual inductances in the solution of the inductance

problem we have to put the Neumann integral, which for the wires 4
and B, is \ dl\ or N cos e, e being the angle made by the

Jo Jo ^ab

two straight wires. Thus for the mutual inductance per centimeter of
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N
two parallel wires of equal length, it becomes y cos e. Thus, since the

mutual inductances enter into the expression for the joint inductance

in the same way that the potential coefScients do in the expression

for the reciprocal of the capacity, the same expression is reached for

the inductance per centimeter, as is found for the reciprocal of the

capacity per centimeter. This complete equivalence of the solutions

of the two problems holds for any system of parallel wires of equal

length, both when they are all horizontal, or when they are all vertical.

Otherwise the image wires will not be parallel to the antenna wires,

and the cos e factor is not unity. However, even in this case, the

Howe potential coefficients may be obtained from the general Neu-
mann integral for any two straight filaments placed in any desired

position/ if only the cos e factor be omitted from this.

It will be noticed from equation (9) that the general potential

equations for a system of wires involve as coefiicients the potentials

per unit linear charge density, rather than the potential coefficients

themselves. This quantity, which may for convenience be termed

the "linear coefficient," depends only upon the ratios of the geometri-

cal dimensions of the system. If we denote by Uab the linear poten-

tial coefficients of wire A, length I, resulting from a unit linear

charge density on wire B, length m, then a linear charge density ^b

on B will give rise to an average potential 2^ab= 5'b '^ab on A. But if

Q =%m denote the whole charge on B, we may write by definition for

the average potential of A, Vg^i^^Q Pa.h^q.b '^n ^Pab, in which 2>ab is the

Howe potential coefficient defined on page 581. Thus, u^^^m j^ab-

It is well known that the same charge Q^q^l placed on A will give

rise to the same potential ^?ba on B as before. Thus, z?ba= «^ab = 2b '^^ab
=

a
a, i^ba. But -^=-j~ and thus

2b t

In Appendix 2 are given the linear potential coefficient expressions

for certain important special cases. It is to be noted that in the

symbol Ugfy, the charged body appears last in the subscript.

The expression (11) for the capacity of a four-wire flat-top antenna
is not simple, and for a greater number of wires the expressions are

very complicated. Fortunately a notable simplification may be

attained if the division indicated in these expressions is actually

carried out. For the four-wire case we find

l_ir , 2p,/ + ^p,,^-i-Qprn 1 {pu'-VizY
C-AF^^'' 4 -J

16|-^^^..^^^._,(,./-^./)J

(15)

7 G. A. Campbell, Pbys. Rev.; June, 1915.

60750°—28 3
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the last or remainder term being small compared with the first or

principal term. If the potential coefficients be expressed in terms of

one of their number the expression for n equally spaced wires is still

simpler. In general, neglecting the remainder term,

l_Pn'+(n-l) P12' ^ ..^v

where

IT- ^jiflogn (n-l) + 2 logn (7i-2) + 3 logn (n-S) + 1
° nl -f (71-2) logn 2

J

Expressed in terms of the linear potential coefficients, we find for

the reciprocal of the capacity per centimeter

Z %/+ (^—1) '^^12'

C n
Kn (17)

an expression which applies equally well when the wires are all

vertical, if the appropriate linear potential coefficients be used in

each case.

VII. DERIVATION OF WORKING FORMULAS FOR THE
CAPACITY

The derivation of formulas for the capacity of a single horizontal

or vertical wire and for systems of parallel wires in a horizontal or

in a vertical plane has been fully discussed in the foregoing. Work-
ing formulas for these cases and for other types of antenna are given

in section 8. All these formulas were obtained by the application of

the principles already discussed. The capacities are given throughout

in micromicrofarads (10=^^ farad). To make possible the use of

tables of common logarithms the denominator of each expression has

been divided by 2.303. Thus, if the velocity of light be taken as

2.998 X 10^° cm per sec. there is derived the factor 0.2416 which appears

in the working formulas. In most cases terms which depend upon
the presence of the earth and the mutual effects of the wires have

been combined and tabulated. For the usual types of antenna a

few tables suffice.

The capacity formulas for the more complex forms of antenna

were obtained for the most part by applying the first method of

section 6; that is, supposing the system to be given a uniform dis-

tribution of charge, the potential of each wire is written down as

the algebraic sum of the potentials due to its own charge and those

on each of the other wires and image wires of the system. The
equilibrium potential is taken as the mean of the potentials of the

individual wires, each weighted in proportion to the length of the

wire to which it applies. The capacity is the quotient of the total

charge by the equilibrium potential. In calculating the potential
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the appropriate linear potential coefficients have to be used, and
since natural logarithms occur in these, the factor 2.303 has to be

divided out to agree with the general system of the calculations.

The effect of supporting masts and other grounded conductors

near an antenna may be evaluated by the following general method.

Assume that, in addition to the uniform linear density g^ of the antenna

wires, there is a linear charge density of — ^i upon the mast and

+ 2i upon its image. The potential equations for the antenna wires

thus include terms in gi to take account of the presence of the mast.

An additional equation may be written for the potential of the mast
itself, and since this is known to be zero, this last equation will be

given the value of gi in terms of g. Thus gi may be eliminated from

the potential equations for the wires and the capacity is then obtained

by the methods already discussed.

The calculation of the added capacity given to an antenna system

by the lead-in wires is a special case of the general problem of finding

the joint capacity of two antenna systems when connected to form
one whole, the capacity of each component being given by one of the

formulas of section 8. This problem is treated separately in section 10.

VIII. WORKING FORMULAS FOR CALCULATING CAPACITY
OF VARIOUS PRACTICAL FORMS OF ANTENNAS

In the following formulas the capacity is in micromicrofarads
(10"^^ farad); logarithms are to the base 10. Ample accuracy in

the values of the logarithms will be attained by the use of a four-

place table, although if a five-place table be employed interpolations

will be unnecessary. Linear dimensions are given both in centimeters

and in feet. The use of subscripts, as explained below, will make
clear which system is meant in all cases. However, where the ratio

of two dimensions is used as a parameter, either system may be used,

as long as both dimensions are expressed in the same system; and this

fact will be indicated by the omission of subscripts.

The following nomenclature is common to practically ail the

formulas. Other symbols are explained where they occur.

(Z= diameter of wire,

D = distance between centers of parallel wires,

Z7= potential coefficient for unit charge density per unit length

of the antenna,

(7= capacity, in micromicrofarads,

Zi == length of a horizontal wire, in centimeters,

nil = length of a vertical wire, in centimeters,

^2 = length of a horizontal wire, in feet,

m2 = length of a vertical wire, in feet,

hi = height of a horizontal wire above earth, in centimeters,

7i2 = height of a horizontal wire above earth, in feet,
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h\ = height of lower end of a vertical wire above earth, in cen-

timeters,

h\ = height of lower end of a vertical wire above earth, in feet,

71-=number of wires joined in parallel.

1. SINGLE HORIZONTAL WIRE

(7=
0. 2416Zi 7. 36Z2

. 471 j^ , 4:h ^ (18)

where Kis to be taken from Table 1 for either the ratio -y- or^» de-

pending upon which is less than unity.

In Table 2 are given values of the capacity of single-wire horizontal

antennas of various lengths and heights. This should be useful in

certain practical cases.

Example 1.—For a single wire 100 feet long, stretched 50 feet

above ground, and assuming the diameter of the wire to be 0. 24

inch = 0.02 foot, we find V=|^ = 1^,000, and thus log ^=4.000.

The valueof y isj^^l, and from Table 1, Z=0.336. Thus

^ 7. 36 (100) ^__^ .^= 3.664 =200.9 mm/

This value is in agreement with that calculated from Howe's
tables.

2. SINGLE VERTICAL WIRE^

The wire is supposed to have a length m and its lower end is at a

height h' above the surface of the earth.

^^ 0.2416 mi ^ 7.36 m^
^

, 2m , , 2m , (19)\og~^-Tc \og-j-lc

in which the constant Tc is to be obtained from Table 3 for the value of

~ or Tj depending upon which is less than unity.

Example 2.—Suppose a vertical wire 40 feet long, with its lower

end 10 feet from the ground. The diameter of the wire will be taken

as 0.24 inch as in the preceding example.

8 Caution.—ThQ formula for the capacity does not apply for the limiting case where the distance between

the lower end of the vertical wire and the earth is vanishingly small, but an error of not more than a

few per cent results if this distance is as small as 1 foot.
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Thus, in formula (19) we have m = 40, ?i' = 10, =j^ = 4,000

logio^= 3.602. From Table 3, with —= 0.25, fc = 0.291, and thus
a m

^__ 7.36(40) _^^^ .

^"3.602-0.291 "^^•^''^*

In Table 4 is given the capacity of vertical wires covering a con-

siderable range of lengths, diameters, and heights above the ground.

3. SINGLE-WIRE INVERTED L ANTENNA"

Suppose the length of the horizontal portion is Z, that of the vertical

portion m, the height of the vertical portion from the ground h'f and
thus the height of the horizontal portion is h^h^ + m. Then the

capacity is given by

^_ 0.24 16 (Zi + mi) _ 7.36 {k 4- n^)

in which

^-rr^h¥-^]+zTkhx-^]-^ (20)

The term X takes into account the mutual effect of the two portions

of the antenna. Its value is obtained from Table 5 for different

values of the ratios — or f. and — or tt* The values of K and Tc are

to be taken from Tables 1 and 3, respectively, as in the preceding

examples.

As a first approximation the capacity of the inverted L may be

calculated as the sum of the capacities of the component wires taken

separately. This approximate method always gives a value larger

than the true values.

Example S.—Let us consider an inverted L antenna made up of

the horizontal wire treated in example 1, and the vertical wire of

example 2. Then Z=100, m = 40, ?i' = 10, (? = 0.24 inch,

n— =TTR= ^' n— =^' With T=0.4, —=0.25 m Table 5 we find
Z +m 140 7 l-\-m 7 I ^ m

Z =0.194. Thus f7=| (3.664)+^ (3.311) + 0.194 = 3.757 and

Tke simple sum of the separate capacities of the horizontal and

vertical portions is 289.8, which is more than 5 per cent too large.

» See footnote, p. 586.
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4. SINGLE-WIRE T ANTENNA

The antenna consists of a horizontal wire of length Z at a height ^,

above the ground. To the center of this is attached a vertical wire

of length m. The height of the lower end of this, above ground, is

denoted by li\ The capacity is calculated from the formula

^_ 0.2416 gx +mO_ 7.36 (l2±m^ .^^.V—
jj,

—
jj,

^ji;

in which

The constants Kyle, and ^i are to be taken from Tables 1, 3, and 5,

771 . Z
respectively, the latter for the argument y = ratio of m and ^ •

Example 4-—Consider a T antenna made up of the horizontal

and vertical wires of examples 1 and 2. Then

7 inn ^n 7/ in J no^ • I
^ ^ ^ 2 Z + 2m 9Z=100, m = 40, /i =10, a = 0.24 mch, 7-1— =-=» r.— = 1^' "rn— =^' ' '

' Z + m 7 Z +m 7 Z4-m 7

From* Table 5, with the argument

^=0.8, —= 0.25, Zi = 0.263

Thus ?7' = 3.901, and therefore

^ 7.36 (140) 00.0 f^^
3.901 ^^^^-^ '^'^^

If the simple sum of the separate capacities of the component wires

had been used the error would have been about 10 per cent.

It is interesting to note that for the given horizontal wire joined

to the given vertical wire the capacity is about 3.5 per cent smaller

with the wires connected as a T antenna than as an inverted L, and
for both these cases the capacity is less than the sum of the capacities

of the wires taken separately. This follows from the fact that the

potential of the charge of each wire is increased by the proximity of

the charge on the other wire. On the average, the two wires of the

T antenna are closer together than the two parts of the inverted L,

and the mutual effect of the two wires is therefore greater in the

former case.

5. PARALLEL HORIZONTAL WIRES IN THE SAME HORIZONTAL
PLANE (FLAT-TOP ANTENNA)

The wires are supposed to have a diameter d, and to be of equal

length Z. They will be assumed to be n in number, arranged parallel

to one another in a horizontal plane, at a height Ji above the surface

of the earth. If the spacing is j9, the width of the antenna between
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the extreme wires is (n—l)D, and this dimension is supposed to be

not greater than about one-quarter of the length of the wires. The
formula for the capacity is then

^ 0.2416 Zi 7.36 Z2 . .^^.V ==

^ =—jr— M/it (22;

in which

^ P-\-{n-m ^

P=logf-Z

Q = log 2,-/t

The constant iTn, which depends only upon the number of the wires,

may be obtained from Table 6 ; the constant K is to be taken from

Table 1, as in preceding examples. The expression for F may also

be written

log -7 +(?i-l) log y.

F- ~ - {K+ ZJ (23)

For the common case of a two-wire flat-top antenna, ^n = 0, and

the general formula (22) becomes

^^ 14 .73 k (24)

iogf+iog|-2ir

In Table 9 will be found the values of the capacity of certain two-

wire antennas. This should be useful where a moderate accuracy

will suffice.

Example 5.—A flat-top antenna is composed of six wires spaced

2 feet apart, the length of the wires being 100 feet, their height 50

feet, and their diameter 0.24 inch as before.

i> = 2, J=10,000,^=50, y = l

From Table 1, Z=0.336, and from Table 6, Z„ = 0.252. Thus,

using the last formula (23) for F, its value is obtained as follows:

log^ =4.000 Z+Zn = 0.588

5 log ^= 8.495 F =1.494

Sum-6 = 2.082

and the capacity is
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Example 6.—Attention has been called to the small gain from the

use of many wires in parallel. Thus Austin states that, for parallel

wires of moderate dimensions, a spacing of 1 meter is sufficient to

give 90 per cent of the possible capacity. This assumes a certain

width of antenna which is kept constant as more wires are added.

As an illustration of this point, the capacity was calculated for

different numbers of wires, each 100 feet long, 0.24 inch in diameter,

placed 50 feet above the earth, the spacing being chosen in each case

such that for n wires nD = 15 feet. The results are given in Table 10.

Table 10

n c Per cent
of maxi-
mum

n C Per cent
of maxi-
mum

n C
(ltd

Per cent
of maxi-
mum

2 330.5
408.7
460.6
495.7
520.5
539.6
554.2
565.7

51.0
62.9
70.9
76.3
80.2
83.2
85.4
87.2

10 577.2
582.7
588.8
594.0
598.9
602.8
606.3
609.8

89.0
89.8
90.6
91.5
92.3
92.9
93.5
94.0

18 611.8
613.8
615. 9
626.4
635.0
637.8
643.9

94.4
3 11 19 94,7
4 -- - - 12 20 94.9
5 13 30 96.5
6 14 40 97.9
7 15--. 50 98.5
g 16 . 100 99.3
e 17

When these values of the capacity are plotted against the reciprocal

of the number of the wires, a limiting capacity of about 650 jjifif is

indicated. This value has been used in computing the values in the

column headed ''per cent of maximum." A spacing of 1 meter would

be obtained with five or six wires, the capacity being some 80 per

cent of the maximum. Even with so few as two wdres, the capacity

is about 50 per cent of the maximum, and if the two wires were

placed 15 feet apart instead of only 7.5, as in the table, the capacity

would be 354.4, or 54 per cent of the maximum.
These conclusions were checked by deriving the formula for the

capacity of a horizontal rectangular plate having a length I, a width

nD, and a thickness d, situated at a height Ji above the earth. The
treatment of this case was based upon the integration of the Howe
expression for a filament of length I over the width of the rectangle.

The final formula, which is long and involved, will not be given here.

(See Appendix 1.) For the dimensions assumed in the previous

example the limiting capacity should be 635 micromicrofarads.

The difference of more than 1 per cent between this value and that

given above, is probably to be explained by the fact that the ratio

of width to length is rather large in this special case, and that the

terms neglected in (22) are appreciable. For the more favorable case

nD = 5, Z=100, formula (22) gives for a 100 wire antenna 6^=455.7

/x/if, while the value for the solid rectangular plate is 454.7 ftfii.
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6. ANTENNA OF PARALLEL WIRES EQUALLY SPACED IN A VERTICAL
PLANE

Adopting the same nomenclature as in the preceding case, we find,

for an antenna where the extreme width is not greater than, say,

one-quarter of the length of the wires

C-
0.2416Zi 7.36^2

V V
in which

The quantities 7c and Ka are to be obtained from Tables 3 and 6,

respectively.

Example 7.—For six vertical wires, each 40 feet long, arranged

with a spacing of 2 feet, and with the bottom ends of the wires 10

feet above the ground, m = 40, D = 2, ?i' = 10. Assume d = 0.02 foot.

As in example 2,

^ = 0.291, ira = 0.252,p= 20, log ^=1.301, log~-= 3.602,

so that

~ log^= 0.600 1+ Zn = 0.543n a

^hogg= 1.118 F= 1.175

7. PARALLEL WIRE INVERTED L ANTENNA

With the length of the horizontal portion equal to I, length of

the vertical wires m, height of horizontal wires Ji, height of lower ends

of the vertical wires V , spacing of wires D,

in which

^0.2416 (Zi + mi)_ 7.36 ga + ma)

n

P' =

«'=r40°^|-^)-^^™0°^S-O
60750'—28 4
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The constants K^ Tc, X, and Kn are to be taken from Tables 1, 3,

5, and 6, respectively. This formula is less accurate, the wider the

antenna in comparison with its length.

Example 8.—Suppose a parallel wire inverted L antenna composed

of the wire systems of examples 5 and 7, joined to form one con-

ducting system. Then

P' = 2. 617 + 0. 946 = 3. 563

^' = 0.974 + 0.289 = 1.263

Zn = 0.252 Z = 0.194

Therefore

Z = 1.588, and (7=^4^^^= 648.9 /x/zf

The sum of the separate capacities of the horizontal and vertical

portions is 743.2, which is more than 14 per cent too large.

8. PARALLEL WIRE T ANTENNA

The antenna is supposed to be composed of n similar T's joined

in parallel. Thus, the horizontal wires have the same spacing as

the vertical. The total length of the horizontal portion is taken as

Z, the meaning of the other symbols is the same as in the preceding

cases.

^ 0.2416 gi + mi) _ 7.36 (Zg + ma)

The constants K^ Tc, X, and Kn are to be obtained from Tables 1, 3, 5,

and 6, respectively, using for X the ratio of ^^ to m for — in Table 5.

Example 9.—A T antenna is made by joining the vertical wires of

example 7 to the middle points of the horizontal wires of example 5.

The constants are the same as in the preceding example, except that

Z= 0.263. The value of T comes out 1.732, so that
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which is more than 8 per cent less than the value for the inverted L.

The following summary presents concisely the results of the examples

:

Horizontal parallel portion alone 492. 6

Vertical parallel portion alone 250. 6

743.2

Same wires connected as inverted L antenna 648. 9

Same wires connected as a T antenna 594. 9

9. HORIZONTAL **CAGE'» ANTENNA

The following formula supposes tha-t the distance between the n
wires is small compared with their average distance from the ground.

The axis of the cage is at a height 7i above ground.

^ 0.2416 ZiTi 7.36^2^ ._^.

in which
r=D-l

and Dr is the distance between any given wire and another wire. If

5 = the diameter of the circle on whose circumference the wires are

arranged, then

Dj: = 8 sin r -
"" n

The quantity K is obtained from Table 1 for the given value of

I 2Ji

Example 10.—Six wires, each 100 feet long and 0.02 foot in diameter

are arranged as elements of a cylinder 5 feet in diameter. The axis

of the cylinder lies horizontally 50 feet above the surface of the

earth.

2Z
Here 7i = 6, 5 = 5, A = 50, -^

= 10,000. The distances between the

wires are then A = i>5 = 2.5, A =A=|V3,A = 5. From Table 1 for

^^=1, nZ=2.016

log§= 4.000 0.434 ^' = 0.011

logg= 1.602 0.434^^= 0.018

logg= 1.364 0.434 y' = 0.022



594 Scientific Papers of the Bureau of Standards [ voi. it

log ^=1.301 .-. Z7c = 9.297

^ 7.36(100)6 ,^^ ^ J

If the same wires had been spaced at the same distance apart in

the horizontal plane as the length of the chord of the circle the capacity

by formula (22) would have been 520.5 /x/x/. Thus the arrangement
in a cage results here in a loss of capacity of about 8 per cent. This

is due to the decrease in the average distance between wires brought

about by the arrangement in the cage. The advantage of this form
of antenna lies, of course, in the saving of space.

Formula (28) was derived on the assumption that the effect of

the earth can be evaluated with sufficient accuracy by assuming the

charges on the image wires and the charges on the wires of the cage

to be situated along the axis of the image and the axis of the cage,

respectively. To determine the order of the error committed, an
accurate evaluation was made of the effect of the image wires, using

the antenna of the preceding example. It was found that, although

the potentials contributed by the image wires together differed by
as much as 5 per cent for the different wires of the cage, the total

effect did not differ as much as 1 part in 10,000 from that calculated

by the simplifying assumption used in deriving formula (28).

10. VERTICAL *'CAGE" ANTENNA

The n wires of diameter d and length m are arranged as elements

of a cylinder of diameter 5, whose axis is vertical, and whose lower end

is at a height V above the ground.

n- 0-2416rimi _ 7.36 nm2 .^ .

^~
IF,

~ U\ ^^^^

and

r=l

The value of Ic is obtained from Table 3, and the distance Dr between

any two wires is given by

I>r = 6 sin r -
n

Example 11.—Six vertical wires, each 100 feet long and 0.02 foot

in diameter, are arranged as elements of a cylinder, 4 feet in diameter,

with their lower ends 25 feet from the ground. Thus

m=100, V = 2b, 5 = 4, (Z== 0.02, ?^= 10,000, and-~ = j-

From Table 3, ^ = 0.291.

Accordingly Di = D5 = 2, Dj = Z>4 = 2 Vs^ A = 4.
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log ^-71^= 4.000- 1.748 = 2.252,

2jlog^= 2 (1.699+ 1.460) + 1.398 = 7.716,

0.434 y]~=0.065.

.-. i7'c= 10.033

and

n 7.36 (600) . ,^ _ ,^=
10.033 =440.2 mm/

11. SINGLE V ANTENNA

The antenna is supposed to consist of two wires in a horizontal

plane meeting at an angle B. The lengths of the wires are I and m,

their diameters d and d' and their common height above ground li.

Then

^ 0.2416 (Zi + m0 _7.36 {l^+ m^) ._.6- gr
- ^;—~ • (30)

where

The quantities ^ and K' are to be obtained from Table 1 for the

values of -y- and — , respectively (or their reciprocals if the latter are

less than unity).

The quantity F is the difference of two terms Yi and F2, the first

being a function of the angle 6 and the ratio y (supposed to be less

than unity), while F2, which refers to the effect of the earth is a func-

tion of 6, y and y • Values of Fi and F2 are given in Tables 7 and 8.

If both wires have the same diameter of cross section, then

and if, further, m = Z (an important case)

U^^\og~~K-\-Y (32)
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Since in the case of existing antennas, the distance between the free

ends of the V will be readily measured, rather than the angle, the

distance s thus measured may be used in the formula

^ F + m'-s^
^^^^=

2lm

to determine the angle 6.

Example 12.—If we suppose the case I— 100, m = 50, ^ = 50, = 45°,

and -- = 10,000, then ^=1, ||= ^' and from Table 1 Z-0.336,

Tfl 1

Z' = 0.541. From Table 7, for ^ = 45°, and j^^, ^1 = 0.497, and

from Table 8, for <9 = 45°, j= i» and ^-=1, r2 = 0.131. Thus

r=0,366. By formula (31)

J7^==4.000 + 0.366-| (0.336)-| (0.541) = 3.962

C =Zf^) = 278.6..f

The sum of the capacities of the two wires taken singly is (see

example 1) 200.9 + 106.4 = 307.3 M^f- Thus the mutual effect of the

two wires is to reduce the capacity of the combination in a F by
about 9.3 per cent.

12. TWO HORIZONTAL WIRES INCLINED TO ONE ANOTHER, BUT
NOT INTERSECTING

The wires are supposed to have lengths Z and m, diameters d and J',

and their distances from their point of intersection, if supposed to be

produced, V and m' . (See fig. 8.)

For this case the same formula is used as in the preceding case,

except that the value for Y is different. This is obtained as before

as the difference of two terms, one applying to the top and the other

to the image wires. Tables 7 and 8 are used, but instead of a single

entry in the table for each of the two terms Yi and Y2, several have

to be made for each.

^ l-^V + m + m' ^ (Z + Z^ + mQ ^

(Z^ + m + mQ ^ ,
V + m' ^ ^^^^

IT^ ^''' '"+'^' +7+^ ^''' °^'

In this the following abbreviated nomenclature is used: Fi+i'. m+m'

is used for the difference between the value of Fi for the wires (l + V)

and {m^-m') and the quantity Y2 for the same wires, etc. For
V = ra' = n
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^ l+m+ 2n ^ (l+ 2n) ^ {m + 2n) ^

and for the specially important case that Z' = m' = n, and Z = m,

r='-^(F„,n-F,+„,„) (35)

Example 13.—Two wires of equal length 100 feet make an angle of

30°, and if prolonged until they intersect, the point of intersection is

100 feet from the nearer end of each. The wires have each a diameter

of cross section of 0.02 foot, and they lie in a horizontal plane 50 feet

above the ground.

Fig. 8.

—

Antenna of two nonintersecting wires

Here l =m = 100,Ji = 50, (Z = 0.02, r = m' = 7i = 100, (9 = 30°. Then
for Fn. n we have the argument (1, 30°) in Table 7, and 1, 30°, and

^=1 in Table 8. Thus Fn.n^ 0.687 -0.197 = 0.490. For Fi+n. n

the argument in Table 7 is (^y 30° b and in Table 8 (^» 30> «)»

so that Fi+n. n = 0.601 - 0.229 = 0.372. Thus

and

and

F=—^ (Fn.„- Fn-a.n) = 3 (0.490- 0.372) = 0.354

47?

C; = log -^ - Z+ F= 4.000 - 0.336 + 0.354 = 4.018

^= '

4 018
— "" 366.4 nfxi

Each of the wires alone has a capacity of 200.9 /x/if (see example 1),

so that the sum of their individual capacities is 401.8 M/^f- Thus the

mutual effect of the wires is to reduce the capacity by about 9 per cent.

If the same wires were so placed as to have their ends in contact,

still keeping the angle between them equal to 30°, then F= 0.687

—

0.197 = 0.490, Z7v = 4.154, and (7=354.4 fxfii. The mutual effect

here is nearly 12 per cent, or 30 per cent more than in the previous
case.
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13. SINGLE WIRE INCLINED TO THE EARTH'S SURFACE

The wire is assumed to have a length Z, a diameter of cross section

dj and to make an angle 6 with the earth's surface. Let the height

of the lower end be A' above the ground. Then the capacity is given

by
„ 0.2416;i 7Mk .,„.c—u:-—ur (^^)

and

D.= aog f-0.133)-^-^(F'„.„- F',«..)

The quantities F'n.n and F'i+n,n are to be taken from Table 7,

using the angle 26 and ?i=——^* (It is to be noted that the con-

stants here reqmre no entries in Table 8 as in the preceding example.)

When = 90°, this case goes over into that of a single vertical

wire. The angle in Table 7 is 180°, n = h^, and it can be shown that

the above formula checks with that given for the single vertical wire.

Example H.—Suppose a wire 50 feet long, making an angle of 45°

with the earth's surface, the distance of the lower end from the

ground being 25 ^ = 17.68 feet. Then 7i = 25. Let the diameter

21
of cross section be taken such that -? = 5,000. Then the first term

of Ub is (3.699-0.133) = 3.566. For F^d the argument in Table 7

is (1, 90°) so that FVn = 0.383*. ForY',+n.D, the argument is T^^ 90°)»

and the same table gives F'i+n,n = 0.304. Thus the second term in

U^ is 2(0.383-0.304) = 2(0.079) = 0.158. Therefore, 178 = 3.408 and
0= 108.0 MMf.

If the same wire were swung about its lower end as center until it

reached the vertical position, then we would have to use y = ^^ —

^

= ^^2 = 0.354, and for this Table 3 gives it = 0.269. The capacity

comes out 107.3 /xMf.

If the same wire were swung about the lower end into a horizontal

position, 7i= 25^j 7-= 9, andfromTable 1, Z= 0.256, the resulting

capacity being 111.8 M^f- Thus the capacity of the inclined wire

lies between the values corresponding to the vertical and horizontal

positions, as would be expected.
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14. PARALLEL WIRE V ANTENNA

The antenna is supposed to consist of ti' wires of equal length V
and diameter d^j joined to another set of n" wires of equal length Z"

and diameter d^\ Each of these sets of wires is supposed to lie in a

horizontal plane at a height h above the ground and the axes of the

two sets meet at an angle 0, at a point situated at distances Z'o and

Z"o, respectively, from the nearer ends of the sets of wires. Let the

spacing of the wires in the two sets be Z>' and D".
The capacity is given by

in which

^_ 0.2416 (nV -f n'%'') _ 7.36 (n%' + n'r'2) .0^.C- jjr ^^ (37)

^^ nT + n'T'^ ^n'V^-n''V'^ ^ nT-\-n"l" ^

u' = log J+ (71'- 1) log 2^^-71' (Z' + Z/)

u"=log^ + (7i"-l)log|^-n" (Z- + Z/0

The constants K' and K" are to be obtained from Table 1 for the

arguments -jr and jrn respectively, and the constants jB^'n and K'\

from Table 6 for the values of n' and n" . The last term in TJ\

takes account of the mutual effect between one set of wires and the

other set and its image. This is obtained on the assumption that

the effect is sensibly the same as though the two sets of wires were

replaced by wires along the axes of the parallel sets and carrying

the same total charges as the parallel wire sets. The error due to

this simplifying assumption will not amount to as much as 1 per cent

in most practical cases.

To calculate Y we have the equation

-^^4tP^^ r (Z'o, Z'' + r'o)+^f-J[/> Y (Z'o, V'o) (38)

each of the terms being the difference of two quantities Yi and Y2

taken from Tables 7 and 8, respectively, for the arguments d, and

the ratio of the lengths which appear in the parentheses which follow

the symbol Y in the formula, and for the value of 2h divided by the

greater of the two lengths in each case.

In most practical cases, however, there will be simplifying con-

ditions. The following are the most important of these special cases.
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When the wires have all the same diameter, the same spacing, and

the number in each leg of the V is the same, then d' = d" =d, D' =

D" = Dy n' = n" = n. The capacity is now

^ 0.2416 (Z^ + Z^^) _ 7.36 {V,-^V\) ._,

with

log -^ + (71-1) log -^ y y,
V- -^ YTV' ^'~V+V' K2-Kn+Y

As the simplest cases of all, we may assume, in addition, that the

wires of the two legs of the V have the same length Z, and that their

ends have the same distance from the intersection of their axes; that

is, Z'=Z" = Z, Z'o = Z"o = Zo. Then in formula (39)

log-T + (?i-l) log-j^

U' = ~-{K+K,) + Y (40)n
and

Z+ 2Zo

I
[f(Zo,Zo)-F(Z4-Zo,Zo)]

Example 15.—As an illustration of the preceding formulas we may
take the case of a parallel-wire V antenna, each leg consisting of

six wires of diameter 0.02 foot, spaced 2 feet apart; the whole antenna

is supposed to be in a plane 50 feet above the ground. Suppose

further, that the length of the wires in one set is 100 feet and those

of the other set 50 feet, and that the point of the intersection of the

axes of the two sets is, respectively, 50 and 25 feet from the nearer

ends of the two legs, their angle being 45°.

Then Z' = 100, Z'o = 50, Z" = 50, Z"o = 25, i> = 2, 7i = 6, (Z= 0.02,

= 45^

From Table 1, for j = l, Z' = 0.336, and for j =2, iT" =0.541,

so that

^,^ 4.000 + 5 (1.699) _2 ^^^^^^_X^
(o.541)-0.252+ F.

To calculate Y we have

Z" + Z"o 75 1 Z"o 25 1 Z'o 50 2

Z' + Z'o 150 2 Z' + Z'o 150 6 Z" + Z"o 75 3

Z"o 25 1 2h 100 2 2h 100 4

Vo 50 2 Z' + Z'o 150 3 Z" + Z"o 75 3

2h 100

Vr 50

Fi = 0.497 0.286 0.535 0.497

Y2= . 150 .050 . 117 . 070

Diff.= .347 .236 .418 .427
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V-hV 150 2 r + V' 150 6

ZVtl^M^o^ 125^5 ^0 + ^0^ 75 ^1
Z'+Z" 150 6 Z' + Z" 150 2

F=| (0.347)-| (0.275)- (0.418) | + i (0.427) = 0.112

and finally

C^' = 1.538 C=^:f|f) = 717.3 mm/

The capacity calculated by simply adding the capacities of the legs

taken separately is 778.1 fjLfxf, so that the mutual effect of the two
legs is to reduce the capacity by about 8 per cent. If the ends of

the two legs came together, so that Z'o = Z"o = 0, and we would find

from Tables 7 and 8 that Fi = 0.497, 72 = 0.131, so that r= 0.366,

and the capacity comes out 616.1 mm/-

15. ANTENNA OF PARALLEL WIRES IN A PLANE INCLINED TO
GROUND

The antenna is supposed to consist of n wires spaced a distance

D apart, the whole set being situated in a plane making an angle

6 with the surface of the earth. The wires have each a diamater d

and are of equal length Z, while the lower ends of the wires are at a

height ¥ above the ground.

The capacity is calculated by the formula

^ 0.2416'Zi 7.36Z2 ,^,,

in which

log -7 + (^-1) log
7^

U,= =^- (0.133 + Z„)-F'
n

The term F', which takes into account the effect of the charges upon
the earth, is calculated on the assumption that its value is closely

given by supposing the wire charges and image charges to be con-

centrated along the axes of the set of wires and the images, respec-

tively. Its value is obtained by formula (35), using Table 7.

Example 16.—Suppose six wires spaced 2 feet apart, in a plane

inclined 45° to the ground. The wires are of diameter 0.02 foot, and
50 feet long, and their lower ends are 50 feet above the ground.

2Z Z

Then "2 = 5,000, ;g
= 25, Zn = 0.252. To calculate F' we use formula

(35). The distance V = 50V2, ^^, = 0.586. Then from Table 7 for
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the argument (1, 90°) we find Y (Z', Z') = 0.383, and for the argument

(0.586, 90°) we find Y (Z', Z4-Z') = 0.361, so that

Then

j,,^(50 + 100V2](oo22) = 0.084
50

I7,= M2i±|Jli???)_(o.l33 + 0.252)-0.084==1.313

and the capacity is

«-ISf-»0.3^

Fig. 9.

—

Conical form of antenna

If the same wires were placed in a horizontal plane 50 feet above

the ground, the capacity would be 285.5 /x^f, and if they were placed

vertical with their lower ends 50 feet above the ground., the capacity

would be 278.2 M^f.
16. CONICAL ANTENNA

Let the conical antenna consist of n wires of length Z, and of dia-

meter of cross section (Z, spaced at equal angles as elements of a cone

whose half angle is <p, and whose point is a distance of Ji' from the

ground, the axis of the cone extending vertically above the apex.

(See fig. 9.)

The capacity is found by the formula

^_ 0.2416 ZiTi _ 7.36 kn
(42)
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Here

TT 1
2Z n

0.133+sr' ^— (^-0.133) (43)
cos <p^ * ^ '

the constant Ic being obtained from Table 3 for the argument j •

The term 2F' is the smn of the Fi terms for any wire and the

remaining wires, the values being taken from Table 7 for arguments

Q given by the angles between the wires. The lengths of the wires

being the same, the length ratio in Table 7 is unity in each case.

Fig. 10. Fan jorm of antenna

The last term in TJ^ takes into account the effect of the earth.

The expression for this is not exact, but the error in practical cases

will be only a few per cent in the value of this term which is not

more than about one-tenth of the whole quantity 17^. To calculate

exactly the effect of the earth necessitates in this case the use of

complicated formulas. The approximation here employed in obtain-

ing formula (43) is to replace the antenna and image wires each by
a single wire along the axis of the cone, the distance between the

nearer ends of these two vertical wires being 2%' , their lengths each

being I cos <^, and the linear charge density on each being taken as

where g is the actual linear density originally assumed upon
cos <p

each wire in obtaining the capacity formula.

Example 17.—Suppose the wires composing a conical antenna are

six in number, spaced at equal intervals upon a cone of half angle
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30°, with its apex 50 feet above the ground. Each wire has a length of

2Z
100 feet, and a diameter of 0.02 foot. Then "2 = 10,000, ^ = 30°,

/i' = 50, I cos ^ = 86.6, and thus in Table 3 we have to take the value

50
of Ic corresponding to the argument ^^= 0.583; that is, fc = 0.238.

To obtain the second term in U^ we find that the angles between the

wires are as follows:

Wires 1 and 2, and 1 and 6 28.96° F' = 0.705

Wires 1 and 3, and 1 and 5 51.3° T = .520

Wires land 4 60° F'= .477

Thus SF'= 2 (0.705 + 0.520) + 0.477 =2.927, and for ZJ^ we have 4.000

-0.133+2.927-0.727 = 6.066. The capacity is therefore

^ 7.36(600) 7..^ .
^="6:066- ==^^^'^^^^

With such an antenna it should be pointed out that the gain from

increasing the number of wires is largely offset by the reduction in

capacity resulting from the mutual effects of the wires. Compared
with a vertical cage antenna, the capacity is greater wdth the conical

antenna, but the gam is not in proportion to the amount of s|pace

occupied.

17. UMBRELLA ANTENNA

The same formula for the capacity is to be employed as for the

conical antenna. The approximation made in taking into account

the effect of the earth in the conical case is not so accurate for the

umbrella type. However, the error in practical cases will not exceed

1 per cent in the value of the capacity.

18. FAN OR HARP ANTENNA

This is made up of n wires joined together at their lower ends.

From this junction the wires are carried upward and are attached at

equal intervals along a horizontal guy rope. (See fig. 10.)

The dimensions required are the lengths of the different wires Zg,

the distances between their points of attachment on the guy rope a,

and the distance of the point of junction from the ground li\ Then
the angles between the various wires are to be calculated. Thus
for any two consecutive wires of lengths Zr and Zg, whose points of

attachment are separated by a distance a, the angle is found from

the relation cos g= ''

/^

The potential of any one of the wires is that due to its own charge,

plus that due to the charges on each of the other wires of the fan,

minus that due to the image charges. The effects of the other wires
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are evaluated by the constants given in Table 7 which hold for wires

intersecting at an angle d. The effect of the image may be accurately

enough taken into account by supposing both antenna top • and

images to be replaced by vertical wires having a length equal to the

average vertical component of the lengths of the wires, the charge

upon these equivalent wires being taken to have a density equal to

the sum of the densities on the individual wires. The equivalent

wires are supposed to lie in the same straight line with their nearer

ends separated by twice the height of the lowest point of the fan

from the ground.

Carrying through these operations we find for the capacity formula

^ 0.2416 2Zi _ 7.36 2Z2 ,...

in which the quantity TJt is given by

f7,= i[s?slog^j +S^^^F%3]-0.133-^ (^-0.133) (45)

The constants F'rs are to be taken from Table 7 for the angle between

the pairs of wires r and s, and for the ratio of the smaller length to

the greater. The constant X is the average of the vertical components

of the lengths of the wires of the fan, and Tc is to be taken from Table 3

for the argument r^ • An example will make clear the use of the

formula.

Example 18.—Suppose in Figure 10 that there are five wires meet-

ing at a point 50 feet above the ground, and that the wires are

fastened to a horizontal wire at points 10 feet apart. The middle

wire is vertical and has a length of 100 feet and the diameter of the

wires is 0.02 foot.

The lengths of the wires are then found to be Zi = Z5 = 102.5, ^2 = ^4=

100.5, and ^3 = 100, so that SZ = 505. The mean value of logio 'i*

weighted according to the lengths of the wires, is 4.004. The angles

between the wires are as foUows

:

land 2=4 and 5 . 5.60"*

2 and 3=3 and 4 „ 5.71°

land 3 = 3 and 5 11.31° 2 and 4, 11.42^

land 4 = 2 and 5 17.02°

1 and 5 22.62°

By rather rough interpolation from Table 7 the constants, corre-

sponding to these angles and the ratios of the lengths of the wires of

the pairs, were found to be

Pair Y' Pair Y' Pair Y*

l,2or4, 5_- 1.323 2, 5 or 1,4.- 0.882 ^, 3or3,4_. 1.314

3, 5 or 1,3_. 1.034 1,5 .785 2,4 1.043
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Thus, the terms S ^^' F'„ give a final result of 4.372. The

average vertical component of the lengths of the wires is X = 100, and

from Table 3 for
x
=

fA7)
= 0-5j A: = 0.247, so that the image term is

j^X 0.114 = 0.576, and the capacity is ^= 7 ^57
==^84.6 ti^-

IX. USE OF TABLES FOR THREE COMMON FORMS OF
ANTENNAS

The capacities of certain common forms of antennas may be ob-

tained without calculation from Tables 2, 4, and 9. These tables

are, respectively, for single-wire horizontal, single-wire vertical, and
two-wire horizontal antennas. The length of each horizontal wire

is denoted by I and of the vertical wire by m.

In each case there is given the capacity, (7, in micromicrofarads,

and the capacity per unit length in micromicrofarads per foot. It

will be noted that the capacity per unit length varies but slowly with

the length and the height above the ground. Thus, accurate inter-

polation of the capacity per unit length may be made for antennas

not included in the tables, and so by multiplication by the length,

the capacity of the antenna.

In addition to the capacity and linear capacity, the tables include

the potential coefficient of the antenna for unit charge density per

unit length of the antenna. This quantity TJ is useful in calculating

the capacity of combinations of horizontal and vertical wires, such as,

for example, the calculation of the effect of lead-in wires. This point

will be illustrated in the succeeding section.

Four different sizes of wires (0.005, 0.01, 0.015, and 0.02 foot in

diameter) are included in each table. These sizes, it is believed,

cover the majority of antennas met in practice. Interpolation in the

tables may be made for sizes lying between these values. The table

for two-wire horizontal antennas covers three spacings of the wires,

viz, 1 foot, 2 feet, and 3 feet. It is hoped that the range here covered

will suffice for the large majority of practical cases.

Example 19.—Suppose the capacity of a two-wire antenna of

0.0125-foot wires, 125 feet long, spaced 2 feet apart, at a distance

of 75 feet from the ground, is to be found from Table 9.

The following values of the linear capacity were interpolated from
the table, using second differences, for the required length of 125 feet:

7i d^O.Ol 0.015 0.02

60 2.675 2.764 2.831

80 2.629 2.714 2.778

100 2.601 2.684 2.746
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Interpolating from these for the length 75 feet the resulting values

are

J = 0.01 0.015 0.02

2. 638 2. 724 2. 788

and interpolating, finally, for the given diameter of wire we find for

the capacity per foot, 2.684, so that the capacity of the antenna is

335 /x/if. The complicated case just considered is purposely taken to

illustrate what is possible with the table. In general, it will be well

to use formula (24) directly, when more than two interpolations have

to be made in the table. For this case the formula gives 334.9 jUjuf.

X. CALCULATION OF CAPACITY OF LEAD-IN WIRES

A problem frequently met is the calculation of the capacity of the

combination of two sets of wires joined together, each of the elements

being readily calculable singly by methods and formulas already given.

A first approximation is to add the capacities of the elements, but this

takes no account of the mutual effect of the elements upon one another

and gives a value which is too high.

In general, the simplest method for obtaining the accurate value of

the capacity of the combination is to obtain the unit potential coefli-

cients of the separate elements either from Tables 2, 4, or 9. Likewise

the mutual unit potential coefficients are to be obtained. With
these values the linear charge density ratios for the elements are to be

so determined as to make the potentials equal for all the elements.

The process is illustrated in the next example, which has been so

chosen as to employ the tabulated values of linear potential coefficients

in Tables 2, 4, and 9.

Example 20.—A two-wire horizontal antenna, 200 feet long and
80 feet above the earth, has joined to one of its ends as a lead-in a

single vertical wire 60 feet long. The diameter of all the wires wiU

be assumed as 0.02 foot and the spacing of the wires of the hori-

zontal portion as 2 feet.

From Table 9 the linear potential coefficient of the horizontal por-

tion is found to be 2.771, and from Table 4, with m = 60 and ^' = 20,

we find Z722 = 3.505. The mutual potential coefficient will be ob-

tained with sufficient accuracy if we assume that the charge upon the

horizontal portion is concentrated upon a single wire halfway between
the actual wires. Then from Table 5, for the argument

T=f^7^= 0-3 and for — =o» there is found X = 0.168
t 200 m 3

To obtain the linear mutual potential coefficients from the constant

X which is useful in calculations with wires at right angles, we note

that we may write
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X^— c, orko ^7 1 ^\* ^12— .1 cact' ^21 —

SO that

2.303 (Z + m) ^' 4.605Z '' 4.605m

77 _ ^+^ V 77 _ ?+ yy^ V

are the general relations connecting these linear potential coefficients

and the tabulated quantity. Thus for the present case

?7:2 = 0.109, i72i = 0.364

If we assume the linear charge densities upon the horizontal and
vertical portions as qi and q^, respectively, then we may write for

the potentials of the two portions

Vi = q_iTJn-^q2TJu

V2'=qiU2l + q2U22

and the condition that these may be equal is

q2_Un^2^_2A07_
qi U22- ?7i2~ 3.396

^'^^^

Thus the common potential is

v = qi [2.771 + 0.709 (0.109)1 = 2.848 gi

the total charge

Q = 2i [200 + 60 (0.709)] = 242.5 gi

and the capacity

^ 7.36 (242.5) ^^_-^ „

The sum of the capacities of the separate portions is from Tables

4 and 9, 531.1 + 126.0 = 657.1 MMf, which is thus seen to be about 5

per cent too large.

It is evident that this method is applicable in the general case of

the calculation of the capacity of lead-in wires. To go into all the

types of lead-in wires which occur in practice would take us too far

afield. It is clear, however, that the formulas already given should

cover usual arrangements in so far as the capacity of the lead-in

wires in themselves are concerned. To take into account their effect

upon the other parts of the antenna system it will usually suffice to

make some simplifying assumption as was done in the preceding

example, since this mutual effect is a relatively small part of the

whole capacity.



Orover] Capacity of Antenna Systems 609

XI. TABLES FOR ANTENNA CAPACITY CALCULATION

Three of the following tables give directly the capacities of three

simple forms of antennas; they are Tables 2, 4, and 9. The other

tables are auxihary to certain of the formulas.

Table 1.—Values of the constant K for use in formula (18) and for horizontal
wires in general

[The argument to be used is either t ^^
oft'

according to which is less than unity]

2}i I I

1 K
2h

K
2h

K

1.00 0.336 0.50 0.541 '

0.1 0.042 .95 .350 .45 .576
.2 .082 .90 .364 .40 .617
.3 .121 .85 .379 .35 .664
.4 .157 .80 .396 .30 .721

.5 .191 .75 .414 .25 .790

.6 .223 .70 .435 .20 .874

.7 .254 .65 .457 ' .15 .990

.8 .283 .60 .482 .10 1.155

.9 .310 .55 .510 .05 1.445
I.O .336 .50 .541

1

Further values may be calculated from the formulas

2Ji / / /97.\2 \ / T^JT^

K= I (V. .(¥)-').,.. -V'K?)
2.303

+ logi
. 2^_,

and

2.303
+ logi

2Ji

Table 2.

—

Constants for single-wire horizontal antennas

[Symbols used above columns, etc., are defined on p. 606]

DIAMETER OF WIRE=0.06 INCH=0.005 FOOT

Heet

h=10 feet h=15 feet ft=20 feet ft=25 feet ft=30 feet

U C C/l U C C/l U C C/l U C C/l u C C/l

10
20
30

3.362
3.567
3.660
3.712
3.746

3.770
3.801
3.821
3.848
3.861

21.89
41. 27
60 30

2.189
2.064
2.011

3.397
3.629
3.743
3.810
3.856

3.888
3.931
3.958
3.997
4.017

21.67
40.56
58.99
77.27
95.44

113.6
149.8
186.0
276.2
366.4

2.167
2.028
1. 966
L932
1.909

1.893
1.872
1.860
1. 841
1.832

3. 414
3.663
3.790
3.868
3. 921

3.961
4.013
4.047
4.096
4.122

22.57
40.18
58.26
76.11
93.85

111.5
146.7
181.9
269.5
357.1

2.257
2.009
1.942
1.903
1.877

1.858
1.834
1.819
1.797
L786

3.427
3.684
3.819
3.905
3. 965

4.009
4.070
4.110
4.168
4.199

21.48
39.96
57. 82
75.39
92.88

110.2
144.7
179.1
264.9
350.6

2.148
1.998
1.927
1.885
1.858

1.836
1.809
1.791
1.766
1.753

3.434
3.698
3.839
3.930
3.995

4.044
4; 111
4.157
4.223
4.259

21. 30
39.81
57.57
74.91
92.1

109.2
143.2
177.0
261.4
345.6

2.130
1.990
1 919

40
50

60
80
100
150
200

79.31
98.24

117.1
154.9
192.6
286.9
381.3

1.983
L965

1.952
L936
L926
1.913
1.906

1.873
L842

1.820
1.790
L770
1.743
L728

ft=40 feet ft =50 feet ft =60 feet ft =80 feet ft=100 feet

10
20
30-
40
50

60
80
100
150
200

3.442
3.715
3.862
3.964
4.036

4.091
4.169
4.222
4.303
4.348

21.38
39.64
67.17
74.27
91.2

107.9
141.2
174.3
256.6
33a 5

2.138
L982
L906
L856
L824

L799
1. 765
L743
L711
L692

3.447
3.728
3.881
3.985
4.061

4.120
4.206
4.266
4.358
4.411

21. 35
39.5
66.9
73.9
90.6

107.2
140.0
172.5
253.3
333.7

2.135
1.974
1.896
1.847
1.812

1.787
1.750
1. 725
L687
1.668

3.451
3.735
3.891
3.999
4.078

4.140
4.2b2
4.296
4.398
4.458

21.3
39.4
56.75
73.6
90.2

106.7
139.1
171.3
251.0
330. 2

2.135
1.970
1.892
1.840
L805

1.778
1.739
1.713
1.673
L651

3.455
3.743
3.905
4.016
4.100

4.167
4.265
4.337
4.453
4.523

21.3
39.3
56.6
73.3
89.8

106.0
138.0
160.7
247.9
325.4

2.130
L966
L885
L833
1.795

1.767
1.726
1.697
1.653
1.627

3.458
3.748
3.913
4.029
4.113

4.182
4.286
4.362
4.489
4. 567

21.3
39.3
56.4
73.1
89.5

105.6
137.4
168.7
245.9
322.3

2.128
1.964
1.881
1.827
1.789

1.760
1.718
1.687
1.639
1.612
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Table 2.

—

Constants jor single-wire horizontal antennas—Continued

DIAMETER OF WIRE=0.12 INCH=0.01 FOOT

Meet

h=lQ feet

u C

3.061 24.0
3. 266 45.1
3. 359 65.7
3.411 86.3
3.445 106.8

3.469 127.3
3. .500 168.2
3. 520 209.1
3. 547 311.2
3.560 413.5

cn

h= l5

CJl

h-=2G fe«t

C/l

A=25 feet

CJl

A=30 feet

u C

3.133 23.5
3. 397 43.3
3. 536 62.4
3.629 81.1
3.694 99.6

3.743 118.0
3.810 164.5
3. 856 190.9
3.922 281. 5

3.968 371.9

C/l

10--
20-.
30--
40--
60-.

100-
150.
200-

10-
20-
30.
40-
50.

60-
80-
100
150
200

2.404
2. 254
2.191
2.158
2.136

2.122
2.102
2.091
2.075
2.1

3.096
3.:

3.442
3.509
3.555

3.587
3.630
3.657
3.659
3.716

23.8
44.2
64.2
83.9

103.5

123.

1

162. 2

201. 3

298. 7

396.1

2.377
2.212
2.138
2.

2.070

2.052
2.028
2.013
1.'

3.113
3.362
3.489
3.567
3.620

3.660
3.712
3.754
3.795
3.821

23.

43.8
63.3
82.5

101.6

120.7
158.6
196.1
290.9
385.3

2.364
2.

2.109
2.064
2.033

2.012
1.982
1.961
1.939
1.926

3.126
3.383
3.518
3.S04
3.684

3.708
3.769
3.809
3.867

23.5
43.5
62.8
81.7
100.4

119.1
156.2
193.2
285.5
377.6

2.354
2.176
2.091
2.042
2.008

1.985
1.952
1.'

1.903
1.:

2.349
2.166
2.080
2.028
1.992

1.967
1.931
1.909
1.877
1.860

ft=40 feet h=50 feet A =80 feet ft=100 feet

3.141 23.4
3.414 43.1
3. .561 62.0
3.663 80.4
3.735 98.5

.3.790 116.5
3.868 152.2
3; 921 187.7
4.002 275.9
4.047 363.7

2.343
2.156
2.067
2.009
1.971

1.942
1.902
1.877
1.839
1.818

.3.146 23.4
3.427 43.0
3. .580 61.8
3. 684 79.9
3. V60 97.8

3.819 115.6
3.905 150.8
3.965 185.6
4. 057 272.1
4.110 358.2

2.339
2.148
2.059
1.'

1.957

1.927
1.885
1.856
1.814
1.791

3.1.50 23.4
3.434 42.9
3. 590 61.5
3.698 79.6
3.777 97.4

3. 839 115.

3.931 149.8
3.995 184.2
4.097 269.5
4.157 354.1

2.336
2.144
2.050
1.990
1.949

1.917
1.872
1.842
1.797
1.770

,3.1.54 23.3
.3.442 42.8
,3.604 61.3
3.716 79.2
3.801 96.8

3.866 114.2
n. 964 148.5
4.036 182.4
4.152 265. 9

4.220 348.6

2.334
2.138
2.042
1.'

1.'

1.903
1.866
1.824
1.773
1.743

3.157
3.447
3.612
3.728
3.812

3.881
3.985
4.061
4.188
4.266

23.3
42.7
61.1
79.0
96.6

113.8
147.8
181.2
263.6
346.1

2.330
2.135
2.038
1.974
1.931

1.897
1.847
1.812
1.767
1.726

DIAMETER OF WIRE=0.18 INCH=0.016 FOOT

Heet

10.
20-
30-
40-
60-

60-
80-
100
160
200

10.
20-
30-
40.
fiO.

60.
80-
100
ISO
200

ft=10 feet

2. 885 25.6
.3.090 47.6
3.183 69.4
3. 2.35 91. C

3.269 112.6

.3.293 134.1
3. .324 177.1
3.344 220.1
3. 369 327.7
3.384 435.0

2.649
2.382
2.312
2.277
2.262

2.235
2.214
2.201
2.185
2.176

ft=40:

2.965 24.8
3.238 45.5
3. 385 65.2
3.487 84.4
3.559 103.4

.3.614 122.2
3.688 159. 7

3. 745 196.6
3.826 288.6
3.871 380.3

A=15 feet

Z920 25.2
3. 1.52 46.7
.3.266 67.6
3. 3.33 88.3
3.379 ioa9

.3.411 129.6
3. 451 201.4
3. 481 211.4
3.52C 313.6
3.640 415.0

2.521
2.335
2.253
2.208
2.178

2.158
2.131
2.114
2.091
2.076

ft=60 feet

2.482 2.970 24.8
2.273 3.251 45.3
2.174 3.404 64.9
2.111 3.512 83.8
2.068 3.684 102.7

2.037 3.643 121.2
1.996 3.729 157.9
1.965 3.789 194.2
1.924 3.881 284.5
1.902 3.934 374.2

2.476
2.264
2.162
2.096
2.064

2.002
1.974
1.942
1.897
1.871

ft=:

2.937
3.186
3.313
3.391
3.444

3.484
3.536
3. 570
3.619
3.645

25.1
46.2

106.8

126.8
166.5
206.2
305.1
403.8

2.606
2.310
2.222
2.170
2.137

2.112
2.081
2.062
2.034
2.019

ft= 60 feet

2. 974
3.258
3. 414
3.522
3.601

45.2
64.7
83.6
102.2

3.663 120.6
3.755
3.819
3.921

156.8
192.7
281.6
369.8

2.476
2.259
2.160
2.090
2.044

2.010
1.960
1.927
1.877
1.849

ft= 26 feet

2.950 24.9
.3.207 45.9
3.342 66.1
3.428 85.9
3.488 105.

6

,3. .5.32 125.0
3. 592 163.9
3. 633 202.6
3.691 299.1
3.722 395.5

2.496
2.295
2.202
2.147
2.110

2.083
2.049
2.026
1.994
1.

ft =80 feet

2.978 24.7
3.266 45.1
.3.42^ 64.4
3. 55S 82.7
3.623 101.6

3.690 119.7
.3.788 165.4
3. 860 190.7
3.976 277.7
4.046 363.8

2.472
2.254
2.147
2.068
2.032

1.995
1.942
1.907
1.851
1.819

ft=30 feet

2. 957 24.9
.3. 221 45.7
3. ,362 66.7
3.453 85.3
3.618 104.6

.3.667 123.8
3. 634 162.0
.3.680 200.0
3.746 294.7
3.782 389.2

2.489
2.285
2.189
2.132
2.092

2.063
2.025
2.000
1.965
1.946

ft = 100 feet

2.981 24.7
3.271 45.0
3.436 64.3
3.652 82.9
3.636 101.2

3. 705 119.2
3.811 164.5
3.885 189.4

4.012 275.2
4.110 368.2

2.469
2.250
2.142
2.072
2.024

1.987
1.932
1.894
1.835
1.791



Orover] Capacity of Antenna Systems 611

Table 2.

—

Constants for single-wire horizontal antennas—Continued

DIAMETER OF WIRE =0.24 INCH =0.02 FOOT

Zfeet

7i= 10feet A=15 feet ft= 20 feet ft= 25 feet ft=30feet

U C C/l U C C/l U C C/l u c C/l U C C/l

10 2.760 26.7 2.667 2.795 26.3 2.634 2.812 26.2 2.617 2.825 26.0 2.605 2.832 26.0 2.599
20 2.965 49.6 2.482 3.027 48.6 2.432 3.061 48.1 2.404 3.082 47.8 2.388 3.096 47.6 2.378
30 3.0.58 72.2 2.407 3.141 70.3 2.343 3.188 69.3 2.309 3.217 68.fi 2.288 3.237 68.2 2.274
40 3.110 94.7 2.366 3.208 91.8 2.294 3.266 90.1 2.254 3.303 89.1 2.228 3.328 88.5 2.212
60 3.144 117.0 2.341 3.254 113.1 2.262 3.319 111.2 2.224 3.363 109.4 2.188 3.393 108.5 2.170

60 3.168 139.4 2.323 3.286 134.4 2.240 3.359 131.5 2.192 3.407 129.6 2.160 3.442 128.3 2.138
80 3.199 184.1 2.301 3.329 176.9 2.212 3.411 172.6 2.158 3.468 169.8 2.122 3.509 167.8 2.098
100 3.219 228.6 2.286 3.356 219.3 2.193 3.445 213.6 2.136 3.508 209.8 2.098 3.555 207.0 2.070
150 3.246 340.1 2.27^ 3.395 325.2 2.168 3.494 316.0 2.107 3.566 309.6 2.064 3.621 304.9 2.033
200 3.259 451.7 2.258 3.415 431.0 2.155 3.520 418.2 2.091 3.597 409.2 2.046 3.657 402.5 2.012

A=40 feet ^=50 feet ?i=60 feet ft=80 feet ft=100 feet

10 2.840 25.9 2. 592 2.845 25.9 2. .587 2.849 25.8 2.m 2. 853 25.8 2. 580 2.856 25.8 2.577
20 3. 113 47.3 2.364 3.126 47.1 2.354 3.133 47.0 2.349 3.141 46.9 2.343 3.146 46.8 2.340
30-—,- 3.260 67.7 2.258 3.279 67.3 2.245 3.289 67.1 2.238 3.303 66.8 2.228 3.311 66.7 2.223
40 3.362 87.6 2.189 3.383 87.] 2.177 3.397 86.7 2.166 3.414 86.2 2.156 3.427 85.9 2.148
80 3.434 107.2 2.144 3. 459 106.4 2.128 3.476 105.9 2.118 3.502 105.1 2.102 3.511 104.8 2.096

60-—- 3.489 126.6 2.110 3.518 125.5 2.092 3. 538 124.8 2.080 3.565 123.9 2.065 3.580 123.4 2.056
80 3..'>67 165.1 2.064 3.604 163.^ 2.042 3.630 162,2 2.028 3.663 160.7 2.009 3.684 159.8 1.998
100 3. 620 203.3 2.033 3.664 200. £ 2.009 3.694 199.2 1.992 3. 735 197.1 1.971 3.760 195.7 1.957
150 3.701 298.3 1.989 3.756 293. i 1.959 3.796 290.8 1.93S 3.851 286.7 1.911 3.887 284.0 1.893
200 3.746 393.0 1.965 3.809 386.5 1.932 3.856 381.7 1.908 3.921 375.4 1.877 3.965 371.3 1.856

Table 3.

—

Values of the constant k used in formula {19) and for vertical wires in
general

¥ m
[The argument is — or p according to which is less than unity]

ft' ft' m
Tt 7c k

TO m ft'

0.3 0.280 1.0 0.207
0.02 0.403 .4 .261 .9 .202
.04 .384 .5 .247 .8 .196
.06 .369 .6 .236 .7 .190
.08 .356 .7 .227 .6 .184

.10 .345 .8 .219 .5 .177

.15 .323 .9 . 2125 .4 .170

.20 .305 1.0 .207 .3 .162

.25 .291 .2 .153

.30 .280 .1 .144
.133

Further values may be calculated from the formula

* = 0.4343 +^log.^' + (l + ^)log.o(l4-|)

\ m / ^ \ m / m
and

J = 0.1333 +|(l + ^)log,o(l4-f^)

2W
m
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Table 4,

—

Constants for single-wire vertical antennas

[Symbols used above columns, etc., are defined on p. 606]

DIAMETER OF WIRE=0.06 INCH=0.005 FOOT

TO feet

A'=5 feet A'= 10 feet ^'=20 feet h'=50 feet

U C C/m U C C/m U c C/m U C C/m

10 3.355
3.612
3.762
3.872

3.956
4.025
4.138
4.224

21.9
40.8
58.7
7G.0

93.0
109.7
142.3
174.2

2.194
2.038
1.956
1.901

1.860
1.828
1.779
1.742

3.395
3.656
3.806
3.913

3.996
4.063
4.173
4.257

21.7
40.3
58.0
75.2

92.1
108.7
141.1
172.9

2.168
2.013
1.934
1.881

1.842
1.812
1.764
1.729

3.425
3.696
3.850
3.957

4.040
4.107
4.214
4.297

21.6
39.8

91.1
107.5
139.7
171.3

2.149
1.992
1.912
1.860

1.822
1.792
1.746
1.713

3.449
3.733
3.895
4.008

4.094
4.163
4.272
4.355

21.3
39.4
56.7
73.4

89.9
106.1
137.8
169.0

2.134
20- . .. 1.972
30 1.890
40 1.836

60 1.798
60- 1.768
80- 1.722
100 1.690

DIAMETER OF WIRE=0.12 INCH=0.01 FOOT

Tnfeet

A'=5 feet A'= 10 feet A'= 20 feet A'=50 feet

U C
j

C/m U C C/m U C C/m U C C/m U C C/m

10
20
30
40

60
60
80
100

2.867
3.168
3.344
3.469

3.566
3.645
3.770
3.867

25.7
46.6
66.0
84.9

103.2
121.2
156.2
190.3

2.567
2.323
2.201
2.122

2.064
Z020
1.952
1.903

3.054
3.311
3.461
3.571

3.665
3.724
3.837
3.923

44.5
63.8
82.4

100.7
118.6
153.5
187.6

2.410
2.223
2.127
2.061

2.014
1.977
1.919
1.876

3.094

3.' 612

3.695
3.762
3.872
3.956

23.8
43.9
63.0
81.5

99.6
117.4
152.1
186.0

2.379
2.194
2.100
2.038

1.992
1.957
1.901
1.860

3.124
3.395
3.549
3.656

3.739
3.806
3.913
3.996

23.6
43.4
62.2
80.5

98.4
116.0
150.5
184.2

2.356
2.168
2.074
2.013

1.968
1.933
1.881
1.842

3.148
3.432
3.594
3.707

3.793
3.862
3.970
4.054

23A
42.9
61.4
79.4

97,0
114.3
148.3
181.6

2.338
2.144
2.048
1.983

1.940
1. 905
1.864
1.816

DIAMETER OF WIRE=0.18 INCH=0.015 FOOT

TO feet

/i' = 5feet A' = 10 feet A'= 20 feet ft/= 50 feet

u c C/m u c C/m u c C/m u c c/m

10 —

-

2.878
3.135
3.285
3.395

3.479
3.548
3.661
3.747

25.6
46.9
67.2
86.7

105.8
124.5
160. 8
196.4

2.557
2.348
2.240
2.168

2.116
2.075
2.010
1.964

2.918
3.179
3.329
3.436

3.519
3.586
3.696
3.780

25.2
46.3
66.3
85.7

104.6
123.2
159.3
194.7

2.522
2.315
2.211
2.142

2.092
2.052
1.981
1.947

2.948
3.219
3.373
3.480

3.563
3.630
3.737
3.820

25.0
45.7
65.5
84.6

103.3
121.7
157.6
192.7

2.497
2.286
2.182
2.115

2.066
2.028
1.970
1.927

2.972
3.256
3.418
3.531

3.617
3.686
3.794
3.878

24.8
45.2
64.6
83.4

101.7
119.8
155.2
189.8

2.476
20 2.260
80- 2 163
40— 2.084

60— 2 034
60- 1.997
80 1 940
100 1 898

DIAMETER OF WIRE =0.24 INCH=0.02 FOOT

m feet

ft' =5 feet A' = 10 feet A' = 20 feet /i'=50feet

U C C/m U C C/m U C C/m u C C/m

10.- 2.753
3.010
3.160
3.270

3.354
3.423
3.536
3.622

26.7
48.9
69.8
90.0

109.7
129.0
166.5
203.2

2.673
2.445
2.329
2.251

2.194
2.150
2.081
2.032

2.793
3.054
3.204
3.311

3.394
3.461
3.571
3.655

26.4
48.2
68.9
88.9

108.4
127.6
164.9
201.4

2.635
2.410
2.297
2.223

2.168
2.127
2.061
2.014

2.823
3.094
3.248
3. 355

3.438
3.505
3.612
3.695

26.1
47.6
68.0
87.8

107.0
126.0
163.0
199.2

2.607
2.379
2.266
2.194

2.141
2.100
2.038
1.992

2.847
3.131
3.293
3.406

3.492
3.561
3. 670
3. 753

25.8
47.0
67.0
86.4

105. 4
124.0
160.4
196.1

2 585
20 2 350
30 -.. 2 235
40 2.161

2 10850
60 —

.

2 067
80- 2.005

1 961100
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Table 5.

—

Values of the constant X for wires at right angles; formula {20)

m
I

m
TO

0.2 0.4 0.6 0.8 1.0 0.8 0.6 0.4 0.2 »

0.055
.099
.135
.164
.186

.204

.218

.229

.237

.243

0.064
.116
.157
.189
.214

.233

.247

.258

.265

.271

0.072
.129
.173
.207
.233

.253

.267

.278

.285

.290

0.078
.137
.184
.222
.248

.267

.282

.292

.298

.303

0.083
.146
.195
.233
.260

.278

.293

.302

.308

.313

0.088
.155
.206
.243.

.269

.286

.302

.311

.317

.321

0.093
.165
.214
.252
.278

.297

.311

.320

.326

.329

0.097
.174
.226
.263
.290

.309

.322

.330

.336

.338

0.106
.187
.241
.276
.305

.323

.335

.342

.347

.350

0.125
.207
.262
.296
.323

.340

.352

.358

.362

.365

0.1-- 0.158
0.2
0.3

.239

.291
0.4 .325
0.5

0.6

.348

.363
0.7- — .373
0.8
0.9
1.0

.379

.382

.383

h

VI

m
W

0.2 0.4 0.6 0.8 1.0 0.8 0.6 0.4 0.2

0.130
.189
.222
.241
.250

.254

.254

.252

.248

.243

0.137
.200
.237
.259
.271

.277

.279

.278

.275

.271

0.141
.207
.247
.271
.285

.292

.295

.295

.293

.290

0.144
.213
.254
.279
.295

.303

.306

.307

.306

.303

0.146
.216
.260
.285
.302

.310

.314

.316

.315

.313

0.147
.218
.265
.290
.307

.317

.322

.324

.323

.321

0.147
.221
.269
.295
.312

.323

.329

.331

.330

.329

0.150
.224
.272
.300
.318

.330

.336

.340

.339
' .338

0.153
.228
.275
.306
.325

.338

.346

.350

.350

.350

0.155
.232
.282
.314
.335

.349

.357

.362

.364

.365

0.1 0.159
0.2 -_ ... .239
0.3--
0.4-

.291

.325
0.5- .348

0.6-- -.

0.7--
0.8-
0.9 -

.363

.373

.379

.382
1.0-_ .383

Table 6.

—

Values of the constant K^for use in formula {22) and other parallel wire
antenna formulas

n Kn n Ku n Kn n Kn

2
0.067
.135
.197
.252
.302

8 0.347 14 0.550
.576
.601
.625
.647
.668

20 688
3 9 .388

.425

.460

15 - - 30 - - . .847
4 10„_

11

16 40 .970
5 17 50 L063
6 12 .492

,522
18 100 1 357

7 -- 13 19

The general formula for Kj^ is

4.605Zn= ^2riogn(7i-l) + 2logn(n-2)-f3logn (n-3) +

+ (n-2)logn2l

or

JS^n==f2[logio (n-l) + 2 logio (ii-2) + 3 logio (^-3) +

+ (n-2)logio2l
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Table 7.

—

Values of the constant Yi for wires intersecting at an angle; formulas
(30) ff

(degrees)

180.

165.

150.

135.

120.

105.

90-.

85..

80..

75..

IQ..

65..

60..

55..

50..

45..

40..

35..

30..

25..

20..

15..

10-.

6...

^=1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2

0. 3010 0.3004 0.2983 0.2942 0. 2873 0. 2764 0. 2598 0.2346 0. 1957
.3029 . 3023 .3002 .2960 .2891 .2781 .2613 . 2359 .1967
.3086 .3080 .3056 .3016 .2944 ,2832 .2660 .2400 .1999
.3185 .3179 .3156 .3112 .3037 .2920 .2741 .2469 .2053
.3334 .3326 .3303 .3255 .3176 .3051 .2860 .2573 .2134

.3542 .3534 . 3508 .3457 .3370 . 3234 .3028 .2714 .2244

.3828 .3820 .3790 .3732 .3635 .3483 .3254 .2911 .2393

.3945 .3936 .3905 .3844 .3743 .3584 .3346 .2989 .2453

.4075 .4066 .4033 .3970 .3863 .3697 .3448 .3076 .2518

.4220 .4211 .4176 .4109 .3997 .3823 .3560 .3172 .2591

.4383 .4372 .4336 .4265 .4146 .3962 .3686 .3277 .2670

.4565 .4554 .4515 .4440 .4313 .4118 .3825 .3395 .2759

.4771 .4759 .4718 .4636 .4501 .4292 .3981 .3526 . 2857

.5004 .4992 .4946 .4859 .4713 .4489 .4156 .3678 .2966

.5271 .5257 .5208 .5112 .4954 .4712 . 4354 .3838 .3089

.5579 .5563 .5509 .5404 .5230 .4966 .4580 .4025 .3227

.5937 .5920 .5859 .5742 .5550 .5260 .4839 .4239 .3354

.6360 .6340 .6272 .6140 .6925 .6603 .5139 .4486 .3566

.6870 .6846 .6767 .6616 .6371 .6009 .5494 .4778 .3780

.7498 .7470 .7376 .7198 .6915 .6502 .5923 .5128 .4035

.8299 .8264 .8148 .7933 .7598 .7118 .6457 .5563 .4361

.9376 .9330 .9180 .8909 .8499 .7926 . 7155 .6129 .4762
1.0960 1.0892 1.0681 1. 0318 .9793 .9082 .8149 .6934 .5345
1. 3789 1.3663 1. 3314 1. 2771 1.2034 1. 1079 .9863 .8320 .6346

0.1

0. 1323
.1329
.1348
.1380
.1427

.1492

.1578

.1612

.1650

.1736

.1786

.1842

.1903

.1971

.2048

.2136

.2236

.2354

.2494

.3210

.3757

Table 8.

—

Values of the constant Y^ for wires in 'parallel planes and inclined at an
angle with one another; formulas (SO) ff

.=1

e
(degrees) ^« 0.2 0.5 1.0 0.5 «-2-2^ •

0.938
.687
.558
.477
.422
.383

.354

.333

.319

.309

.303

.301

0.648
.584
.497
.432
.384
.348
.321

.300

.285

.274

.267

.262

.261

0.359
.349
.328
.304
.282
.264
.249

.237

.228

.221

.216

.213

.212

0.203
.202
.197
.191
.185
.178
.172

.167

.163

.160

.158

.156

.156

0.106
.106
.106
.1045
.103
.102
.101

.099

.098

.097

.097

.096

.096

0.043
15__. 043
30 .043
45.- .043
60 .043
75.- 043
90 .043

105-_ .043
120 .0425
135 .0425
150--- .0425
166- .0425
180 .0425

=0.7.-

0--
15-
30-
45-
60-
75-

90-
106
120
135
150
165
180

0.905
.670
.546
.468
.414

.377

.314

.304

.297

0.571
.528
.461
.406
.364
.331

.307

.288

.274

.264

.257

.253

.261

0.312
.306
.292
.274
.257
.242

.212

.206

.202

.199

.198

0.175
.174
.171
.167
.163
.158

.154

.150

.147

.144

.142

.141

.141

0.091
.091
.091
.091
.090

.087

.086

.086

.085

.085

.085

0.037
.037
.037
.037
.037
.037

.037

.037

.037,

.037

.037

.037

.037
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Table 8.- -Values of the constant F2 for wires in parallel planes and inclined at
an angle with one another; formulas {30) ff—Continued

f=0.5

e
(degrees) ^^» 0.2 0.5 1.0 0.5 0-2-21

0..
0.798
.601
.496
.429
.382

.348

.323

.305

.292

.283

.278

.276

0.432
.414
.379
.343
.313
.289

.270

.255

.244

.235

.230

.225

.223

0.239
.236
.229
.221
.210
.200

.192

.186

.180

.175

.172

.171

.170

0.135
.135
.133
.131
.129
.126

.124

.121

.1195

.118

.117

.116

.116

0.071
.071
.071
.0705
.070
.0695

.069

.069

.068

.068

.0675

.067

.067

0.029
15 .029
30__ .029
45_ .029
60 .029
75- .029

90 .029
105- - .029
120-- . . .029
135-- .0285
150--- .0285
165- .0286
ISO .0285

o__
0.560
.432
.366
.322
.291

,270
.251
.238
.228
.222
.162
.217

0.238
.235
.226
.215
.204
.194

.185

.178

.172

.167

.164

.162

.161

0.136
.136
.134
.131
.128
.125

.122

.120

.117

.116

.114

.113

.113

0.079
.079
.079
.078
.0775
.077

.076

.075

.074

.074

.073

.073

.073

0.042
.042
.042
.042
.042
.042

.042

.042

.041

.041

.041

.041

.041

0.017
15__ .017
30 - .017
45-- .017
60-- .017
75__ - .017

90 .017
105-- .017
120 .017
135- .017
160- - .017
165- .017
180 .017

0--
0.289
.235
.205
.184
.169

.158

.149

.143

.138

.135

.133

.132

0.099
.099
.097
.096
.092
.092

.090

.088

.086

.085

.084

.084

.0835

0.059
.059
.059
.058
.058
.057

.057

.056

.056

.055

.055

.055

.055

0.035
.035
.035
.035
.035
.035

.035

.035

.034

.034

.034

.034

.034

0.019
.019
.019
.019
.019
.019

.019

.019

.019

.019

.019

.019

.019

0.008
16-- .008
30 .008
45 - .008
60 .008
75-- .008

90- .008
106-- .008
120 .008
135-- - .008
150 .008
166-

-

.008
180 .008
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Table 9.

—

Constants for two-wire horizontal antennas

[Symbols used above columns, etc., are defined on p. 606]

DIAMETER OF WIRE=0.06 INCH=0.00.5 FOOT

Height=10 feet

Heet U Capacity Capacity per foot

D=l 2)=2 2)=3 D=\ D=2 2>=3 i)=l D=2 D=3

10 2.082
2.277
2.366
2.416
2.450

2.472
2.502
2.522
2.548
2.561

1.932
2.126
2.216
2.266
2.299

2.322
2.352
2.372
2.398
2.410

1.844
2.038
2.128
2.178
2.211

2.234
2.264
2.284
2.310
2.322

35.3
64.6
93.3
121.9
150.2

178.6
235.3
291.8
433.2
574.8

38.1
69.2
99.7
129.9
160.1

190.2
250.3
310.4
460.4
610.7

39.9
72.2

103.8
135.2
166.4

197.7
260.1
322.3
477.9
633.8

3.534
3.232
3.111
3.048
3.004

2.977
2.941
2.918
2.888
2. 874

3.810
3.460
3.322
3.248
3.202

3.170
3.129
3.104
3.069
3.054

3.991
20 3.610
30 3.460
40 3.380
60 3.328

60 .-- 3.295
80 - --- 3.251
100 - 3.223
150
200

3.186
3.169

Height=15 feet

10. 2.118
2.339
2.449
2.514
2.560

2.590
2.632
2.659
2.698
2.717

1.967
2.188
2.298
2.364
2.409

2.440
2.482
2.508
2.547
2.566

1.879
2.100
2.210
2.276
2.321

2.352
2.394
2.420
2.459
2.478

34.8
62.9
90.2
117.2
143.8

170.5
223.7
276.8
409.3
641.8

37.4
67.3
96.1
124.5
152.8

181.0
237.2
293.4
433.4
573. 6

39.1
70.1
99.9
129.4
158.6

187.8
246.0
304.1
449.0
593.9

3.476
3.146
3.005
2.928
2.876

2.842
2.796
2.768
2.729
2.709

3.742
3.363
3.202
3.112
3.056

3.017
2.965
2.934
2. 889
2.868

3.914
20 - 3.504
30 3.330
40 -- 3.235
50 3. 172

60 3.130
80 - . 3.074
100 3.041

150 2.993

200. 2.970

Height=20 feet

10 - 2.134
2.373
2.496
2.572
2.624

2.664
2.714
2.748
2.796
2.822

1.984
2.222
2.346
2.422
2.474

2.513
2.564
2.598
2.646
2.672

1.895
2.134
2.258
2. 334
2.386

2.425
2.476
2.510
2.558
2.584

34.5
62.0
88.5
114.4
140.2

165.8
216.9
267.8
394.8
521.6

37.1
66.2
94.1
121.6
148.8

175.7
229.6
283.3
417.2
551.0

38.8
69.0
97.8
126.1
154.2

182.1
237.8
293.3
431.6
569.8

3.448
3.102
2.949
2.860
2.804

2.763
2.712
2.678
2.632
2.608

3.710
3.312
3.138
3.039
2.975

2.928
2.870
2.833
2.781
2.755

3.884
20 - 3.448
30 3.260
40 3.152
60 - 3.084

60 3.035
80 2.972

100 2.933

150 2.877
200 2.849

Height=25 feet

10 2.148
2.394
2.525
2.610
2.668

2.712
2.772
2.811
2.868
2.899

1.996
2.243
2.374
2.458
2.518

2.560
2.620
2.660
2.718
2.748

1.909
2.156
2.286
2.371
2.430

2.473
2.534
2.572
2.630
2.660

34.3
61.6
87.4
112.8
137.9

162.9
212.4
261.8
384.9
607.8

36.9
65.6
92.0
119.8
146.2

172.5
224.7
276.7
406.3
535.7

38.6
68.3
96.6
124.2
151.4

178.6
232.4
286.1
419.8
553.3

3.427
3.074
2.915
2.820
2.758

2.715
2.656
2.618
2.566
2.539

3.686
3.282
3.100
2.994
2.924

2.875
2.809
2.767
2.709
2.678

3.855
20.-.. 3.414

30 3.219
40 - 3. 105

60 3.028

60 2.977
80... 2.905

100 2.861
150 2.799

200 2.768

Height=30 feet

10 2.154
2.408
2.545
2.634
2.698

2.746
2.812
2.858
2.924
2.960

2.004
2.258
2.394
2.484
2.548

2.596
2.662
2.708
2.773
2.809

1.916
2.170
2.306
2.396
2.460

2.508
2.574
2.620
2.685
2.721

34.2
61.1
86.8

111.8
136.4

160.8
209.4
257. 5
377.6
497.4

36.7
65.2
92.2

118.5
144.4

170.1
221.2
271.8
398.1
524.0

38.4
67.8
95.7
122.9
149.6

176.1
228.8
281.0
411.2
541.0

3.416
3.056
2.892
2.794
2.728

2.680
2.617
2.575
2.517
2.487

3.673
3.260
3.074
2.962
2.888

2.835
2.765
2.718
2.654
2.620

3.841

20 3.392
30.-
40

3.191
3.072

60 2.992

60.- 2.935

80- 2.8.59

100- .- 2.810

150 2.741

200-- 2.705
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Table 9.

—

Constants for two-wire horizontal antennas—Continued

DIAMETER OF WIRE =0.06 INCH=0.005 FOOT—Continued

Height=40 feet

2 feet U Capacity Capacity per foot

D=l D=2 i>=3 D=l Z)=2 2>=3 i)=l D=2 D=3

10 2.162
2.425
2.568
2.668
2.740

2.794
2.870
2.923
3.004
3.049

2.012
2.274
2.418
2.518
2.589

2.643
2.720
2.772
2.853
2.898

1.924
2.186
2.330
2.430
2.501

2.555
2.632
2.684
2.765
2.810

34.0
60.3
88.0

110.3
134.3

158.1
205.1
251.8
367.6
482.8

36.6
64.7
91.3

116.9
142.1

167.1
216.5
265.5
387.0
508.0

38.2
67.3
94.8
121.2
147.1

172.8
223. 7

274.2
399.3
523.8

3.403
3.014
2.866
2.758
2.686

2.635
2.564
2.518
2.451
2.414

3.658
3.238
3.043
2.922
2.842

2.785
2.706
2.655
2.580
2.540

3. 82-5

20 3.366
30 3.159
40-- 3.029
50 2.942

60 2.880
80 2.795
100-- 2.742
150 2.662
200 .... 2.619

d Height =50 feet

10 2.168
2.438
2.587
2.690
2.764

2.822
2.908
2.967
3.058
3.112

2.017
2.288
2.438
2.539
2.614

2.672
2.757
2.816
2.908
2.960

1.929
2.200
2.348
2.451
2.526

2.584
2.669
2.728
2.820
2.872

34.0
60.4
85.4

109.5
13-3.1

156.5
202.5
248.1
361.0
473.1

36.5
64.4
90.6
116.0
140.8

165.3
213.6
261.3
379.6
497.2

38.2
66.9
94.0

120.1
145.7

170.0
220.6
269.8
391. 5

512.4

3.396
3.019
2.845
2.738
2.662

2.610
2.531
2.481
2.407
2.366

3.649
3.218
3.021
2.900
2.816

2.755
2.670
2. 613
2.531
2.486

3.818
20-- 3.348
30 3.134
40-- 3.002
50 2.914

60 2.848
80 2.758
100-- 2.608
150 2.610
200 2.562

Height=60feet

10 2.172
2.445
2.597
2.704
2.782

2.842
2.934
2.997
3.098
3.158

2.021
2.295
2.446
2.553
2.631

2.692
2.783
2.846
2.948
3.008

1.933
2.206
2.358
2.465
2.543

2.604
2.695
2.758
2.860
2.920

33.9
60.2
85.0
108.9
132.3

155.4
200.7
245.6
356. 3
466.1

36.4
64.1
90.2
115.3
139.9

164.0
211.6
258.6
374.5
489.4

38.1
66.7
93.6
119.4
144.7

169.6
218.5
266.8
386.0
504.2

3.389
3.010
2.834
2.722
2.646

2.590
2.509
2.456
2.375
2.330

3.642
3.207
3.008
2.882
2.798

2.733
2.645
2.586
2.497
2.447

3,808
20 .. - . 3.338
30-— 3. IIM
40 2.985
50 2.894

60 2.827
80- 2.731
100 2.668
150.-- 2.573
300 2 521

Height=80 feet

10 2.176
2.453
2.611
2.720
2.804

2.870
2.966
3.038
3.154
3.223

2.025
2.302
2.458
2.570
2.653

2,720
2.816
2.888
3.003
3.072

1.937
2.214
2.372
2.482
2.565

2.631
2.728
2.800
2.915
2.984

33.8
60.0
84.6
108.2
131.3

153.9
198.5
242.3
350.1
456.7

36.4
63.9
89.8
114.6
138.7

162.4
209.1
254.9
367.6
479.1

38.0
66,5
93.1
118.6
143.5

167.8
215.8
262.9
378.7
493.2

3.383
3.000
2.829
2.705
2.626

2.565
2.481
2.423
2.334
2.284

3.635
3.196
2.994
2.865
2.774

2.706
2.614
2.549
2.451
2.396

3.800
20 3.324
30 3.102
40 2 965
50 --. 2.870

60.- 2.797
80 2 698
100 --- 2.629
150 2 525
200 2 466

Height=100 feet

10 2.178
2.458
2.619
2.734
2.816

2.8»4
2.988
3.063
3.190
3.267

2.028
2.308
2.468
2.583
2.666

2.734
2.837
2.912
3.039
3.116

1.939
2.220
2.380
2.495
2.578

2.640
2.749
2.824
2.951
3.028

33.8
59.9
84.3
107.7
130.7

153.1
197.1
240.3
346.1
450.6

36.3
63.8
89.4
114.0
138.0

161.5
207.5
252.7
363.3
472.3

38.0
66.3
92.8
118.0
142.8

166.8
214.2
260.1
374.1
486.1

3.378
2.994
2.810
2.692
2.614

2.552
2.464
2.403
2.307
2.253

3.629
3.180
2.982
2.850
2.760

2.692
2.594
2.527
2.420
2.362

3.796
20 3 316
30 - 3.092
40 2 950
50--. 2.855

60 ..... 2.780
80-- 2 678
160 2 601
150 -. 2.490
200 2.430
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Table 9.

—

Constants for two-wire horizontal antennas—Continued

DIAMETER OF WIRE=0.12 1NCH=0.01 FOOT

Height=10 feet

2 feet U Capacity Capacity per foot

D=l D=2 D=3 i)=l D=2 2)=3 D=l D=2 D=3

10 1.932
2.126
2.216
2,266
2.300

2.322
2.352
2.372
2,398
2,410

1.782
1,976
2,065
2.116
2.148

2.172
2.202
2.221
2.248
2.260

1.694
1.888
1.977
2.028
2,060

2,084
2.114
2.133
2,160
2.172

38.1
69.2
99.7
129.9
160.0

190.2
250.3
310.4
460.4
610.7

41,3
74.5
106,9
139,2
171,3

203.4
267.5
331.4
491.2
651,3

43,5
78,0
111.7
145,2
178.6

212,0
278,6
345.1
511,2
677,7

3.810
3.461
3,322
3.248
3.200

3.170
3.129
3.104
3,069
3.054

4,131
3,724
3.563
3.480
3.426

3.390
3.344
3.314
3.275
3.256

4.346

20 3.898

30 ... 3.723

40 3.630

60 3.672

60 3.632

80. . 3.482

100 3.461

150 3.408

200. 3.388

Height=15 feet

10 1,967
2,188
2.298
2.364
2.409

2.440
2.482
2.508
2,547
2.566

1.816
2.038
2.148
2.214
2.258

2,290
2,331
2,358
2,396
2.416

1,728
1.950
2.060
2.126
2.170

2.202
2.244
2.270
2.308
2.328

37.4
67.3
96,1

124.

5

152.8

181.0
237.2
294.0
433.4
573.6

40.5
72.2
102.8
133.0
162.9

192.9
252.5
312.1
460.7
609.3

42.6
75.5
107.2
138.5
169.5

200.6
262.4
324.2
478.2
632.3

3.742
3,363
3.202
3,112
3.056

3.017
2.965
2.940
2.890
2.868

4.052
3.612
3.427
3.325
3.258

3.215
3.156
3.121
3.071
3,046

4.258

20... 3.774

30 3.573

40 3.462
50 3.390

60 3.343

80 3.281
100 3.242

150 3.188

200. 3.162

Height =20 feet

10 1,984
2.222
2.346
2.422
2.474

2.513
2.564
2.602
2.646
2.672

1.834
2.072
2.195
2.272
2.324

2.362
2.414
2.451
2.496
2.621

1,746
1.984
2.107
2.184
2.236

2.274
2.326
2.363
2.408
2.433

37.1
66,2
94,1
121.6
148.8

175.7
229.6
282.9
417.2
550.7

40.1
71,0
100.6
129.6
158.4

186.9
244.0
300.3
442.4
583,9

42,1
74.2
104,8
134.8
164.6

194.2
253,2
311,5
458.6
605.0

3.709
3,312
3.138
3.040
2.975

2.928
2.870
2.829
2.781
2.754

4.013
3,652
3,353
3,240
3,168

3,115
3.050
3.003
2.969
2.920

4.212
20 3.710
30 3.493

40 3.370
60 3.292

60 3.236
80 3.165
100 3.115
160 3.067
200 3.025

Height =25 feet

10 1,997
2.244
2.374
2.459
2,518

2.561
2.621
2.660
2.718
2.748

1.846
2.092
2.224
2.308
2.367

2.410
2.470
2.510
2.567
2.598

1.758
2.005
2.136
2.220
2.280

2.322
2.383
2,422
2.480
2, 510

36.9
65,6
93.0
119.7
146.2

172.4
224.6
276.6
406.2
535.6

39.9
70.4
99.3
127.6
155.5

183.2
238.4
293.3
430.1
566.7

41.8
73.4
103.4
132.6
161,4

190.1
247.1
303.9
445.3
686.5

3.686
3.280
3,100
2,992
2,923

2.873
2.808
2.766
2,708
2.678

3,987
3,518
3,310
3.190
3,110

3,053
2.980
2.933
2.867
2,834

4.185
20 3.671
30 3.447
40 3.315
60 3.228

60 3.166
80 3.089
100 3,039
160 2.969
200 2.932

Height=30feet

10 2.004
2.258
2.394
2.484
2.648

2.596
2.662
2.708
2.773
2.808

1.854
2.107
2.244
2.334
2.398

2.446
2.512
2.557
2.622
2.658

1.766
2.019
2.156
2 246
2.310

2.358
2.424
2.469
2.534
2.570

36.7
65.2
92.2
118.5
144.4

170.1
221.2
271.8
398.1
524.1

39.7
69.9
98.4
126.2
153.5

180.6
234.4
287.8
421.0
553.8

41.7
72.9

102.4
131,1
159,3

187.3
242.9
298.1
435.6
572.8

3.673
3.260
3.074
2.962
2,888

2.835
2.765
2.718
2.654
2.620

3.971
3.493
3.280
3.155
3.070

3.010
2.930
2.878
2.807
2.769

4.169
20— . . 3.646
30 3.413
40 3. 278
50 3.186

60 3.122
80 .._ 3.036
100... 2.981
150 2.904
200 2.864
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Table 9.—Constants for two-wire horizontal antennas—Continued

DIAMETER OF WIRE =0.12 inch=0.01 foot—Continued

Height=40 feet

I feet U Capacity Capacity per foot

D=l 2)=2 2>=3 2)=1 2>=2 D=3 D=l D=2 D=3

10 2.012
2.274
2.418
2.518
2.589

2.643
2.720
2.772
2.853
2.898

1.862
2.124
2.267
2.368
2.438

2.492
2.570
2.622
2.702
2.747

1.774
2.036
2.179
2.280
2.350

2.404
2.482
2.534
2.614
2.660

36.6
64.7
91.3
116.9
142.1

167.1
216.5
265.5
387.0
507.9

39.5
69.3
97.4
124.4
150.9

177.2
229.2
280.7
408.5
535.9

41.5
72.3
101.3
129.

2

156.6

183.7
237.3
290.4
422.3
553.4

3.658
3.236
3.044
2.922
2.842

2.785
2.706
2.655
2.580
2.540

3.954
3.465
3.247
3.109
3.018

2.953
2.864
2.807
2.723
2.680

4.150
20 3.610

30 3.377
40 3.229
50 3.132

60 3.062
80 2.966

100 - 2.904

150 2.815

200 2.767

Heights 50 feet

10 2.017
2.288
2.436
2.539
2.614

2.672
2.757
2.816
2.908
2.960

1.866
2.137
2.286
2.388
2.464

2.522
2.606
2.666
2.758
2.810

1.778
2.049
2.198
2.300
2.376

2.434
2.618
2.576
2.670
2.722

36.5
64.4
90.6
116.0
140.8

165.3
213.6
261.3
379.6
497.2

39.5
68.9
96.6
123.3
149.4

175.1
225.9
276.1
400.4
523.8

41.4
71.8
100.4
128.0
154.9

181.5
233.8
286.5
413.6
540.8

3.649
3.218
3.021
2.900
2.816

2.755
2.670
2.613
2.531
2.486

3.954
3.444
3.220
3.082
2.988

2.918
2.824
2.761
2.669
2.619

4.138
20 3.692
30 3.345
40 3.200
60 3.098

60 3.025
80 2.922
100 2.855
150 2.757
200 2.704

Height=60 feet

10 2.021
2.294
2.446
2.553
2.631

2.692
2.783
2.846
2.948
3.008

1.870
2.144
2.296
2.402
2.480

2.542
2.632
2.696
2.798
2.857

1.782
2.056
2.208
2.314
2.392

2.454
2.544
2.608
2.710
2.769

36.4
64.2
90.2
115.3
139.9

164.0
211.6
258.6
374.5
489.4

39.4
68.7
96.2
122.5
148.8

173.8
223.7
273.0
394.6
515.2

41.3
71.6

100.0
127.3
153.8

180.0
231.4
282.2
407.5
531.6

3.642
3.208
3.008
2.882
2.798

2.733
2.645
2.586
2.497
2.447

3.935
3.433
3.206
3.062
2.968

2.897
2.796
2.730
2.631
2.578

4.129
20 3.580
30 - 3.333
40- 3.182
50 3.078

60
80

3.000
2.892

100__ 2.822
150 2.717
200 2.658

Height=80 feet

10 2.025
2.302
2.460
2.570
2.654

2.719
2.816
2.888
3.003
3.072

1.874
2.152
2.308
2.420
2.504

2.568
2.666
2.737
2.852
2.922

1.786
2.064
2.222
2.332
2.416

2.480
2.578
2.649
2.764
2.834

36.3
63.9
89.7
114.6
138.7

162.4
209.1
254.9
367.6
479.1

39.3
68.4
95.7
121.7
147.0

171.9
220.9
268.9
387.0
503.8

41.2
71.3
99.4

126.3
152.4

178.0
228.4
277.6
399.3
519.4

3.635
3.196
2.991
2.865
2.774

2.707
2.614
2.549
2.451
2.396

3.926
3.420
3.189
3.042
2.940

2.865
2.761
2.689
2.580
2.519

4.120
20-- 3.566
30 3.312
40- 3.158
60- 3 047

60- 2.967
80 2.855
100- 2.776
150-- 2.662
200 2.597

Height= 100 feet

10-- 2.028
2.308
2.468
2.583
2.666

2.734
2.837
2.912
3.039
3.116

1.878
2.157
2.318
2.432
2.516

2.384
2.686
2.762
2.888
2.966

1.790
2.069
2.231
2.344
2.428

2.496
2.598
2.674
2.800
2.878

36.3
63.8
89.4
114.0
138.0

161.5
207.5
252.7
363.3
472.2

39.2
68.2
95.3
121.0
146.3

170.9
219.2
266.5
382.2
496.3

41.1
71.2
99.0

125.6
151.6

177.0
226.6
275.2
394.2
511.5

3.629
3.190
2.982
2.850
2.760

2.692
2.594
2.527
2.422
2.362

3.920
3.412
3.175
3.025
2.926

2.848
2.740
2.665
2.548
2.482

4.113
20— 3 558
30 3 299
40 - 3 140
60 3 032

60 2 950
80 2 832
100- 2*752
150. 2 628
200 2 558
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Table 9.

—

Constants for two-wire horizontal antennas—Continued

DIAMETER OF WIRE =0.18 INCH=0.015 FOOT

Meet

80-.
100.
160.
200-

Height=10 feet

10-
20.
30-
40-
60-

60-
80-
100
160

200

10-
20-
30.
40-
60-

60-
80-
100
150
200

10-
20-
30-
40.
50-

60.
80-
100
150
200

10 „
20.
80.
40-
60.

60.
80-
100
150
200

D=l

1.844
2.038
2.128
2.178
2.211

2.234
2.264
2.284
2.309
2.322

D=2

1.909
2.157
2.286
2.371
2.430

2.473
2..%3
2.572
2.630
2.660

1.916
2.170
2.306
2.396
2.460

2.508
2.574
2.620
2.685
2.720

1.694
1.888
1.977
2.028
2.060

2.084
2.114
2.133
2.158
2.172

D=3

1.606
1.800
1.889
1.940
1.972

1.996
2.206
2.045
2.070
2.084

Capacity

D=l D=2

72.2
103.8
135.2
166.4

197.7
260.1
322.3
478.1
633.8

43.5
78.0
111.7
145.2
178.6

212.0
278.5
345.1
511.5
677.7

D=3

45.8
81.8
116.9
151.8
186.6

221.3
290.7
259.9
533.2
706.3

Capacity per foot

D=l

3.991
3.611
3.460
3.380

3.295
3.251
3.22:i

3.187
3.169

D=2

4.346
3.898
3.723
3.630
3.572

3.533
3.481
3.451
3.410
3.388

Height=15 feet

1.879 1.728 1.640 39.2 42.6 44.9 3.918 4.258
2.100 1.950 1.862 70.1 75.5 79.0 3.505 3.744
2.210 2.060 1.972 99.9 107.2 112.0 3.330 3.573
2.276 2.126 2.038 129.4 138.5 144.6 3.234 3.462
2.321 Zi70 2.082 158.6 169.6 176.7 3.171 3.391

2.352 2.202 2.114 187.8 200.6 208.9 3.130 3.343
2.394 2.244 2.156 246.0 262.4 273.1 3.074 3.282
2.420 2.270 2.182 304.1 324.2 337.3 3.041 3.241
2. 459 2.308 2.220 449.0 478.2 497.2 2.993 3.188
2.478 2.328 2.240 593.9 632.3 657.1 2.970 3. 162

Height=20 feet

1.896 1.746 1. 658 38.8 42.2 44.4 3.882 4.217
2.184 1.984 1.896 69.0 74.2 77.6 3.448 3.710
2.258 2.107 2.019 97.8 104.8 109.4 3.260 3.493
2.334 2.184 2.096 126.1 134.8 140.5 3.152 3.370
2.386 2.236 2.148 154.2 164.6 171.4 3.084 3.292

2.425 2.274 2.186 182.1 194.1 202.0 3.035 3.235
2.476 2.326 2.238 237.8 253.2 263.2 2.972 3.165
2.510 2.359 2.271 293.3 312.0 324.0 2.933 3.120
2.559 2,408 2.320 431.4 458.6 476.0 2.876 3.057
2.584 2.433 2.345 569. 8 605.0 627.7 2.849 3.025

Height=25 feet

1.758 1.670 38.6 41.9 44.1 3.855 4.187
2.006 1.918 68.2 73.4 76. 7 3.412 3.669
2.136 2.048 96.6 103.4 107.8 3.219 3.447
2.220 2.132 124.2 132.6 138.1 3. 105 3.315
2.279 2.192 151.4 161.5 167.9 3.028 3.230

2.322 2.234 178.6 190.2 197.6 2.977 3.170
2.382 2.295 232.4 247.2 256.6 2.906 3.090
2.422 Z334 286.1 304.0 315.3 2.861 3.040
2.479 2.392 419.8 445.3 461.6 2.799 2.969
2.610 2.422 653.3 586. 6 607.8 2.766 2.933

Height =30 feet

1.766 1.678 38.4 41.7 43.9 3.840 4.169
2.019 1.931 67.8 72.9 76.2 3.392 3.646
2.156 2.068 95.7 102.4 106.8 3.191 3.413
2.246 2.158 122.9 131.1 136.5 3.072 3.278
2.310 2.222 149.6 159.3 165.6 2.992 3.1§6

2.358 2.270 176.1 187.3 194.6 2. 935 3.122
2.424 2.336 228.8 243.0 252.1 2.859 3.038
2.460 2.381 280.8 298.1 309.1 2.808 2.981
2.534 2.446 411.2 435.6 451.2 2.741 2.904
2.570 2.482 541.1 572.8 593.1 2.706 2.864

J?=3

4.584
4.089
3.897
3.795
3.732

3.688
3.634
3.599
3.655
3.632

4.486
3.962
3.733
3.612
3.534

3.482
3.414
3.373
3.315
3.286

4.440
3.882
3.647
3.512
3.428

a 367
3.290
3.240
3.173
3.138

4.406
3.836
3.598
3.452
3.368

3.293
3.208
3.153
3.077
3.039

4.388
3.812
3.660
3.412
3.312

3.243
3.151
3.091
3.008
2.966
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Table 9.

—

Constants for two-wire horizontal antennas—Continued

DIAMETER OP WIRE=0.18 INCH=0.015 FOOT—Continued

10-
20-
30-
40-
60-

60.
80-
100.

150
200.

10-
20-
30.
40.
50.

60.
80.
100.

150
200.

80-.
100-
150-
200.

100.
150.
200.

100-
150-
200-

Height=40 feet

Z)=l

1.924
2.186
2.330
2.430
2.501

2.555
2.630
2.684
2.765
2.810

1.933
2.206
2.358
2.465
2.543

2.604
2.705
2.758
2.860
2.920

1.940
2.220
2.380
2.495
2.678

2.646
2.750
2.824
2.951
3.038

I>=2

1.774
2.036
2.179
2.280
2.360

2.404
2.480
2. 534
2.614
2.659

I?=3

1.686
1.948
2.091
2.192
2.262

2.316
2.392
2.446
2.526
2.572

Capacity

Z>=1

38.2
67.3
94.8
121.2
147.1

172.8
223.9
274.2
399.3
623.8

2>=2

41.5
72.3
101.3
129.2
156.6

183.7
237.5
290.4
422.3
553.6

D=Z

43.7
75.6
105.6
134.3
162.6

190.6
246.2
307.8
437.0
572.3

Capacity per foot

D=l

3.825
3.366
3.159
3.030
2.942

2.880
2.799
2.742
2.662
2.619

D=2

4.150
3.615
3.377
3.229
3.132

3.062
2.969
2.904
2.815
2.768

Height =50 feet

1.929 1.778 1.690 38.2 41.4 43.5 3.816 4.138
2.200 2.040 1.961 66.9 71.8 75.1 3.346 3.592
2.348 2.198 2.110 94.2 100.4 104.6 3.134 3.348
2. 452 2.302 2.214 120.1 127.9 132.9 3.002 3.198
2.526 2.376 2.288 145.7 154.9 160.9 2.914 3.098

2.584 2.434 2.346 170.9 181.4 188.3 2.848 3.023
2.669 2.518 2.430 220.6 233.8 242.3 2.758 2.923
2.728 2.580 2.494 269.8 285.3 295.1 2.698 2.853
2.820 2.670 2.582 391.5 413.6 427.7 2.610 2.755
2.872 2.722 2.634 512.4 540.8 658.8 2.562 2.704

Height=60feet;3

1.782
2.056
2.208
2.314
2.392

2.454
2.554
2.608
2.710
2.769

1.694
1.968
2.120
2.226
2.304

2.366
2.466
2.520
2.622
2.681

38.1
66.7
93.6
119.4
144,7

217.7
266.8
386.0
504.2

41.3
71.6
100.0
127.2
153.8

180.0
230.5
282.2
407.5
531.6

43.4
74.8

104.2
132.2
159.7

186.7
238.7
292.1
421.1
549.0

3.808
3.336
3.121
2.985
2.894

2.827
2.721
2.668
2.573
2.621

4.129
3.580
3.333
3.180
3.076

3.000
2.881
2.822
2.717
2.658

Height=80 feet

1.937 1.786 1.698 88.0 41.2 43.3 3.800 4.120
2.214 2.064 1.976 66.5 71.3 74.5 3.324 3.566
2.370 2.220 2.132 93.2 99.5 103.6 3.105 3.316
2.492 2.342 2.254 118.9 126.6 131.6 2.972 3.165
2.565 2.414 2.326 143.5 152.4 168.2 2.870 3.048

2.631 2.480 2.392 167.8 178.1 184.6 2.797 2.968
2.728 2.578 2. 490 216.8 228.4 236.5 2.698 2.855
2.800 2.649 2.561 262.9 277.8 287.4 2.629 2.778
2.915 2.764 2.676 378.7 399.3 412.5 2.626 2.662
2.984 2.834 2.746 493.2 519.4 636.1 2.466 2.597

Height =100 feet

1.790
2.069
2.230
2.344
2.428

1.702
1.981
2.142
2.256
2.340

2.408
2.512
2.586
2.713
2.802

37.9
66.3
92.8
118.0
142.7

166.9
214.1
261.6
374.1
484.5

41.1
71.2
99.1
125.6
15J.6

177.0
226.5
275.2
394.2
509.7

43.3
74.3

103.1
130.5
157.3

183.4
234. 4
284.6
407.0
525.3

3.794
3. 316
3.092
2.950
2.855

2.782
2.676
2.616
2.497
2.422

4.113
3.558
3.301
3.140
3.032

2.950
2.831
2.752
2.628
2.548

i>=3

4.367
3.778
3.520
3.358
3.263

3.177
3.078
3.008
2.913
2.862

4.354
3.763
3.488
3.322
3.218

3.138
3.029
3.951
2.851
2.794

4.343
3.740
3.472
3,305
3.194

3.112
2.984
2.921
2.807
2. 745

4.333
3.724
3.463
3,290
3.164

3.077
2.956
2.874
2.760
2.680

4.326
3.716
3.437
3.262
3.146

3.057
2,930
2.846
2.713
2.626
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Table 9.

—

Constants for two-wire horizontal antennas—Continued

DIAMETER OF WIRE =0.24 INCH=0.02 FOOT

10.
20-
30-
40-
fiO-

60-
80.
100
150.

200

100.
150.
200-

60..
80-
100.
150.

60.

100.
150.
200.

40.

100.
150.
200.

2?=1

1.782
1.976
2.065
2.116
2.148

2.172
2.202
2.221
2.248
2.260

10- 1.846
2. 093
2.224
2.308
2.368

2.410
2.470
2.510
2.568
2.598

Height=10 feet

1. 854
2.107
2.244
2.334
2.398

2.466
2.511
2.557
2.622
2.658

D=2

1.631
1.826
1.914
1.965
1.998

2.021
2.051
2.070
2.097
2.110

i)=3

1.643
1.738
1.827
1.877
1.910

1.933
1.963
1.982
2.009
2.022

Capacity

Z>=1

41.3
74.5
106.9
139.2
171.3

203.4
267.6
331.4
491.2
651.3

Z>=2

45.1
80.6
115.3
149.8
184.2

218.5
287.1
355.5
626.5

i?=3

47.7
84.7
120.9
156.8
192.7

228.4
300.0
371.3
649.5
728.2

Capacity per foot

D=l

4.131
3.724
3.563
3.480
3.426

3.390
3.345
3.314
3.275
3.256

D=2

4.513
4.032
3.843
3.745
3.684

3.642
3,589
3.555
3.510

Height =15 feet

1.816 1.666 1.578 40.5 44 2 46.6 4 052 4 418
2.038 1.888 1.800 72.2 78.0 81.8 3.612 3.900
2.148 1.998 1.910 102.8 110.5 115.6 3.427 3.683
2.214 2.063 1.975 133.0 142.7 149.1 3.325 3.568
2.258 2.108 2.020 163.0 174.6 182.2 3.260 3.492

2.290 2.139 2.051 192.9 206. 4 215.3 3.215 3.441
2.332 2.181 2.093 252.5 270.0 281.3 3.156 3.375
2.358 2.208 2.120 312.1 333.4 347.3 3.121 3.334
2.396 2.246 2.158 460.7 491.5 511.6 3.071 3.277
2.416 2.266 2.178 609.3 649.8 676.0 3.046 3.249

Height =20 feet

Height =25 feet

Height=30 feet

D=3

1.834 1.683 1.595 40.1 43.7 46.1 4 014 4 373
2.073 1.922 1.834 71.0 76.6 80.3 3.552 3.830
2.195 2.044 1.956 100.6 108.0 112.8 3.353 3.600
2.272 2.121 2.033 129.6 138.8 144.8 3.240 3.470
2.324 2.173 2.085 158.4 169.4 176.5 3.168 3.387

2.362 2.212 2.124 186.9 199.6 207.6 3.115 3.327
2.414 2.263 2.175 244.0 260.2 270.7 3.050 3.252
2.447 2.296 2.208 300.8 320. 5 333.3 3.008 3.205
2.496 2.345 2.257 442.4 470.8 489.1 2.949 3.139
2.521 2.370 2.282 583.9 621.0 644 9 2.920 3.105

1.696 1.608 39.9 43.4 45.8 3.986 4 341
1.942 1.854 70.3 75.8 79.4 3.516 3.790
2.073 1.986 99.3 106.5 111.2 3.309 3.550
2.158 2.070 127.5 136.5 142.2 3.188 3.412
2.217 2.129 155.4 166.0 172.8 3.108 3.320

2.260 2.172 183.2 195.4 203.3 3.053 3.257
2.320 2.232 238.3 253.8 263.8 2.979 3.173
2.359 2.272 293.2 312.0 324 2.932 3.120
2.416 2.329 430.0 456.9 474 2.867 3.046
2.447 2.360 566.0 601.6 023.9 2.833 3.008

1.703 1.615 39.7 4.3.2 45.6 3. 971 4 322
1.958 1.868 69.9 75.2 78.8 3.493 3.758
2.094 2.006 98.4 105.5 110.1 3.280 3.517
2.183 2.095 126.2 134 9 140.5 3.155 3.372
2.247 2.159 153.5 163.8 170.4 3.070 3. 2,76

2. 295 2.207 180.6 192.4 200.1 3.010 3.207
2.361 2.273 234 4 249. 4 259.0 2. 930 3.118
2.406 2.318 287.8 305.8 317.4 2.878 3.058
2.472 2.384 421.0 446.6 463.1 2.807 2.977
2.506 2.420 553.8 587.4 608.4 2.769 2.937

4 770
4 236
4 030
3.921
3.854

3.807
3.749
3.713
3.663
3.641

4664
4090
3.853
3.728
3.644

3.588
3.516
3.473
3.411
3.380

4 614
4014
3.762
3.620
3.530

3.460
3.384
3.333
3.261
3.224

4 577
3.968
3.707
3.550
3.456

3.388
3.297
3.240
3.160
3.120

4 557
3.939
3; 670
3.512
3.409

3. 335
3.238
3.174
3.087
3.042
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Table 9.

—

Constants for two-wire horizontal antennas—Continued

DIAMETER OF WIRE =0.24 INCH =0.02 FOOT—Continued

100.
150.
200-

2 feet

10.
20-
30.
40-
60.

60-
80.
100
160
200.

10.
20-
30-
40-
50-

60.
80-
100
150
200

10-
20-
30-
40-
50-

60-
80-
100
150
200

10.
20-
30-
40.
50.

60.
80.
100
150
200

Height=40 feet

D= l

1.862
2.124
2.267
2.368
2.438

2.492
2.570
2.622
2.702
2.748

D=2

1.711
1.974
2.116
2.217
2.289

2.342
2.419
2.472
2.552
2.596

2?=3

1.623
1.886
2.028
2.129
2.200

2.254
2.331
2.384
2.464
2.510

Capacity

i>=l

39.5
69.3
99.7
124.4
150.9

177.2
229.2
280.7
408.6
635.7

2>=2

43.0
74.6
104.3
132.8
160.7

188.6
243.4
297.8
432.6
566.9

D=3

45.4
78.1

108.8
138.3
167.3

195.9
252.6
308.8
448.1
586.6

Capacity per foot

Z)=l

3.954
3.465
3.324
3.109
3.018

2.953
2.864
2.807
2.724
2.678

Z>=2

4.302
3.730
3.477
3.320
3.214

3.143
3.042
2.978
2.884
2.834

Height=50 feet

1.866 1.716 1.628 39.4 42.9 45.2 3.943 4.289
2.137 1.986 1.898 68.9 74.1 77.5 3.443 3.705
2.286 2.136 2.048 96.6 103.4 107.8 3.220 3.447
2.388 2.238 2.150 123.3 131.6 136.9 3.082 3.289
2.464 2.313 2.225 149.4 159.1 165.4 2.988 3.182

2.522 2.371 2.283 175.

2

186.3 193.4 2.920 3.105
2.606 2.456 2.368 225.9 239.7 248.6 2.824 2.996
2.666 2.515 2.428 276.1 292.6 303.2 2.761 2.926
2. 758 2.607 2.519 400.4 423.5 438.2 2.669 2.827
2.810 2.658 2.572 523.8 553.8 672.4 2.619 2.769

1.878
2.156
2.318
2.432
2.516

2.584
2.686
2.762
2.888
2.966

Height=60 feet

1.870 1.720 1.632 39.3 42.8 45.1 3.932 4.279
2.144 1.994 1.906 68.7 53.8 77.2 3.433 3.692
2.296 2.146 2.058 96.2 102.9 107.3 3.206 3.430
2.402 2.252 2.164 122.5 130.8 136.0 3.062 3.270
2.480 2.330 2.242 148.4 157.9 164.1 2.968 3.158

2.542 2.391 2.303 173.8 184.7 191.8 2.897 3.078
2.632 2.482 2.394 223.7 237.2 246.0 2.796 2.965
2.697 2.546 2.458 272.9 289.0 299.4 2.729 2.890
2.798 2.607 2.559 394.6 417.1 431.4 2.631 2.781
2.854 2.702 2.618 515.8 544.9 562.2 2.579 2.724

Height=80 feet

Height=100 feet

Z>=3

1.874 1.724 1.636 39.3 42.7 45.0 3.927 4.269
2.152 2.002 1.914 68.4 73.5 76.9 3.420 3.677
2.310 2.158 2.072 95.6 102.3 106.6 3.186 3.410
2.420 2.269 2.181 121.7 129.8 135.0 3.042 3.244
2.504 2.354 2.266 146.9 156.3 162.7 2.938 3.126

2.568 2.418 2.330 171.9 182.6 189.5 2.865 3.043
2.666 2.515 2.427 220.9 234.1 242.6 2.761 2.926
2.736 2.586 2,498 269.0 296.6 293.6 2.660 2.844
2. 852 2.702 2.614 387.0 408.6 422.3 2.580 2.724
2.922 2.771 2.684 503.8 531.1 548.5 2.519 2.656

1.727 1.639 39.2 42.6 44.9 3.920 4.262
2.006 1.918 68.3 73.4 76.7 3.414 3.668
2.168 2.080 95.3 101.9 106.2 3.175 3.397
2.282 2.194 121.0 129.0 134.2 3.025 3.222
2.365 2.277 146.3 155.6 161.6 2.926 3.112

2.433 2.345 170.9 181.5 188.3 2.848 3.025
2.536 2.448 219.2 232.2 240.5 2.740 2.902
2.612 2.524 266.5 281.8 291.7 2.665 2.818
2.738 2.650 382.2 403.2 416.6 2.548 2.688
2.816 2.730 496.3 522.8 539.3 2.492 2.614

4.535
4.032
3.628
3.458
3.346

3.265
3.158
3.088
2.987
2.933

4.521
3.877
3.593
3.422
3.308

3.223
3.108
3.032
2.901
2.862

4.510
3.862
3.577
3.400
3.282

3.197
3.074
2.994
2.876
2.811

4.499
3.846
3.553
3.375
3.254

3.158
3.032
2.946
2.815
2.742

4.491
3.836
3.540
3.355
3.232

3.138
3.006
2.917
2.777
2.696
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XII. APPENDIXES

APPENDIX 1.—FORMULA FOR THE CAPACITY OF A SOLID-TOP
ANTENNA

The antenna is supposed to consist of a rectangular metal plate of dimensions

I by w, and to have a thickness of 2t. It is placed with its plane at a height h

above the ground. The capacity is derived by first assuming a uniform distribu-

tion of charge, and from the corresponding potential distribution the equilibrium

potential is obtained by Howe 's approximation applied to both dimensions. The
capacity formula is then

^ 16.95 l2t02 /.^x^—S^~ (46)

in which the dimensions are supposed to be in feet, and the quantity

>S=w;smh 1
, ^4-t smh *

,4 H— smh i 7- 1
-'^

,

——
|

i-r smh 1 — I
= j^^— '— I — 2t tan ^ —

,

—

The value of S' is obtained from S by substituting 2h for t in the formula for S.
If the width of the antenna is small compared with its length, S and S' may be

expanded in series, and we may write

^ 0.2416 Z, 7.36^2

in which

2.303 p,=logn - + 2 + 3 7-24 > + 480 IT- ••• •

2.303 p3=sinh-i-,.i=-(^^)+-^^^ 1-1^. ^

^24 a»' ar 12^^' I 4 jS^ ^ + 3 ^2 ^z '

....

where

p=2h, a=^|¥+W=^|lH^^

APPENDIX 2.—FORMULAS FOR POTENTIAL COEFFICIENTS OF VARI-
OUS WIRE COMBINATIONS WITH UNIT CHARGE DENSITY

In each of the following formulas the length of the charged conductor is taken
as 7n, and the potential of the conductor of length I, due to unit linear charge
density on conductor m, is denoted by Uim- The corresponding linear potential

coefficient Umh supposing the conductor I to be charged, may be obtained from
the general relation below. The potential coefficient Pin>= Pmi, due to unit

charge on either conductor, is obtained from the potential coefficient per unit

linear charge density by the relation Pixa=Pmi=—=%^- Since Uin, is of
171 I
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zero dimensions in length, any unit of length may be employed, provided it is

used consistently throughout. If Uim is to be used in the denominator of the

general formulas

the value of Uim found by any formula of this section must be divided by 4.605.

Single Wire.—For a single wire of diameter d and length I,

C/„=2[sinh-.f-^l+^+|^] ^ (48)

=2 sinh~i ^ — 1 approx.

Two Parallel Wires.—The wires are supposed to be placed as shown in

Figure 11.

?7im=T smh^ D~T ^ DT ^ D T ^
D"

I
"^' f "^ T I

^^^^

a=l'\-m+2h, ^= l+ 2h, y=m+2h

As special cases, we have for D=0 (wires in the same straight line)

C/im=J logn J—J logn J—J logn y+-^ logn y (50)

Wires in contact, 2//=0, D^O.

C/im=logn -y-+J logn -^ (51)

Common perpendicular through the centers of the wires (fig. 12).

^- l-\-m . ,_, l+m (l—m) . . . l—m
U^^=~j- smh 1 ^^ J— smh 1 -2^

If, further, the lengths are equal, l—m=h

(52)

C/n'=2[sinh-i^-yi+^+£] (53)

Common perpendicular through the ends of the wires.— (a) Wires on the same
side of the perpendicular:
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P.„=smh-. ^-(^) sinh-. '-^+f sinh-> g

-V
Z)2 VwM-^^ V(^--m)«+Z)3

,
D

[ Vol gg

(54)

1+^- -+

|-

Fig. 11.—T too

parallel wires,

general case

+T

•7^

IZ7
-^

Fig. 12.

—

Two parallel
wires, symmetrically
placed

(6) Wires on opposite sides of the perpendicular:

C/im=—T— Sinn » —

^

smh ^ ^— r sinh ' ^
(55)

+

Wires at Right Angles.—Wires in the same plane intersecting at right

angles:

(56)l/'in»=sinh ^
-f + r sinh ^ —
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Wires in the same plane with their nearer ends separated by a distance 2h:

Uu.=Bmh 1—^ sinh 1 X+-X- sinh i

^h+^-T ^^^^
2h ^^^

Wires in parallel planes separated by a distance D and with the end of wire

m separated by a distance 2h from the common perpendicular which runs through
the end of the wire I:

^_ . - _, 2h±m . , _, 2h
,
2h+m . , _, I

2h . ^_, Z £>A -, Z(2/i+w) ^ _, 2M
(58)DA l{2h+m) . _, 2hl \

, oiuii , —i"
I tan '—

, =rr-—tan ^

—

,

• i

I ^D^+ 4h^ I \ D^|D^+l^+{2h+my D-y/D^+l^+ ^h^/

Wires in parallel planes separated by a distance D, the common perpendicular

through the ends of both wires:

Wires Inclined to One Another.—^Wires intersecting at an angle 6:

rr ' •u-^ f^— l COS 6 . m . , _, l—m COS d .l-\-m . ,. , , ^. ,_rt.

Wires in the same plane, but not intersecting, the distances of wires I and m
from the intersection of their directions being /* and v, respectively

:

"*
^ L (/u-f sm (/i+Z)sm0 J

/* r • u-i (»'4-w)— At cos 6 . ._. v—ix cos ^"1

+(d^)r,inh-i (''+''-<^+!»);°«''-sinh-. ''-<''+.'")<'°^"n
Z L {v-\-m) sine ixsmd J

vF . , _, (m+0— " cos . , _, /x— »» cos ^~|—f smh 1 ^ ^T

—

smh ^ ^—^—
i L »' sm d V sm J

Wires in parallel planes separated by a distance 2h. The common perpen-

dicular passes through the ends of the wires, and they are inclined at an angle di

Ui„,-=2 tanh-i ^ +2 ? tanh"! ^

Ri -\- R2 I Ri 4" Ri

2h r , 4/i2 cos + im sin2 ^ _, 2/i cot
•r-^—^ tan~i KT-B—=

—

o tan ^—^
Z sm ^L 2hRi sm iKj

.,]i24

12i2=4/i2+Z2+m2-2Zm cos

R2i=^h^+l\ R32=4A2, i242=4/i2+ m2

General case of any two straight wires whatever (G. A. Campbell). In Figure

13 the wires are AB and ah, their common perpendicular Pp, and the various

distances are given in the figure.

U,„=^-^ tanh-.j^-^ tanh-.
xvi -f- xt2 I R3 H" Ri
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where

L dRi sm|€ J L dRs sm e J

_ , _j FcP cos 6+ (m+0 y sin c"! . _j Fd^ cos e-\-iJi{v+m) sin* c"|

L dR2 sin

«

J L <^^4 sin e J

JKi=^, R2= Ba, R3-=AZ, Ri-=Ab

a^^Ri^-R2^+R3^-Ri\ S2z^=R2^-Ri^ ««*=/24»-i2«' (63)

d«=i23a_^._^_^. a«,cosc=-2^

_ 2Z2(g43°-mg)-a^(523^-Z ^)

The quantities I, wi i?i, i22, i^a, and R4 are obtained by direct measurement and
serve to determine all the others.

3

X
^'^

A

Fig. 13.

—

Two inclined wires, general case

APPENDIX 3.—AN ALTERNATIVE OR MATHEMATICAL STATEMENT
OF HOWE'S ASSUMPTION

Dr. C. Snow, of this bureau, has developed the following treatment of the

limitations of Howe's method. Formulating the question by means of the
Newtonian integral for the electrostatic potential, and by taking the surface

average and inverting the order of integration, one may arrive at the following

alternative statement of Howe's assumption:

Howe's expression for the potential (and hence the capacity) is valid when,
and to the same precision as, the following is valid: The sum of the deviations

of linear charge density on the antenna differs from their mean value by a negli-

gible amount.
It is obvious that this would appl}^ very well to horizontal wires not too close

together, but might not be true in the case of long, vertical wires whose lower
end is close to the ground.
The proof may be outlined as follows: Let 2=0 be the plane of the earth at

zero potential, and let Pi (xiyiZi) be any point on the surface of the conducting
system constituting the antenna, <r (xiyiZi) the surface density of charge there,

and dSi the surface element there. If P {x y z) is any point in space above the
ground, then the Newtonian integral for the electrostatic potential at P is

y{xyz)=ffdS,<T{xmzi)^
^

^{x~x,y+{y-yiY^-{z-Zxy

,

-^ =1 (64)
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li P (x y z) is any point on the surface of the conductor (antenna) , the distri-

bution of charge will be such as to give the integral on the right of (64) the same
constant value, say Fi, for all positions of P on this conductor. On the other

hand, if <r has the constant value o-o at all points of this conductor (and P still

refers to a point on it) the second member would not be a constant, but would
be a function of the position of the point P, say Fo {x y z) where

Voixyz)^c^ffdS,
lV(x-xiy-\-(,y-yiy-^{z-ziy

'

ll
(65)

^|{x-x,y+{y-y,y-{-{z+z^)

Let S represent the entire area of the conductor (antenna) . If we multiply both
sides of (64) by dS and integrate over the entire surface of the conductor, the

first member of the equation gives ViS since V has the constant value Fi over

its surface. In the second member, we may interchange the order of integra-

tions, and we obtain

V^=lffdS,a {xmz{)ffdS^
^

g. . ^^.^ .^...^u. . --]V(a:i-x)^+(./i-t/)»+(^,-2)»

// ^2 1 / Ta , / T^o r=r^ ffdSia {XxyiZi) <f> (Xi2/i3i) (66)
ylixi--x)^+iyi— y)^+izi-\-z)^\ (To^

where

(xiyiZi) = <roffdS\ 77 ,,
, , ,„

,
, -^

H(xi-x)^+iyi-y)^-\-{zi-z)^

'~^(xi-xy+{yi-y)^+{Zi+ zy^\
^^^^

A comparison of (67) and (65) shows that <t> (xiyizi) is just VoixiyiZi); that is,

Howe's trial potential, or the potential at any point on the antenna, assuming

that its density is uniform and that it is in the presence of the earth at zero

potential. Therefore (66) amounts to

Fi=^ ffdSi<r (xiyizi) Fo (xxyiZr) (68)

If into (68) we now introduce the explicit assumption stated above, in the form

<T (xiyiZi)=<ro+e(xiyiZi) (69)

where € is a variable measuring the deviation from uniformity,

Fi=| {ffVo ix^y^z,) dS,+^^ ffe (x^ytzO Fo {xiy.z,) dSt} (70)

Now, if the second integral is negligible in this expression, it reduces precisely to

Howe's value for the potential. The method of passing from surface integrals

to line integrals and regarding the conductors as linear is obvious. The second

integral measures the error of his computation of potential Vi (and hence of

capacity C=^ V It is to be noticed that this integral accounts for the peculiar

form of the alternative statement of Howe's assumption given above, for his

method would still be applicable even if the deviation in density e became infinite

at certain places (as ends of wire where it might become logarithmically infinite

and still remain integrable). All that is required is that the sum (integral)

J*J'dSi € (xiyizi) be small compared to <7o.

Washington, May 9, 1926.


