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The Design of Multi-Conductor Unbalanced 
Transmission Lines for Broadcast Frequencies 

The present day necessity of installing multi-tower an­

tenna arrays for many transmitters in the broadcast band (540 kc. 

to 1600 kc.) in order to prescribe the pattern of their radiated 

fields, brings with it the need for longer transmission lines0 

The transmission efficiency of a line should, of course, be a 

maximum compatible with economical installation and good engineer­

ing practice, since this portion of the system carries the most 

expensive energy of a transmitter plant. Furthermore, in Canada 

and the U.S. at least, government regulations limit the amount of 

power that can be lost in the external circuits i.e. power-dividing 

network, transmission line, and antenna-matching networks. There­

fore, where two or more antennas are used requiring an equal number 

of antenna-matching circuits and a considerable length of transmis­

sion line, the losses in both of these components must be kept 

small in order to satisfy the regulations. 

These conditions draw attention to the relative merits 

of the two common types of line, the concentric tube and the open-

wire. The characteristics, performance, and cost of concentric 

lines are well known, since they have been used for many years, 

and their various sizes have been standardized. 
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In recent years, however, multi-conductor open-wire lines have 

been gaining favour. There are two factors which make it pos­

sible to approach the transmission efficiency of a concentric 

line, with an open-wire type* First, the characteristic im­

pedance can be made larger, by greater separation of the con­

ductors. This produces lower attenuation, for any given conductor 

resistance. Secondly, a number of grounded conductors can be 

disposed around the live conductor to ensure that a large propor­

tion of the return current flows in them, and not in the earth. 

If this is not done, losses will be incurred by the earth cur­

rents, and to a smaller degree, radiation. Such losses can be 

reduced by using balanced lines in which the currents in the "go" 

and "return" conductors are equal and opposite. However, balanced 

lines are seldom used now in broadcast practice, for the following 

reasons:-

a) The transmitters are generally designed with unbalanced output 

stages which leads to economy of components and circuit sim­

plicity. 

b) The same advantages as in (a) apply to the design of the 

antenna-matching circuits, and power dividing networks. 

c) To obtain perfect electrical balance often requires critical 

circuit adjustments. If perfect balance is not maintained, 
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the unbalance current will produce losses, due to earth cur­

rents and extra radiation. 

In short-wave broadcasting, on the other hand, balanced 

lines are normally employed, since the antennas are generally of 

the doublet type, and impedance matching at the antenna is simpli­

fied by the use of line sections. 

In the case which forms the subject of this paper, it 

was required to provide transmission lines for two fifty-kilowatt 

transmitters and one of ten kilowatts. Two of these transmitters 

were to have two-tower antenna arrays. Consideration was given 

to the use of a ten-wire line for the following reasons:-

a) The losses could be made low enough to meet government regula­

tions, even at transmitter locations where the earth conduc­

tivity was low. 

b) The line is exposed and therefore permits easy inspection and 

clearing of faults. 

c) The line will withstand high voltage surges without breaking 

down. 

d) The line can be installed by any electrical contractor without 

specially skilled personnel. 

e) The maintenance of an open open-wire line is negligible, where-
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as a pressurized concentric line does entail some cost for 

maintenance* 

HISTORICAL NOTE ON TRANSMISSION LINES 

The early open-wire transmission lines were single 

wires with ground return. This type of line has a high transmis­

sion and radiation loss. The two-conductor balanced line came into 

popular use next. The transmission efficiency of this line is high 

if a good electrical balance is maintained, and the line is widely 

used, particularly in short-wave broadcasting. A four-wire balanced 

line for short-wave transmitters came into use in Great Britain dur­

ing the last war (1939-1945) . A secondary use for the extra 

wires was the adjustment of impedance, at any point in the line. 

This was done by reducing the spacing between each pair of wires 

of the same polarity, over a short length of the line. Such adjust­

ments, which introduce reactance of one sign or ther other, are 

used in short-wave practice to compensate for impedance irregula­

rities caused by supporting poles or bends in the line. An eight-

p 

wire line has also been used, and for similar reasons. It is 

actually a balanced four-wire line in duplicate, arranged so that 

one set of four wires can be rotated with respect to the other set, 

thus changing the line impedance. 

1. McLean R.C. and Bolt F.D. "The Design and Use of Radio-Frequen­
cy Open-Wire Transmission Lines and Switch Gear for Broadcasting 
Systems" Jour. I.E.E. Vol. 93, Part 111, No. 83, May/46. 

2. Christiansen W.N. and Guy J.A. "An Eight-Wire Transmission Line 
for Impedance Transformation" Amalgamated Wireless (Australasia) 
Technical Review, Vol. 7, No. 3, 1947. 
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Let us return to the unbalanced open-wire transmission 

lines used in the frequency range, 540 kc to 1600 kc, or "broad­

cast" band, as it is called on this continent. In this field, 

multi-conductor lines have been in use for about fifteen years. 

A four-wire, and later a six wire type were put into service • 

Also, during the last war (1939-1945) a twelve-wire line was 

4 
installed in Great Britain to carry 800 kw. of radip-frequency 

power. This line had four live conductors, to handle the large 

amount of power, and eight grounded wires. 

HISTORICAL NOTE ON TRANSMISSION LUIS THEORY 

Two of the notable pioneers in transmission line theory 

were Kelvin and Heaviside , the latter in particular. The prin­

ciples were developed from Maxwell's Equations which can be ap­

plied equally well to either free waves, as from an antenna, or 

guided waves along a transmission line. The familiar basic 

transmission line equations are:-

(Ch + G) V - -£ / 
where x is the distance along the line and the other symbols 

are standard. These can be formed into differential equations 

whose solutions are:-

3. Brown G.H. "Characteristics of Unbalanced Overhead Trans­
mission Lines" Broadcast News, Mpy 1941. 

4. Footnote 1, Loc. cit. 

5. 0. Heaviside. "Electromagnetic Theory", Vol. 1. 

(1) 

(2) 
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/= Ac -Be (3) 

\/--Zje -Z.be 

the symbol Y, is the propagation constant; Zo, is the charac­

teristic impedance of the line, and A and B are constants. 

Equations (3) and (4) each contain a direct, and a reflected wave. 

The basic transmission line equations yield highly 

accurate results from a practical point of view and most of the 

design work to be described in this thesis is based upon them. 

However, it was recognized by Heaviside that the equations did 

not satisfy all the conditions of electromagnetic theory when ri­

gorously applied to a transmission line. During the past thirty 

years there has been considerable elucidation and refinement of 

transmission line theory, including analyses of wire line trans­

mission in strict accordance with electromagnetic theory. It 

would seem appropriate here to briefly sketch the progress that 

has been made. 

Equations (1) and (2) can be generalized for a 

line of n parallel wires thus:-

the general solutions of which are:* 

6# Carson J.R. "The Present Status of Wire Transmission Theory 
and some of Its Outstanding Problems" Bell Sys. Tech. Jour. 
Vol. Vll, April 1928. 

(4) 

http://-Z.be
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which represent n direct and n reflected waves, each with a 

different propagation constant, thereby differing from the 

basic transmission line equations. 

Even in the general case these equations are ap­

proximate, (yet accurate to a high degree) because the characte­

ristic impedance, Zo, and the propagation constant, IT , are only 

approximately calculable from the geometry of the line and its 

electrical constants. Furthermore, a purely plane transverse 

principal wave is assumed, propagated with the velocity of light. 

But in a line with conductors of finite resistance, the field is 

not exactly transverse since there must be a small component of 

the electric potential in the direction of the line. By starting 

out with Maxwell1s equations, and making no assumptions as to 

17 

the magnitude of the propagation constant, Carson has shown that 

a rigorous solution of wire-line transmission reveals properties 

additional to those given by the generalized form of the basic 

equations. Besides the n modes of propagation mentioned above, 

an infinity of other modes of propagation appear, which are 

called "complimentary" waves. These differ from the principal 

(?) 

(8) 

7. Footnote 6, loc. cit. 
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wave in that they are not quasi-plane, and are rapidly atte­

nuated along the line, being of significance only near the ter­

minals. The complimentary waves contribute to the total electro­

magnetic field of the transmission line, and produce radiation. 

Working from the antenna theory point of view, Schelkunoff , in 

an analogous way, produced expressions for complimentary waves, 

which are identified with the ends of an antenna. 

The well known hyperbolic form of the basic trans-

o 
mission line equations has been extended by King to what is called 

the "completely hyperbolic solution". In this form the over-all 

effect of multiple reflections at the two ends of the line are 

expressed as two quantities (instead of by the usual series) , which 

can be added directly to the attenuation and phase shift of the 

line itself. 

In the design work to be dealt with in this thesis, 

use will be made of the fact that the potential on any conductor 

of a line can be expressed as a function of the charges (or cur­

rents) in all the conductors^and their geometrical arrangement 

with respect to each othejĉ and the ground plane. Both rigorous * 

12 * and approximate statements of this method have been made. It 

is also pertinent to the problem at hand to note that multi-con-

8. Schelkunoff, S.A. "Principal and Complimentary Waves in An­
tennas" Proc. I.R.E. Vol. 34, pp. 23P-32P Jan. 1946 

9. King, Roiald "Transmission Line Theory and Its Applications" 
Journ. App* Physics, Vol. 14, Nov. 1943 

10. Carson, J.R., "Rigorous and Approximate Theories of Electrical 
Transmission Along Wires" Bell Sys. Tech. Journ. Vol. Vll, 
pp. 11-25, Jan. 1928. 

11. King, R.W.P. "Electromagnetic Engineering" Vol.1, McGraw Hill 
1945 pp. 472 

12. Woodruff, L.F. "Electric power Transmission", John Wiley and 
Sons, 1938, pp.74. 
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ductor transmission lines of all practical configurations, sa­

tisfy the basic transmission line equations if a pure transverse 

mode of propagation is assumed. This has been demonstrated 

by Frankelx , who analyzed various line configurations using 

electromagnetic field theory, and produced equations of the basic 

form as given by our equations (1) and (2). 

From a practical standpoint^radiation from a 

multi-conductor unbalanced line of four or more conductors is 

small enough to be neglected in most cases. Nevertheless, in 

order to make a complete assessment of the losses, some account 

of it will be taken here. It was found by Carson that radia­

tion from a uniform line was due entirely to the complimentary 

waves, but the amount of radiated energy could best be determined 

by calculating the distant field due to the principal wave. His 

paper included an explanation of this apparent paradox. The me­

thod of calculating the field was the vector potential method of 

15 Lorentz. Pistolkors also applied this method and his results 

16 17 

have been used by others*1-0' ±f
9 The theory is more directly ap­

plicable to balanced than to unbalanced lines, but results can be 

approximated for the latter. By employing the Poynting Vector 
18 

method Brown has also produced values for the radiation from 

unbalanced lines. 

13. Frankel, S. "Equation of Generalized Transmission Line", 
Electrical Communication, Vol. 23, No. 3, September 1946# 

14. Carson, J.R. "The Guided and Radiated Energy in Wire Trans­
mission" Trans. A.I.E.E. 1924. 

15. Pistolkors, A.A. "The Radiation Resistance of Beam Antennas" 
Proc. I.R.E. Vol. 17, No. 3, March 1929. 

16. Sterba E.J. and Feldman C.B« "Transmission Lines for Short­
wave Radio Systems" Proc. I.R.E. Vol. 20, No. 7, July 19320 

17. Whitmer, Robert. "Radiation Resistance of Concentric Conductor 

Transmission Lines", Proc. I.R.E. V o l # 2 1 > N o # 9> Sept. 1933. 
18. Footnote 3, Loc. cit# 
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To illustrate the method of design, let us consider 

a two-wire unbalanced line with conductors of radius £ spacing 

b, and for which the effect of the earth is neglected. See fi« 

gure 1. Assuming that there is a charge, Q,, on the live 

conductor, it will produce an electric induction density:-

D 
_ Q. 
2rrr x 1 per unit 

length at distance, r, from it. And the 

electric intensity at the same distance is 

E 2 77 Br x 1 
,-9 Fig. 1 

per unit length where £= -jg-? x 10' 

farads per meter, is the dielectric constant of free space. 

dV 
But E s ~ is the voltage gradient. 

The voltage on the live conductor with respect to the grounded 

conductor is, of course, the amount of work done in bringing unit 

charge from the grounded conductor up to it, i.e., 

t b 

V J? * *** J," 

\27Tg he 7 

(9) 

file:///27Tg
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Inserting the numerical value of E gives:-

V r 180 X 108 Q lo&|. volts (10) 

if Q, is in Coulombs per unit length. Equation (10) can be ex­

pressed as 

V = 60 X 3 X 10 8 Q logpi - 60 cQ log i. (11) 

where c, is the velocity of propagation in free space, and 

therefore a constant. From the basic transmission line equa­

tions we know that Z 0 = \/ — 
v Q 

or very nearly so, for low-loss lines at radio frequencies. 

A l s 0 C a TTC so that Zo » — (12) 
c o 

The characteristic impedance can now be found from equation 

(11) , for we know that — - — 
c Q, 

and therefore zn « J. 

Then, from equation (11) Z 0 • 60 loge -. 
c 

and changing from natural logarithms to base 10:-

Z 0 s 138 log*. (13) 

which is a familiar expression for an unbalanced line free from 

earth effects i'.e., a concentric line* 
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Consideringfnowfa balanced two-wire line, if one 

conductor bears a charge, Q, the other will have a charge of, 

-Q. The work done in bringing unit charge from one conductor 

to the other will, therefore, be twice that for the unbalanced 

line, and as a result the potential difference between the two 

conductors will be doubled, i.e., 

V - 276 c Q, log £ e 

or Z0 = 276 log j 

Equation (14) will be recognized, too, as the expression for the 

characteristic impedance of a balanced line. 

Effect of the Earth 

Now, let us assume that a two-wire 

line runs parallel to the earth at 

a height, h, above it, as sketched 

in Fig* 2. The charges on the two 

conductors are Q^ and Q^ # By the 

well known image theorem, each char 

T 
o o 

;; "uvwvu 

o o 

Fig* 2 

ge will have on image charge a distance, h, below the surface of the 

earth, these image charges being -Q^ and -Q2* From the foregoing 

the voltage on conductor No. 1, is 

(14) 

(15) 
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where the term yfe/i)2'**?2 is the dist­

ance from conductor No. 1, to the image charge -q« 

Grouping terms of equation (15) the voltage is:-

V, = / 3 ^ c (Q, JOJ ^ + 92 hj VF^rT2 J <16> 

The conductor spacing, a, is normally very small compared to, 2h, 

so that with negligible error we can write:-

V, = /3Sc(<?,/.jfr Qzhir) (17) 

Similarly the voltage of conductor No. 2 , may be wr i t ten: -

\J2 = I36C(QZ]O9^ +Q,/OJ^) (18) 

For an unbalanced l ine one of the conductors 

i s at ground p o t e n t i a l . Calling wire No. 2 the grounded con­

ductor, then V2 r o or Qz loj ^ + Qt toy — - 0 

Then the ra t io of the charge Qg to charge Q i s : -

> 2 * 
Qz _ _ lo9 * 

T, = ?., % 
Let, h, be 12 ft. or 144 inches; a, 10 inches; 

and £, 0.081 inch, which is the radius of #6 B. & S. gauge wire 

Putting these values in equation (19) gives Q2 • -.411. 

(19) 
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But current is the rate of flow of charge, i.e. I = cQ, 

where c is the velocity of propagation. So the ratio of the 

ground-wire current to the current in the live wire, 

Igw is -.411. 
Ilw 

The remainder of the return current must flow back through the 

earth, i.e. 1 ^ _ _^9 

Ilw 

From equation (17) for conductor No. 1 the 

characteristic impedance can be found as follows:-

^ - ̂ r - c - f = i3t( i., $ - o.+„ /., ̂  j 
= l32(3?S-o(>} = ^•oj-S' ohms 
If the effect of the earth could be neglected, 

as could be done for a concentric line, the impedance given by the 

a 
usual expression would be Zo - 138 log •=• s 288.6 ohms* 

At the risk of repetition a three-wire line will 

be worked out before proceeding to a ten-wire line, but this time 

the transmission losses will be determined. By choosing a three-

wire system the method of treating multi-conductor lines will be 

made clear without introducing long equations. The line is re­

presented by Fig. 3. Conductors 1 and 3 are grounded, henee they 

are at zero potential, and their charges are equal. The voltage 

on the live conductor is:-
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and on e i ther grounded conductor the voltage i s : -

V, = /38c [<?, h, kg"* <?2lof^L]=0 
L e t £ - ' ° 8 1 i n . , h • 144 i n . , and a a 1.825 i n . 

Then v x , 5.447 Q1 * 2.198 Q£ « o which 

gives the ra t io q^ s 2.198 ? - .404 since 

0,2 5.447 

there are two conductors at charge Q̂  the rat io of the 

to ta l ground-wire charge to the charge on the 

l - a—a- l 
O O O -jr 

<?l <?2 Q3 

l i v e wire i s 

2« i s - .808 and th i s i s equa^ to I 
gw 

xlw 

"^ ̂ W 

This ratio will be called k. From equation 

(20) the characteristic impedance can be found:* 

= 138^3.550 -.404 (4.396)J a 245. 3 ohms 

Fig* 3 

COPPER LOSSES 

In calculating the attenuation due to the re­

sistance of the conductors, the resistance at the operating fre­

quency must be used. It is therefore necessary to consider the 

depth of penetration of the current which is expressed by 

^v4 A<* <* 
meters, where,# is the permeabi-

-7 
lity of free space and is equal to #7TX/o henries per meter• 

(20) 
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The conductivity,^, is taken as 97 percent of the conductivity 

of standard annealed copper, which is an average value for medium 

hard copper. Accordingly, 6 is 5.74 X 107 mhos per meter cube. 

The expression for skin depth can be simplified to: 

S * *rrYf7~~~ meters. (21) 

The resistance of a cylindrical conductor is R - Zjr^s6 o n ms 

per meter, where f is its radius in meters. Inserting the ex­

pression for skin depth from (21) gives:-

/? = yto7 CVtf ohms per meter. 

If the unit of frequency is changed to megacycles; the radius to 

inches, and the length to one foot, R is Vr^c. oiims per 

foot. Using this value of resistance the attenuation of the 

line can be written^:-

^ = *fjS^[x + ̂ 0 ] d». p*r 1000 „. 

where m and n are the number of live conductors and grounded con­

ductors respectively. Substituting the data for the three-wire 

line in equation (22), and assuming a frequency of 1.6 m c , the 

attenuation due to the copper losses is:« 

(22) 

19. See Appendix 1, 
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EARTH CURRENT LOSSES 

The unbalance current in the transmission 

line, which is equal to the current returning through the earth, 

can be regarded, for analytical purposes, as a current flowing 

in a single-conductor transmission line of the same mean height. 

This fact and the distribution of current density in the earth di-

20 rectly below the line were determined by Brown , who derived the 

following formula for the attenuation of the earth current:-

2 . 

< ^ = !?%7?°-Fl- Hell U'*'*&><:• db. per 1000 ft. (23) 
° t1' *- J r °e.m.u. 

Inserting the necessary quantities for the three-wire line in equa-

—15 
tion (23), and assuming an earth conductivity of 40 X 10 e.m.u. 

results in:-

/a 
oC^ = Zi£— l-/4z) yi° ''^JTS - 0-24-4 db. per 1000 f t . 

'€ fa***) 

RADIATION LOSSES: 

There are two ways of approaching the radiation 

problem, the Poynting - vector method and the induced e.m.f. me­

thod. Radiation due to the unbalance current can be treated by 

the Poynting vector method in accordance with antenna theory. It 

can also be approximated by regarding the unbalance current and 

the return current in the earth as forming a balanced line where 

the conductors are separated by a distance, 2hj i.e; the distance 

20. See Appendix 11. 
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between the conductor and its image. In addition, it would seem 

reasonable to regard the current which flows in the grounded 

conductors as one side of a balanced line, with the live wires 

carrying an equal current as the other side. On that assumption 

the radiation due to both these factors could then be super­

imposed. Heretofore it seems that only the unbalance current has 

been considered in calculating radiation, from an unbalanced line. 

To apply the Poynting-vector method, the field 

21 
strength at a point in space is first determined, It is:-

F s 37.25^-/^cos0\/-2 cos I 2 ^ ( 1 - sine cos^U-2 (24) 
A 

( I- S/S16 COS0) 

where 0 , is the angle measured from the zenith and <t> , is the 

horizontal angle measured from the transmission line, and L is 

the length of the line. Taking the sum of the Poynting-vectors 

over the surface of a hemisphere, for a length of line, L = ^ 

gives:-

P . - 3500 I * [̂ | watts 
rad - &d 

o' a 
and for L s A 

Prad r 5250 I g d
E fir watts 

21. Footnote 3, Loc. cit. and see Appendix 111. 
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To calculate the radiation from the three-wire lines, assume 

that the current supplied to the line is 10 amperes. Then the 

unbalance current will be .192 X 10 « 1.92 amperes. 

And the power radiated from the line due to the unbalance cur­

rent at a frequency of 1.6 mc. is:-

2 (l£ ) 2 

(615) 

3500 (1.92)2 (1£ )~ « 4.9 watts, 

The value of the current I-w would be .808 X 10 a 8.08. 

From a radiation point of view this may be considered as a bal-

22 

anced current in the line. The expression giving the radia­

tion loss from a balanced line is:-

Prad * ^ ° * /"T J where a, is the spacing 

between conductors. In the three-wire line the current I 
gw 

would be divided between the two grounded conductors, therefore, 

the radiated power due to it would be half that for a two-wire 

line, i.e., 

2 0 
prad = 8 0 (8»08) t-0C079)<- .003 watts 

2 
The power into the line would be I z0 or 

102 X 245.3 c 24,530 watts 

22m Footnote 16 loc. cit. 
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DESIGN OF TEN-WIRE LINE 

In the particular problem of designing a multi-con­

ductor unbalanced line for high power transmitters it was decided 

to start by determining the characteristic impedance and losses 

of a six-wire line for three sizes of conductor, namely #4, #6 and 

#8j B & S gauge. The same procedure was then followed for an 

eight-wire line and a ten-wire line. These lines are sketched 

in Figures 4, 5 and 6 respectively. The spacing of the conductors 

was decided upon from a knowledge of existing six-wire lines; the 

required characteristic impedance; and from preliminary calcula­

tions. By using two live conductors at the center of the line, it 

is possible to maintain a wide spacing between conductors without 

making the characteristic impedance too high. An impedance range 

of 175 to 250 ohms is common for the output of broadcast transmitters 

and for antenna-matching units. The second live conductor also 

provides a safety factor, and permits a higher voltage on the line 

before corona starts. 

The dimensions of the ten-wire line are shown in 

Figure 6. The "messenger" cable and the conductors supported by it 

will be discussed later. The grounded conductors of the trans­

mission line proper are equally spaced on the circumference of a 

circle whose center is mid-way between the two live conductors. 
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For the initial design calculations a diameter of 15 inches for 

this circle was used. In the line as installed this diameter 

was 14 7/16 inches due to the manner of clamping the grounded 

conductors to a steel ring. This value will be used in the cal­

culations which follow. However, the tabulated data and charts 

in the section "Calculated Results" are for a line of 15 inches 

diameter. 

With reference to Fig. 6, the charges will be 

numbered to correspond to the numbering of the conductors. The 

mean height of the line is 12 ft. and this value can be used for 

calculating the effect of the image charges with negligible error. 

Applying the method previously described the 

voltage on either live conductor may be written:-

+ <fs u3 g+%u, f +<?, ic9
 24 * <?«> i°9 ¥ ] 

It is clear from the symmetry of the line that 

the charges on the two live conductors are equal, i.e., Q^ « Q^. 

For the same reason Q3 - Q4 r Q7 : 0.8 a n d O5 : $6 - ^9 z Q10 

Using these equalities and grouping terms:-

(25) 
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The voltage on conductor 3, or on any of the other three wires 

bearing the same charge is:-

V,. „ttfa,., fe£ * 9. h ff * *• h (M] = o („, 
and for any conductor bearing a charge equal to Q5 the voltage 

is:-

M ' n L.khTl^^ (28) 

The calculations will be made for a conductor-

size of #6 } B & S gauge, i.e., the radius £> - #081 inch. By 

putting the required values in equation (27) it becomes:-

V3 a 7.90356 Qg f 3.19466 Q^ * 5.95809 Q5 - 0 (29) 

and equation (28) becomes 

V5 - 5.95809 Q^ f 3.21178 Q f 7.90356 Q5 a 0 (30) 

To facilitate calculating the ratio of ground 

wire charges to live wire charges, equations (29) and (30) will 

be expressed as:-

V3 a 7.90356 Qg * 5.95809 Q5 - -3.19466 (31) 

V5 o 5.95809 Q£ 4 7.90356 ^5 ~ -3.21178 (32) 

Ql Ql 



-25-

From these two equations the two ratios — & — can be 

found. 

03 
They are:- — - -0.22668 

Ql 

^5 -0.23548 

Since there are twice as many grounded conductors at charge Q£, 

and at charge dg, as there are live conductors at charge Q. , the 

ratio of the total ground-wire charge to the total live-wire 

charge, k, is 

2 (Q^ i Q ) = - 0.92434 (33) 

It is now possible to find the characteristic im­

pedance from equation (26) which, by inserting values, becomes:-

Vi B 138c 5.61236 Q1 + 6.38932 Q^ f 6.42356 Q5 

Since there are two wires at charge Q]_, the capa­

city between these wires and the other conductors is C r _i. 

1 Vl The characteristic impedance is: Z0 a — ~ _i_ • 

Then using equation (34) : • : 

Z0 - 69 I 5.61236 f 6.38932 ^ f 6-42356 Sr 

Putting in the values obtained for the charge ratios Ĵ . & j£ 

Z. - 61['2.(,4Sfo J* UZ'74l7o ohms. 

(34) 
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or to an accuracy of practical interest, Z0 - 182.7 ohms 

The attenuation due to copper losses can now 

be computed from the formula previously given:-

^ c ~ T ~ T — (7̂ 7 7̂ — y db. per 1600 feet 

Choosing a frequency of 1.6 mc. the attenuation 

i* << c a g - l ? £ 7 6 (l f ^92434 2 ) = , 1 1 2 7 / d b # p e r 1 0 0 0 f t . 
.081 X 182.7467\ 2 8 / 

The attenuation of the earth current i s calculable 

from equation (23) , which i s ^ _ '3J2°Ahj\ » JO '* fmc. db/1000 f t . 
c zchH\i)w)y ^ ^ . 

The ratio Igd - 1- |k | z #07566 

Ilw 1 

At a frequency of 1.6 m c , and for a ground conductivity of, say, 

40 X 10~15 e.m.u. 

^ =
 /S?Z° torseef J10' /C, z -0717 db-/iooo ft. 

It will be noted that the frequency and earth con­

ductivity chosen, represent about the worst conditions, as far as 

losses are concerned, likely to be encountered. It will be of in­

terest to compare these two loss components with those for the 

three-wire line, previously worked out, using the same values of 

frequency, earth conductivity, and conductor size* 
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Three-Wire Line Ten-Wire Line 

oCc db./lOOO f t . 0 . 1 8 4 0 . 1 1 3 

oCe db./lOOO f t . 0 . 3 4 4 0 . 0 7 2 

<< 
TOTAL 0.528 0.185 

On a percentage basis there would be a loss of 12.90 

percent of the transmitted power in a 1000 ft. of the three~wire 

line compared 4.4 percent in the same length of ten-wire line. 

The characteristic impedance and the losses are af­

fected by the height of the line^as will be apparent from the 

voltage equations. As the height, h, is increased, the effect 

of the earth diminishes, so that the characteristic impedance 

tends toward the value for a concentric line, and the earth-return 

current decreases. For the 10-wire line of #6 , B & S gauge wire, 

rough calculations show that, for h - 18 feet, the ratio k 

would be-0.934; Z 0 = 204 ohms., and the combined earth 

current and copper losses are 0.118 db. per 1000 feet. cor­

responding figures for h r 12 ft., are: k r -.924; 

Z 0 = 182.7 ohms, and the combined losses are 0.185 db. per 

1000 ft. 



-28-

Ten-Wire Line with Messenger group 

On the ten-wire line as installed, a messenger cable 

of wire rope was supported on the same poles, at a distance of 

three feet below the center of the transmission line. This mes­

senger cable was used to support several conductors for auxiliary 

circuits, namely:-

1. Lead-covered cable, 7/8", in diameter, containing several 

pairs for audio frequency and telephone circuits. 

1 Lead-covered cable, 1 1/8", in diameter containing four, #4 

wires, to supply A.C. power for tower lighting etc 

1 Radio-frequency leads of either 3/8" copper co-axial line or 
or 
2 type RG-12U flexible co-axial cable, for supplying sampling 

current from the towers to a phase monitor in the transmitter 

building. These, of course, were only used for installations 

having a two-tower array. 

The messenger cable group would be expected to have 

some effect on the impedance of the line since a small part of the 

return current would flow in it. Furthermore, this portion of the 

current, if large enough, could induce some radio-frequency voltage 

in the cables s^ported by the messenger cable. Consequently it is 

of some interest to ascertain the effects produced by the cable 
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group. This was estimated by considering them as additional 

grounded conductors, since the messenger cable and the outer 

metallic sheaths of the other cables are at gound potential. 

The mean distance between the messenger group and the transmis­

sion line proper was taken as 38 inches. The height of the mes­

senger group above the surface of the ground is, then, 106 inches 

or .736 h. Its image is a similar distance below the surface. 

Calling the charge on each cable, Qllf the mean distance from 

the transmission line proper to the image charge, -Q , is 1.736 h. 

And the Q ^ charges are separated from their images by 

2 X .736 h 2 1.472 h. 

Their effect on the voltage of one of the live 

wires, for example, were included in the voltage equation for 

that conductor, i.e. 

V, * <38c[q, /.j <*Af+ <?3 h ^ , +9si.M*+ Q„ (>-73af] (35) 

The equations for V3 and V5 were similarly modi­

fied. Furthermore an equation for the voltage on any conductor 

in the messenger group was written:-
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where P, , is the mean radius of the cables and Dg, D3> D4, D5, 

are the diameters of the other cables in the group; the assump­

tion being that all the cables are touching each other. It is 

clear that this method gives only approximate results, but the 

magnitude of the effect of the cables is so small, that it would 

hardly be justifiable to calculate the coefficient of Q^ for 

the individual cables and then take the average. 

From the equations for V3, V= and V ^ the 

ratio of the ground wire charges to the live wire charges was 

determined, with the following results:-

Q3 - -.22333 Q̂ . 

Q5 = -.23215 Qi 

Qll = -.01017 Q! 

The ratio of the number of wires at charge q^ 

and at charge Q5, to the number at charge Q1 is 2. The ratio of 

5 
the wires at charge Q.., to those at charge Q^ is — or 2.5. 

Therefore, k r 2Q^ f 2Q5 * 2.5 Q n =. -.9364 

01 

The characteristic impedance, obtained by divid­

ing equation (35) by 2Qic is:-

Z0 - 182.643 ohms, 
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which is only a fraction of an ohm lower than for the line without the 

messenger group. 

In the formula for copper losses:-

°<-c - e Z Q — lm n\f-J J db. per 1000 feet 

it i3 assumed that I g w is equally divided amongst the n grounded 

conductors. Since the cables of the messenger group carry much 

smaller currents than the grounded conductors of the line, they can-

~not be added directly to make a new value for n. In Appendix 

IV the effect of the cables in the messenger group, carrying 

small currents which total 5 X .01017 « .05085 I^w, is calcu­

lated to be approximately equal to -- of the effect of one of 

the grounded conductors proper. Accordingly n is made 8.1 

instead of 8. Then the copper loss becomes 

08/ x /8ZC4-3 h ^tt/f0<f3(*) 1 ~ •11301 db* P^ 100° ft 

Earth Current Losses:-

Recalling the expression for earth current at-

, /3?Zo /I9af)
 z« ,0~'*f„r 

t e n u a t i o n : - *<e - Z~L / F~7 ]/-z?—-^ dh./lOOO fee t 
Zo hf-t \ZfwJ V rfernu ' 

t h i s l o s s amounts t o : -

J3 720 
I 

t8Z &43 x 
— (-O(>3Q\ ]//0 « ^ - .05065 db. per 1000 ft# 
iZ '4-oxto 
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The combined loss <=<c + <=Ce = .16426 db. per 1000 ft. This 

loss is 12 percent less than the loss of the line without the 

messenger cable. 

Induction in Messenger Cable Group 

We can now consider the effect on the cables them­

selves , of the small fraction of return current which flows in 

each of them. Since Q ^ s-.01017 Qlf it follows that each of 

the cable sheaths carries approximately one percent of the total 

current in the line. In terms of power this amounts to 

I 2 Zo a .0001 X 182.643 a .01826 watts, 

for each ampere of line current. 

For a transmitter power of 50 kilowatts the line 

current would be:-

* 50000 « 16.6 amperes VI Z 0 182.6 

The corresponding average power in the sheath of one of the cables 

would be 16.6 X .01826 a 0.32 watts. In decibels above a 
32 

reference of one milliwatt, the power level would be 10 log j — - 25 db. 

This power level would not induce voltages sufficient to cause 

interference in the audio-frequency circuits within one of the lead-

covered cables. 
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Radiation Losses 

The current, I g d, which is equal to I l w - j , 

will cause radiation since it is an "unbalance" current in the 

line. It is equivalent to an equal current2*^lowing in a 

single conductor at the same mean height as the transmission 

line. On this assumption the expression24 for radiated pov/er, 

from a length of line equal to one-half wave length, is:-

3500 1^ ^ 

In the ten-wire line, carrying 50 kilowatts, 

Igd - (1-0.924) X 16.6 « 1.26 amperes 

Considering a frequency of 1.6 megacycles, for which i is 
2 

307.5 feet, the power radiated is:-

3500 (i#26? L L 2 } , X 2,1 watts 
615 f~w) O7f02 

This value is for the line without the messenger cable group* 

The radiation from the line T:ith the messenger group would be 

less, since the value of I d is smaller. 

As mentioned previously, the "balanced" currents, 

i.e. currents equal to I,,w flowing in the "go" and "return" con-

ductors will contribute to radiation. However, this loss is 

extreinely small. Supposing, for example, the line were a 

23. 24. See Appendix 111# 
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two-conductor balanced line carrying a current equal to lgw, 

the radiated power is expressed as:-2^>2^ 

IbO IgJ ^ 2 

where a, is the spacing between conductors. Putting a - 7.25 in., 

which is the average spacing in the 10-wire line, the value of 

radiated power, also at 1.6 m c , is 

2 2 

160 X (15.3)1.0031) - 0.36 watts 

The radiation from the 10-wire line under the same conditions 

would be less than the above, because the currents are divided a-

mongst several conductors, and the grounded conductors being on 

all sides of the live conductors, would tend to cancel the fields 

of each other. 

For comparison we may consider the radiation loss 

from the 6-wire line of #6, B & S gauge wire, having approximately 

the same outer diameter and conductor-spacing as the ten-wire line. 

Under the same operating conditions as ̂ iven above the radiation 

due to "unbalance" current would be:-

3500 (3.06)2 JJ^ )2 9 12.4 watts 
(615)2 

for 307.5 feet of line. The impedance of the six-wire line is 

231 ohms, and the ratio Sw is - .792. 
Ilw 

25. Footnote 15 loc cit 

26. Footnote 16, loc cit. 
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It is evident that radiation from the 10-wire line, can be ne­

glected from a loss standpoint, and that very little trouble 

should be experienced due to the mutual impedance between the 

transmission lines, where they run close to each other to feed 

multi-tower arrays. 

Owing to the smallness of the radiation loss 

it was not included in the tabulated data and charts. 

Calculated Results 

The calculated results for the 6-wire, 8-wire 

and 10-wire lines are plotted in charts #1 to #9. Curves are 

shown for the three sizes of wire #4, #6 and #8, B & S gauge. The 

following characteristics will be noted:-

1. There is a marked difference in earth current losses between 

thB three types of line and a comparatively small difference 

in copper losses. See charts #1 and #2. 

2. With regard to the combined Earth Current and Copper losses, 

there is a large gain in efficiency by using the 8-wire line 

instead of the 6-wire type, and a smaller gain by using the 

10-wire system instead of the 8-wire line. See Chart #3 to 

Chart #9. 
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3. The difference between the efficiencies of the lines de­

creases as the ground conductivity increases. The losses 

of the 8-wire and 10-wire lin^ -in ̂ „~4.-

-LU wire lines, m particular, become quite 

close to each other. For a ground conductivity of 80 X 10"
15 

e.m.u. the 8-wire line of #4 conductors shows a slightly 

lower loss than the 10-wire line of #8 conductors; and this 

tendency increases with increasing earth conductivity, see 

Charts #3 to #9. 

4. Under good conditions of earth conductivity the losses of 

the ten-wire line of #6, B & S gauge approach those of the 

concentric line. This is illustrated by Chart #10, where 

a value for of 200 X 1(T15 e.m.u. was used. 

Measured Results 

Impedance measurements were made on the three ten-

wire lines, using a General Radio type 916-A radio-frequency bridge. 

A substitution method was used, whereby known values of re­

sistance, above and below the calculated value of characteristic 

impedance, were connected across the line terminals. For each va­

lue an impedance measurement, looking into the line, was made at some 

frequency in the broadcast band. These measurements were repeated 
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at a second frequency considerably displaced in the band from the 

first. For one value of resistance the bridge reading would be 

exactly the value of the known terminating resistance, at both fre­

quencies. This value was taken to be the characteristic impedance. 

The values found for the three lines consistently showed a resist­

ive component of 177 ohms, with varying small reactive terms. The 

resistive term was, therefore, 2.7 percent lower than the calculated 

figure. This discrepancy may be accounted for by extra capacity in 

the line, due to the circular steel ring on each pole, the insulators, 

and to the end plates on which the grounded conductors were termi­

nated by means of turnbucHes. 

Measurements of the open- and short-circuit im­

pedances, in order to determine the characteristic impedance met 

with little success. It is difficult to obtain a true short cir­

cuit condition, and, owing to the end-plates previously mentioned, 

it is doubtful whether a true open-circuit condition could exist* 

With regard to power loss, it is difficult to make 

accurate direct measurements in the field. The radio-frequency am­

meters used to measure normal line current and antenna current are 

large-range instruments, on which it is difficult to read small 

differences with accuracy. Furthermore they cannot be conveniently 
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inserted into an installed line at other than their normal loca­

tions. One ammeter is normally connected at the output of the 

transmitter and another in series with the antenna itself. There­

fore, when a power dividing network is used between the transmitter 

and two transmission lines, there is added difficulty in measuring 

the loss in the lines alone. AS for using a voltmeter, these are 

not readily available in large ranges, and of high accuracy, at 

radio frequencies. 

Current measurements were made in one case where 

the transmitter fed one line directly. At the far-end another am­

meter was placed in series with antenna-matching circuit which 

terminates the line in its characteristic impedance, or very nearly 

so. 

For a line 430 ft. long the loss was found to be 

approximately 600 watts. The earth conductivity at the site in 

question was very high, beingestimated at 400 X 10~15 e.m.u. The 

operating frequency was 990 kc. The calculated losses based on 

these values was 526 watts. Apart from a small loss due to ra­

diation, the remainder of the discrepancy is attributable to leak­

age conductance losses. 
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Corona and Flfl.gh-rw^ 

For p a r a l l e l wires there i s a c r i t i c a l rat io bet­

ween conductor spacing and conductor radius, for which the corona 

voltage and f lash-over voltage have the same value. This ra t io , 

s i s 5 30 r 
For a ra t io just below t h i s va lue , corona and flash-over may 

occur together, whsn the applied voltage i s suf f ic ient ly high. 

And for values of | < 5.85 the only kind of breakdown i s 

flash-over. For values of | > 3 0 c o r o n a a p p e a r s f i r s t > ^ 

as the applied voltage i s further increased, flash-over eventually 

takes place* 

s 
For the ten-wire l i n e , described herein, the ratio 

y i s 75 for the smal lest spacing between any two conductors 

of opposite p o l a r i t y . Hence corona would occur f i r s t , under high 

voltage condi t ions . The voltage at which corona begins, called 

the "disruptive c r i t i c a l corona" vo l tage 2 7 , i s , for an air 

d i e l e c t r i c , 
r (£ ^ l ) 

ed = && —J s — - c°sfc - I s kv. to neutral (36) 

V (2r) 

where g the disruptive voltage gradient i s 'd 
30 1 * 0*5 v 1 7 kv. per cm# 

VF (If 230r') J 

and r is the radius in cm. 

27. peek F.W. "Dielectric Phenomena in High Voltage Engineering" 
3rd Ed. 1929 - McSraw Hill, New York. 
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por the ten-wire l i n e 

Sd - 32 lev. per cm. 
and 

e d from express ion (36) i s 28 kv . 

Since t h i s value i s f o r one s ide of the l i n e and n e u t r a l , the 

disruptive vo l t age b e t . e e n conductors of a balanced l i n e ^ o u l d 

be twice t h i s v a l u e . 

tfhen conductors a t t h e same po ten t i a l are located 

close toge ther the corona vo l tage i s g rea t e r than for a s ingle 

conductor. For the two center conductors of the ten-wire l i n e , 

which are spaced 2 .5 inches a p a r t , the increase in corona vo l t ­

age would be approximately 40 ; i . This would make the effect ive 

value of d i s r u p t i v e c r i t i c a l vo l tage for the l i n e , 

28 X 1.4 = 39 fcv maximum. I f the conductors are wet 

the corona vo l t age i s reduced by approximately 50$. 

Other f a c t o r s which reduce the corona voltage are 

d i r t , o x i d i z a t i o n , and roughness on the w i re s . 

The f l a sh -ove r vol tage i s given by the expression 

e 
's - Sg r l o g 0 iL kv. to neu t ra l 

e r 
where g s - 30 /1 f #01 s I kv. per cm. i s the maximum 

voltage g r a d i e n t . For the ten-wire unbalanced l i n e g s i s 80 kv 

per cm., and eQ i s the re fo re 71 kv . maximum. 



Power Handling Capacity 

The ope ra t ing vo l t age on the ten-wire l i n e , for 

f i f ty k i lowa t t s t r a n s m i t t e r , i s 3000. For an operat ing voltage-

of say 9400, the l i n e would ca r ry 500 k i l o w a t t s . The correspond­

ing current would be approximate ly 27 amperes in each of the l i v e 

conductors, which would be wel l v/ithin t h e i r hea t -d i s s ipa t i on 

r a t i n g . 

Mechanical Features 

The mechanical design of the ten-wire l i n e , which 

was l a rge ly done by o the r members of the C.3.C. engineering 

staff , was s i m i l a r t o t h a t of the usual open-wire radio-frequency 

l i n e , except for some s p e c i a l hardware. 

The mechanical f e a t u r e s are i l l u s t r a t e d by the pho­

tographs on pages 59 and 60 . 

The conductors were of #6, B & S gauge copperweld 

wire of 40% c o n d u c t i v i t y . At broadcast frequencies the cur ren t 

i s concentrated in the ou te r copper l ayer of the wire due to skin 

e f fec t . This wire has a breaking load of 2430 lbs . and weighs 

72.8 lbs . per 1000 f t . Comparable f igu res for #6 hard-drawn copper 

wire, are 1280 l b s . and 79.5 lbs . r e s p e c t i v e l y . Tensioning of 

the wires was done in accordance with ava i l ab l e s t r i n g i n g c h a r t s . 
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At two of the insta l lat ions the ten-wire line was 

extended into the transmitter building to a point above the 

transmitter terminals. At the antenna tuning houses, a two-

conductor lead-in was used. A t the other installation a three-

conductor lead-in l ine was used at both the transmitter build­

ing and the antenna tuning houses. m this respect the concen­

tric line has the advantage in that i t can be easily made con­

tinuous to the equipment terminals within a building. 

The outer ring of conductors of the tenrwire line 

was bonded to the antenna ground system at each pole, i . e . , 

every 35 fee t . This tends to maintain the outer conductors at 

ground potential, and reduces the amount of radiation. 

I t was found necessary to put a grounding ring (of 

#6 B & s gauge copperweld v.ire) around the outer conductors of 

the line at each end to make the characteristic impedance agree 

with the calculated value. 



Photographs of Ten-Wire Transmission Line with 
Messenger-Cable Group 
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-£r 

Pole-Top Assembly. Two live wires 
are bound to the insulator. The 
eight grounded wires are clamped 
to the steel mounting ring. 

Typical messenger-cable group. The 
cables, from top to bottom are;-
messenger cable, co-axial cable for 
R-F sampling current, audio-frequency 
cable and power cable. 

iver-all view of 10-wire line, 
.ooking toward antenna tuning 
louse. 

. 
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Photographs of Ten-tfire Transmission Line 
with Messenger-Cable Group 

Termination of two 10-wire l i n e s on 
t ransmi t te r b u i l d i n g . Note the bond­
ing r i n g s around the grounded conduct­
ors . 

Termination of ten-wire l i n e a t an 
antenna tuning house . 
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Costs 

The average cost of installing the ten . -
, „. b fie ten-wire lines, in-

3 1/8-inch concentric line alone. 

Conclusion 

Tho p e r r o n o f t h 9 t , n . w i r e ^ ^ t r a n M s s i o j i 

11- ^ f,l»y «n »lth t b , c a l c u l a t > a v a i u s s ; ^ ^ ^ 

losses bom, ^pproxl^t,!, t M > t y „ „ ^ ^ ^ ^ 

figures. 

The presence of a messenger cable group, supported on the 

transmission-line poles, has.little effect on the characteristic 

impedance, but reduces the total loss of the line. 

For optimum conditions of earth conductivity and fre­

quency the losses of the ten-wire line of #6 B & S gauge, are 

comparable to those of a 3 1/8-inch diameter concentric line, under 

the most unfavourable conditions the losses are about 50 percent 

higher than those of the concentric line. Radiation losses from the 

ten-wire line are negligible and induction in other lines nearby 

would also be slight. 

Increasing the height of an open-wire line, increases 

its characteristic impedance and substantially reduces the losses. 

However, the cost of line construction increases with increasing 

height. 
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Open-wire l i n e s , in general, w i U w i t h s t a n d v e r y 

high voltage surges. T h e f i a s h o v e r v o l t a g e ^ ^ ^ ^ ^ 

is 70 kv. maximum. This i s approximately the same as the 

theoretical value for a 3 1/e-inch concentric l ine . However, 

the safe operating voltage of the latter i s u s u a l l y a s s u m e d J 

be less than for a comparable open-wire l i n e . 

Open-wire l ine construction can be adequately done 

by ordinary e lec tr ica l contractors. The cost of installing the 

ten-wire l ine with messenger group, i s about 9<$ of the instal l ­

ation cost of a 3 1/8-inch concentric line alone. 
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Appendix 1 

Attenuation Due to Copper Losses 

I f I i w flov/s in m parallel conductors and I g w in 

n parallel conductors, a l l wires being the seme in size and mate-
2 2 

r ia l , the i ^ loss i s R(_i!L + ^ ! [ | P*"" unit 
( m n ) 
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length of l i n e , where R i s t,,„ „a . , 
i s the res l stance per unit length, AS 

shown on page 18 f R _vfmc. 

= 1995fin 0 h m s p e r f 0 0 t * 
Then the loss in power per unit length of l i a e 

Jf = ^ § (Ilw2
f 1^8, 

19956> ( m *"£- ) watts 

The amount of power at any point in the 1 

- 2<1 
ine is 

P " P° " " w h e r e po ̂  the initial power, ̂  , the 

attenuation constant in nePers, and 1, the length of line. 

power along the line. 

and -c - 1 dp 

Hence, from the foregoing:-

the decrement in 

i 2 ) 
xgwi nepers per foot. 

i Vrmc. (liw . 
2P 1995ein. (IT TT) 

The power, p, can be taken as Ilw
2 z0 for short lengths of 

line, with negligible error. Using this value, and evaluating 

the loss in db. per 1000 ft. of line we get28 

- _a^_J^mL_iaQQ /fiw , isw 
' 2 C L . Zn 19W » in. lW "0 

2.17v*«e. 

2o t,n. • n UlW* 

28. Footnote 3, Loc. Cit. 
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AFPENDIX 11 

Attenuation Due to Earth Current Losses 

The current, I g d, was proven by Brown
29 

to be equivalent to an equal current 

flowing in a single conductor at the same 

height above ground as the transmission 

line. Figure 7 represents the equivalent 

transmission line. 

The proof is as follows:-

Point p, on the surface of the earth is a 

distance x from the line at right angles 

to it. The magnetic flux density vector at 

p, due to the line current is 

B, = A l g d 

2trT 
Fig. 7 

An equal flux density Bg, is caused by the image current. The 

vector sum of these is B - 2 B« cos t= 2h Bf 

which is parallel to the earth1 s surface. The actual earth 

current is concentrated near the surface. In the small cross-

sectional area of unit width shown directly below the line, the 

current density is:-

29. Footnote 3, loc. cit. 
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Summing up all the earth current gives:-

ldx / -r^i =4*L.Ut,S * 7 _/ 

which proves the initial assumption. 

The resistance of the soil depends upon the depth of current 

penetration, -.vhich is given by:- 5 = ' 
^ffZil-i cm* 

where / is in c/s., and d is in mhos per centimeter cube. 

The resistance of the small cross-sectional area, of length dl 
in the direction of the line is AR - l31 

J S dx 
and the power lost in this small volume is i 2 dl 

6 S dx 

By integrating this, so as to include all the ground current, 
the power dissipated in a length dl is 

a „ , -f 

Expressing the attenuation as in Appendix 1 ; -

s 1 1 dp 
*Z P" dT • Inserting values for P and dp gives:-

2 JA Zo -p~ V J nepers 

per unit length, where the linear dimensions are in centimeters. 

By changing to practical units of: h in feet, S in e.m.u. 

/ in mc«/sec, and oC in decibels, the attenuation per 
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1000 f e e t of l i n e becomes:-

mc 

ny.t/. 

APPENDIX 111 

Radiation 

in Appendix 11 i t was proven that the net 

current in the line T I. 
' -Lgd» "^y be considered as flowing in a 

single conductor parallel to the earth, of the same height as 

the transmission line. F or such a case it has been shown by 

Aharoni30 that the vertical currents which flow in the generator 

and the terminating impedance also contribute to the total field. 

The expression for this field, is 

£. 6oJkhUJkx(>-eJkL°'Sm6Cos') ) 
X (I - stn 6 cos 4 ) 

is the length of the line 

x = is a distance alon^ the line 

^ » angle measured from the zenith 

y ~ horizontal angle measured from the direction of the 

line* 

The bracketed terms in the numerator of equation 

where k -

L s 

3 0 • J . Aharoni, "Antennsir1 Oxford, Clarendom Press 1946 

(37) 
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(37) can be changed to the form:-

I-cos - j - (i-j,„gCos<p\ + js;nl£r/ ,_ 
S/f7 6 CoSci) 

c:* - ^Mle'H 

2C0Si \XLLi-*'»e cos0^+2 . 

Using this term in equation ("37) it becomes-
JjZTTX. 

-2COS\p^r(/-S;r7e Cos0) 

X(/-s/n e cosp) 
+ z 

If the net line current is taken as I cos* , 

and the expression changed to give the field strength in milli­

volts per meter at one mile, we have 

2 7rh Ee.*-- 37Z* T lH COS 0 

(/ — sine cos0) (38) 

31 This vector expression is also used by Brown . If a line length 

of */2 or 180° is used, and the Poynting vector, expression 

(38) is integrated over the surface of a large hemisphere the 

power radiated is found to be 

3500 *gd2 jjjs watts 

For L s X or 360 , the power radiated is 

5250 Xgd (I)2 watts 

31. Footnote 3 loc. cit. 
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_APPENDIX iv 

Effect of Messenger Cable ttrnnp 

To include the messenger SrouP in the calcula­

tion of attenuation an approximation was made as follows:-

The resistance of a cylindrical conductor at radio fluencies 

is proportional to -i- „„„ x 

rVg • For copper, <* was arbitrarily 

taken as unity so that the factor -L, c o p p * ^ f Q p 

either of the co-axial lines of radius .1875'inch. Tnis factor 

was found for the other cables by using the proper radius, and 

value of relative conductivity, in each case, thus:-
Z _ / / 

< ° ^ -nssfl -032 (steel) 
<J30 

/ _ / / 

Rere the average radius of the two lead-covered cables is 0.5 inch. 

These factors were added for the five cables and the average taken. 

T+ • 1 
1 S .089 » which r ep re sen t s an "equivalent" copper conductor 

of .089 inch r a d i u s . 

Since Q U - -0.01017 ^ i f follows 

t h a t the f ive cab les carry 5 X .01017 - .05085 

of the t o t a l r e t u r n c u r r e n t . 

Suppose each of the "equivalent" conductors c a r r i e s 

1/5 of the t o t a l cu r ren t in the messenger group. Then the power 



-69-

lost in conductor resistance would be ™.„ .• 
(1)2

 a be Pr°Portional to 
(5") X 5. - .2 lt 

If we replace the 
5 conductors by one th«n + >,« 

y ne, then the current to produce the same 
power loss \/lSL 

V i r .45 
of the to ta l cur-

r e n t . Therefore, we can postulate a single conductor of 
.089 inch radius carrying a current of . „ x . 0 5 0 8 5 

•02282 of the actual t o t a l current . L e t u s c o n s i d e r t h e 

equivalent conductor as being 46 R A. Q ~~ 
1118 #b B & S gauge, since 

.089 = . 081 . 

The average current carried by each of the 

grounded conductors bearing charce n A 
ing cnarge Q^ and ^ ig > 2 2 m ^ 

Then the "equivalent" conductor carries 

•02282 

of the current carr ied by the "average" of the grounded conductors 

of the l i n e . Therefore, in the formula 

e z0 \ m T r> 1 
we can wri te 8.1 for n instead of 8, the number of grounded 

conductors proper . 
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