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ABSTRACT

This report pertains to the relative merits of various types of
radio frequency transmission lines, used in coupling radio receivers
to antenna systems, at frequencies up to 30 megacycles. As would have
been expected, it is found that the loss in lines increases with fre-
quency, and in the case of the lines employed in this investigationy
it was found that the attenuation in decibels for a given length in=
creased approximately as the throe-fourths power of the frequencye. A
slight modification in wave propagation theory along transmission
lines has been introduced herein, and this modified theory is veri-
fied by actual measurements in all instances where applicable, It
is shown thaet the dielectric loss is the principal one in cables con=-
taining appreciable quantities of higher loss types of plastic insu=
lating material between conductors. Heretofore it has been commonly
pssumed that the presence of appreciasble quantities of dielectric
material between line conductors increased the loss to some oxtent,
but had only a slight effect on the other properties of the line;
contrary to this common assumption, however, & few references in the
pertinent literature are found indicating that certain other properties
besides losses are affected considerably, and the statements made in
the literature to this effect are verified by this investigation. It
is also shown that the velocity of propagation of a wave along & line
where dielectric materials lie between the conductors is frequently
much less than the velocity of light = sometimes only half that
velocity. It follows that the physical and elactrical lengths of
such lines differ considerably, in some instances the elsctrical
length being nearly twice that of the physical length.
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STATEMENT OF PROBLEM

2. The object of this investigation was to compare the per=-
formance of two types of transmission lines for use in coupling
antenna systems to radio receivers, Cabloy and GICA Cable. There
are now many more Naval applications for transmission lines than in
previous years; this problem therefore presents an excellent op=
portunity to find out many things about their characteristics, for
it is realized that altogether too little information concerning
their operation is now available. Also, there has recently been
developed at this Laboratory a very useful device for determining
the performance of transmission lines, the Cathode Ray Wattmeter,
by means of which it is possible for the first time to obtain reli=-
able information regarding their losses. Without this device, it
would not have been at all possible to present much of the data
gshown herein in anything like such a complete and straightforward

mannsere

KNOWN FACTS BEARING ON THE PROBLEM

3. The classical theory of wave propagation along transmission
lines is presented in detail in many scientific textbooks; for ex=
ample, in Chapter XI of reference (b). As will be discussed later,
this theory needs a slight modificatiom for use in conjunction with
lines at very high radio frequencies, especially where thers are ap=
preciable quentities of dielectric material between the conductorse.
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In reference (c¢) it has been shown that the attenuation for several
types of line increasges in proportion to some powsr of the frequency;
in some cases it is found to be approximetely the first power, in
others, the half power, and in others, some intermediate power. Also
in roforence (c), there is one brief mention of the fact that the
velocity of wave propagation in some types of transmission lines is
considerably lower than the velocity of light. In reference (d), it
has been shown that the presence of appreciable gquontities of di=-
electric material botween the two conductors causes its characteris=-
tic impedance to be lower than were the lines in free space. In
referonces (e) and (f), meny useful formulas are derived, which will
be introduced into this report at a suitable place hereafter,

THEORETICAL CONSIDERATIONS

4. The classical theory of wave propagation along transmission
lines has been developed principally for power lines, telephone lines,
submarine cables, etc., in which the leakage between line conductors
was considered. At a later time when high radio frequencies were used
in conjunction with transmission lines, the leakage idea was extended
to ombody dielectric loss in the insulation between conductors. How=
ever, any transmission line which would be selected for use in actual
practice, 2t the higher radio frequencies would show an inappreciable
leakage for steady voltages, and a line which did have appreciable
leakage would hardly be employed for radio frequency uses. Hence the
idea of direct leakage between conductors will be discarded. Also,
the best circuit analogy for a dielsctric circuit at high frequencies,
provided a simple circuit arrangement is desired, consists of o pere
fect condenser and"a series resistor. The reason that this arrange=-
mont scems preferable will not be discussod in detail heroin, for
the subjoct is somewhat beyond the scope of this report. By repre=
senting the dielectric path betweon the conductors as & resistor in
series with a capacity, instead of as & leaky capacity as in the
classical theory, & modified transmission line theory may be developed,
which will be presented in the next paragraph,

5. Accordingly, an infinitely long transmission line with uni=-
formly distributed constants mey be best represented 2s & recurrent
network as shown in the diagram in Plate 1. Following the reasoning
get forth in Chapter XI of reoference (b), or Chapter IV of reference
(g), the following partial differential equations for this network
may be formulated:

-Jo

where de

L}

i (R + jeL)dl (1)

drop in potential (peak value) along
the short length of linedf , expressed
in volts.

i = current, in amperes (peak value) flowing
through the short length.

R = radio frequency resistance of line per unit
length expressed in ohms por centimeter.
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L = radio frequency inductance of line per
unit length expressed in henries per
centimeter,

j = the complex operator, V=1

w= 27 f, where f is the frequency
in cycles per second.

€

i (2)
Gad%

where § i = decrease in currenmt (peak value)
along the short length of line d¥
e = potential difference between conductors
of the short length, expressed in volts
(peek value).

C = capacity per unit length of line expressed
in farads per centimster.

r = equivalent series resistance of the
insulating material forming Capacity C,
representing its dielectric loss, per unit
length, expressed in ohms per centimeters

By following the same procedurs as outlined in either of the above
references, or by recourse to the conventional solution of such &
recurrent electrical network, & group of eguations may be derived
entirely analogous to those shown in classical wave propagation theory,
excopt that instead of a leakage term, the factor representing the
equivalent series resistance of the dielectric material is introduced.
However, this resistance is only a fictitious one representing the
dielectric losses, and in these analogous equations there may be sub-
stituted for this resistance term its equivalent in the form of the
power factor of the dielectric material. In this manner, various
equations may be derived embodying the line inductance, capacity,

end conductor resistance per unit length together with the power factor
of the dielectric material between the two conductors. By simple a=¢
theory it may be shown that the equivalent series resistance of the
capacitative path formed by the dielectric material in terms of its
power factor is given by the following formula:

= ¥ ohms (3)
wC VYl =-YVY2e

"

power factor of the dielectric material
forming the insulotion of the line ex~
pressed in a docimal fraction.

where \{r

By meking this substitution in the analogous equations, it is pos=
sible to errive at the remainder of the equations shown in this
paragraph. It should be realized that dislectric loss, when ex~
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pressed in the form of its power factor will have considerably more
significance to those femiliar with the art than when in the form
of equivalent series resistance, or in the form of an equivalent
loakage as employed in the classical theory. These substitutions
result as follows:

A o] G ) @

where Z, = characteristic impedance.

It may be noted thet this equation has both a real and an imaginary
term which indicates that the characteristic impedance of a trans~
mission line contains reactive components. However, in any line
which would be used in practice at radio frequencies, the numerical
value of the imaginary term is usually so low that it may be neglected
in comparison with the real part. Likowise, the first term of the
real part is usually negligible compared with the latter term, and

by meking this simplification it is epperent that the following ex-
pression approximntely represents the characteristic impedance of the
cable:

2, ?'\f% ohms (5)

The attenuation factor for the cable is as follows:

oc =\f£§-¥1—“"ﬁ[(\/ﬁ2 * (wL)a)— (wL Vi -‘V’)+ R‘ﬂ (6)

where oc = attenuation factor.

It is apparent that the following expressions are true

\/Rz + {wL)2 = wl\{;&ﬂ)z +1 (7)
and mL\@ )2 s1 T ot [1 +%%§g)j . (8)

for the term (R/w L)2 has & numericel value much less than unity
in any type of line which would be used in practice. Likewise

wi \I-¥ Fwra-¥ (9)



Substituting these approximations in equation (6) produces the
following equation:

c~r \[o, wyhc (10)
s 1 2

in which another factor, the fourth root of term (1- \F), is elimi=-
nated, since its numerical value would approach unity in any type of
line used in practice, as W will rarely exceed 0.05 at radio fre=
quencies. The above expression is sufficiently accurate for most
practical purposes and has the particular advantage in that the con-
ductor loss and the dielectric loss are separated; thet is, the first
term of the right hand expression represents the conductor loss, ths
latter, the dielectric loss. This separation will be adventagoous in
some analytical work wherein the relationship between conductor and
dielectric loss is desired. It may also be shown that the wave length
constant is given by the following expressions:

,8)!"-2——-—— 'g'wz [Vnz » (W) » (wL \1-v2) - R‘{Z] (11)

where /5 = wave length constant.

In the above expression Rg is usually less in numerical value than
1% of that of (wL)? in any type of transmission line used in prac-
tice for high radio frequencies. Consequently, the term R® may be
eliminated without serious error. Also the square root of the ex=
pression 1 = W2 approaches unity, for as previously mentioned, Y
seldom exceeds 0.05 at radio frequencies in cormonly used lines, and
this term may therefore be ignored. The term. RVY will likewise
seldom exceed 0.1% of the value of the rest of this factor when simpli=
fied, 2wL, and can likewise be eliminated for most practical pur=
poses. From thess simplifications, equation (11) becomes:

B ¥ wiic (12)

As has been pointed out in classical treatment of the subject, the
velocity of propagation along the cable is expressed by the following
equation:

v = ifL- centimeters per second (13)

whers v = velocity of prcpagation of wave
along the line.

Substituting for B  in equation (13), its equel in equation (12)
produces the following equation:

e

Gils

centimeters per second . (14)



It may also be shown that the attenuation of the cable is expressed
in the following menner:

A = 8.686ec decibels per centimster (15)

[}

whera A = attenuation of line when properly

matched.

Also, the efficiency of a line may be found from the following
expression:

W

L}

6'2“3 -100% (16)

efficiency of line of length {  when
properly matched.

where W

( = 2.718, the base of the natural system
of logarithms.

In Equation (16), efficiency is defined as the ratio of the powor
delivered by & trensmission line into & load to thot applied to the
input of the line. Equations (15) and (16) apply cither to & line
of infinite lsngth or a line of finite length terminated in 2 re=
sistance equel to its characteristic impedance.

6. As would have boen expected, it may be noticed that the
various expressions with one exception, when gsimplified, becom2 the
samo as those given in classical treatises on the subjact, tho one
exception being in the case of the attenuation factor. Howevoer, the
attenuation factor is one of the most important characteristics of
e lino, and it is considerod advantagoous to present it as shown
herein, that is in a more straightforward manner regarding the effect
of dielectric loss on the total line loss, and for this reason such
means of expression is considered preferabls to the equivalent leak=-
age concept which has been used in the classical treatment of the
subject.

7. TFour of the five lines used in this investigation are of the
comxial or concentric type and it would appear desirable to simplify
certain of the formulas shown in paragraph 5 for use with such types
of lines. In these simplifications, capacity and inductance Terms
will be replaced by equivalent factors expressed in terms of tho
physical dimensions of the lines. Lord Kelvin, in reference (f),
has shown the following equation to be true:

ct = 933&19—%- . 10712 farads per centimeter (17)
1
lo =i
€ 10 d,
wherse C' = capacity per unit longth for a coaxial arrangement

of cylinders or for & rod within a cylinder,
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dl = inner diameter of outer conductor in centimeters.

dg = outer diameter of inner conductor (eylinder or rod)
in centimeters.

K = dielectric constant of insulation between the two
conductors.

In reforence (e), Professor Russell has shown tho following equetion
to be true:

L' T 4.6052 logyg g}. x 10°? henries per centimeter (18)
2

where L's= inductance per unit length for a coaxial
arrangement of cylinders, or for & rod
within & cylinder.

By substituting the above values in equations (5), (10), (12), and
(14), the reletionship shown in the following equations may be de=
rived: :

a
138 logjg —
2, = f10 5 ohms (19)

Ve

- R VK " w¥ VK (20)
Y. 0
o w!x
B = (21)
v~ _3-1010
vt = centimeters per second (22)

Vi

The significance of the prime added to the factors given above is
that it indicates the formula applied only to a concentric or co=
axial type of line. It miy be noted that the factor 31010

occurs in two of the formulas above, the velocity of light. The
relationship shown in Equation (19) has been indicated in reference
(d), and a brief mention of the relationship expressed in Equation
(22) has been made in reference (c). As indicated in Equation (22),
the velocity of propagation will be somewhat less-than velocity of
light where & dielectric matoricl is placed between the conductors,
and likewise, the elsctrical and physical lengths of such lines would
not be the same. From the generzl wave motion principle that the
product of the frequency and the wave length equals the wave velocity,

;.



the following expression for the ratio of physical to electrical
length may be easily derived:

Ae‘ 'y (23)
F gl g

!
where .é = physical length of line.

£_= electrical length of line.
Since the conductor resistance is involved in the attenuation factor,
Equation (20), means of determining the high frequency resistance of
a coaxial arrangement of conductors will be shown. According to
Professor Russell, in reference (e), the conductor resistance of a co-
axial arrangement is given by the following expression:

¥ 1 . 10° : 8 « 109 -9
R 2[11\/41?1'& 107 + i \[ﬂzf/oa 10:[ 10

ohms per centimster, (24)

where R' = radio frequency resistance of 2 coaxial
arrangement of conductors per unit lengthe.

/u?and/ob = the permecabilities of the outer and inner
£ conductors of the line respectively, which
wos unity in the case of all lines considered
in this report.

Y. and/g = the resistivity of the outer and inner
. ¢ conductors of the line, respectively, ox-
pressed in ohm-centimeters.

Professor Russellderived this oxpression mathemmtically, and its
suitability and accuracy have been confirmed experimentally, in
perticular in reference (c). Attention is directed to the fact that
Equation (24) is applicable only where solid conductors are used,
and may not be used where either conductor is stranded or braided.

8. It may be noted that the valuc of the dislectric constant
of insuletion between the conductors is quite an important factor
in the various formulas derived for concentric types of lines. In
the attenuction factor formula, Equation (20), it may be noted that
the value of dielectric constant of insulation affects not only the
dielectric loss, but the conductor loss as well,

NARRATIVE OF ORIGINAL WORK DONE AT THIS LABORATORY

9. Due credit has been given to other investigators where their
work has been incorporated horein, or if others have pointed out the
same relationship derived by the treatment given herein. All other
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portions are based on original amalysis mede at this Laboratory.
All data to be shown subsequently are based on original investiga-
tion of this Laboratory.

METHODS

10. The attenuation of the lines was measured by means of the
Cathode Ray Wattmeter, described in reference (h), and the procedure
of such measurements will be described. The power delivered to the
line was measured by means of this Wattmeter, and the output of the
line was doterminsd by terminating it in & non=inductive type re-
sistance load comprising a Zircon resistor, and a suitably calibrated
radio frequency ammeter, the output being determined from the current
and resistance of the load. The capacity and power factor of the
lines were determined with two pieces of equipment; over the frequency
range of 100 cycles to 10 kilocycles, the General Radio Type T714A
Capacity Bridge was employed, and the Boonton Type 177 "Q" Meter was
used over the frequency range from 50 kilocycles to 15 megacycles.
In determining the high frequency capacity and power factor, & short
section of line was taken, 30.5 centimeters long, for along such a
short section even at the highest test frequencies, only a small
fraction of a wave length is represented, and the distribution is
substantizlly uniform along this short ssction. The electrical length
of lines was mecsured in the following manner. The two conductors
at one end of the transmission line were connected together by a
small coupling coil which was loosely coupled to a suitable grid
dip driver. From wave propagation theory, it is well known thot
when the other end of tho line is open, os the applied frequency is
gradually increased, resonances may be obtained first for quarter
wave resonance, then three-quarter wave resomance, ctc., for various
other odd quarter wave resonances. Then if the far end is short=
circuited, similar resomance points will be obtained except that
they will be at even quarter wave length separations. By noting the
frequencies at which various resoncances occur, and the increments
botween them, it is not difficult to ascertain which is 1/4, 1/2,

3/4 op full wave resonance. Then if these data are plotted on
linear cross section paper, plotting frequency &s the abscissa and
fraction of & wave length as the ordinate, and the points are con=
nected by a smooth curve, the length of an electric wave in free
space corresponding tc tho frequency at which the curve intersects
the full wave ordinate is obviously the electrical length of the
line. From such data it is also possible to determine the velocity
of the propagation of the wave along the line. Since a wave front
advances the physical distance between the two ends of the line in
the time of & period of the oscillation at which full wave resonance
is obtained, it is apparent that the velocity may also be computede

11, A description of various types of lines used in this in=
vestigation will be furnished. The subject problem called for the
test of two types of lines, Cabloy and GICA Cable. However, during
the past few years, this Laboratory has had occasion to test several
other types of lines, and for additional information, a certain
amount of the date taken from these cther types of lines will be
included in this report. Descriptions of the lines are as follows:



(1) Cabloy, a trensmission line for receiver use, manu=
factured by RCA, a stranded inner conductor completely enclosed
in an impregnated fibrous type of insulatien, which is in turn
enclosed by a2 lead sheath containing & copper strap inside the
lead, for use as a ground strip. Over the lead covering is placed
& layer of thin tape, and surrounding the emtire cable is & basket
woven steel braid for protective purposes. A view of this cable is
shown in Plate 2’ Figo A.

(2) GICA-2 Cablo, made primarily for inmterior communicatien
use, both conductors stranded and enclosed by soft rubber insulation.
A hemp or jute-like filler is also placed therein to fill up spaces
between the rubber and give a periphery of round cross pection, &nd
the entire caebls is enclosed in a layer of tape over which is placed
basket woven steel braid. A view of this cable is shown in Plate 2,
Fig. Be

(3) Circle Wire and Cable Company's Standard 600 volt lead
covered power cable, soft rubber insulation covered by fabricated
braid, solid inner conductor. A view of this cable is shown in
Plate 2, Fige. C. Hereafter in this report this line is referred
to as Power Cables

(4) A concentric type of line with solid inner conductor,
a thin wall copper tube for outer conductor, containing distributed
Isolantite washer type spacerse. A view of this line is shown in
Plate 2, Fig. D. For convenience this line is hereafter referred
to in this report as Isolantite ;nsuiated Line, which is sometimes
abbreviated to Isc. Ins.

(5) Communication Products Type 600 = 1/4", solid inner
conductor, outer conductor a thin wall copper tube, insulation
provided by means of a paraffin impregnoted cotton cord wound about
the inner conductor. A view of this line is shown in Plate 2 i
Fige E. For convenience, this line is hereafter referred to as
Communication Products Line, which is sometimes abbreviated to
QQE. Prod.

12, From the views of the various types of lines in Plate 2,
it may be seen that all but one (GICA) are concentric or coexial
types of lines. It may be noticed that in all concentric types
of lines, the low potential torminal is outside. Consequently
their sheaths were carefully bonded to 2 suitable thin copper screen
counterpoise in order to prevent radiation. In all tests on GICA
Cable, one conductor was used as the high potential, the other &s
the low, and the shoath was connected to the low potential conductor
at both ends, and bonded to the counterpoise. Of these lines, Power
Cable was not designed for radio frequency transmission line purposes,
but as its name implies, for the distribution of d-c¢ or a=c power at
commercial power frequencies. For thot metter neither was GICA
Cablo designed for transmission line service.



DATA OBTAINED

13. The data obtained in thig report are shown in Plates 3
to 12 inclusive and in Tables 1 to 4 inclusive.

DISCUSSION OF PROBABLE ERRORS

14. The efficiency mezsurements of transmission lines are esti-
mated to be accurate within 5% at 1 megacycle and to within 15% at
30 megacycles, the accuracy &t intermediate frequencies falling
betwoen these two estimated percentages and gradually increasing with
frequency between these limits. The accuracy of the capacity measure-
monts in like mennor decreases with frequency, and is estimated to
be within 1% &t 100 cycles and to within about 6% at 15 megacycles.
In like menner the accuracy of the power factor measurements is esti-
mated to be within 5% or 0.001, whichever is the greater, at 100
cycles, and to within 15% or 0.0001, whichever is the greater, at
1500 kilocycles.

RESULTS OF TESTS

15. Date pertaining both to the efficiency of the lines and
to their choracteristic impedence are shown in Plate 3. Herein is
shown the sffect of various values of terminating resistance on
their efficiency. The characteristic impedance of the line is equal
o0 the resistance &t which the line shows & maximum efficiency. These
tests were made at the highest frequency called for in the subject
problem, because at this frequency the lines are electrically longer,
end consequently the curves will be more sharply defined in so far as
characteristic impedance determination is concerned, at this frequen-
cy than at any lower one. It may be noted that Isolantite Insulated
Line was tested &t 25 megacycles and the others at 30 megacycles. The
reason for this is that the data on the Isolantite Insulated Line
was obtained sometime ago for laboratory purposes, and it is added
herein to make the report as complete as possible. Little would have
been gained by repeating these measurements at 30 megacyclss for the
loss therein is so low in this frequency region that it becomes dif=-
ficult to measure. It may be noted in Plate 3 that in the case of
Isolantite Insulated Line, two sections were used in a balanced or=
rangement, whereas for all others a single section was used. This
procedure was used in the case of the formsr because all single sec-
tion concentric lines radiate to a certain extent where it is im-
possible to obtain a good redio frequency ground on the sheath, as
is the case in such measurements. A balanced arrangement will radi-
ate to & much smaller extent, and as the loss in this type of line
is quite low, the balanced arrangement was employed in order to pre=
vent radiation losses, thereby allowing the inherent loss 10 be de=
termined for applications which permit good ground connections, such
aswhere buried in moist earth. The jnherent loss in the other types
of lines is sufficiently great that 1little would be gained by re=
course to such procedure for their tests. It is apparent that in the
case of tests mede with & balanced arrangement, the maximum e fficiency
will occur at a resistance egual to the characteristic impedance of
the balanced combination, and since in such & combination the iwo



sections are effectively in series, the characteristic impedance

of a single section will be half of that observed in the case of
tests made with a balanced arrangement. For this reason the table
at the foot of Plate 3 shows a characteristic impedance of 80 ohms
for Isolantite Insulated Line, which is that for a single section,
instead of 160 ohms as shown by the upper curve, which is the char-
actoristic impedance of & balanced arrengement. In the case of the
various curves in Plate 3, it may be noted that they arc extonded to
pass through the origin, and the reason for this is that the lines
would have zero efficioncy with the output short circuited. It may
be noted that exact impedence matching is unnecessary for these
lengths of lines, since the velue of terminating resistance may be
altered considerably with slight effect upon the line efficiencys
It may bc noted that the various lines tested were of differont
length. Consequently the results can not be compared directly by
means of the curves, and to reduce them all to the same basis,
there has been prepared a table at the bottom of Plate 3 indicating
what officiency the cables would have were they 1,000 centimeters
(33 feot) in length, and also there are provided data as to the at-
tenuation of the lines in decibels per centimeter.

16, The effect of frequency on the efficiency of the various
lines is shown in Plate 4. In order to compare these lines direcctly,
in Platec 5 tho same data are expressed in the form of attenuation in
decibels per centimeter. It may be noted that the curves do not pass
through the points obtained at 1 and 2 megacycles, but since the
losses in the lines at these frequencies are so low that they are
difficult to measure, and since by all known physical theory it would
be expacted that the attenuation of the lines would gradually decrease
with frequency, the curves have been extended in a linear manner for
frequencics below 5 megacycles. The curves in both Plates 4 and 5
for Isolantite Insulated Line are based on one point only which was
obtained at 25 megacycles. Referring to Equation (10), substitution
of values therein for this line indicates that at any frequency below
30 megacycles, the second term of the right hand side of this ex~
pression is & very small fraction of the other term. In the case of
the larger term, only the conductor resistance varies appreciably
with frequency. Reference to Equation (24) indicates that the high
frequency resistance of a coaxial arrangement of conductors is pro-
portional to the square root of the frequency, and the curves for
Isolantite Insulated Line were constructed from the 25 megacycle
point, and are based on the assumption that the attenuation factor
of this type of line is proportional to the square root of the fre=
quency. In order to allow the data in Plates 4 and 5 to be compared
in a more straightforward manner, in Plate 6 the efficiency is ex-
pressed in terms of what it would have been had 21l lines had 2
length of 1,000 centimeters (33 fect). The comparison in performance
of Cabloy and GICA Cable, requested in the subject problem, mey be
found in cither Plate 5 or Plate 6. It may 2lso be noted that the
problem called for loss moasurements at frequencies as low as 100
kilocycles, but it is seon that the attenuation is so low that it
is difficult to measure even at a froquency of less than 5 megacycles,
hence no measurements were taken at a frequency below 1 megacyclee
From the slope of the curves, Plate 5, it is apparent that the at-
tenuation of Power Cable, Cabloy, Communication Products Line, and
GICA Cable is approximately proportionzl to the three-fourths power
of the frequency.
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17. The capacities of the 30.5 centimeter lengths of lines
are shown in Plate 7. It may be noted that the capacity of some
of these lines depend somewhat on the applied frequency. To use
the extreme instance, Power Cable shows & decroase in capacity of
204 from audio to radio frequencics. Hence, it is secn to bo not
tho bost idea, as is the common practice, to base capacity ratings
for transmission lines on sudio frequency measurements. The data
in Plate 7 will also cause & slight modification of the usual con-
ception of capacity, for it is commonly essumed that capacity is
not a function of frequency. In Plate 8, the capacity valuses shown
in Plato 7 have been converted into the form of capacity per unit
length, which will be used subsequently in this roport in various
computations.

18. Power factor date on the lines are shown in Plate 9. It
may be noted that the power factor deponds considerably on ths fre-
quency, and in the case of Communication Products Line, the power
foctor at 1,000 cycles is more than twice as greet as at 1 moga-
cycle. Honce, it is also obvious that the determination of the
relative morits of transmission line insulation should be dster-
mined at a radie frequency, rathcr than ot an sudio frequency which
is tho common practiceo.

19, Electrical length data for the transmission lines are
gshown in Plate 10. It may be noted that a straight line passes
approximetely through all points and tho origin, which indicates
that the values of inductance or capacity of the lims are not ap-
preciably affected by variations in frequency at the higher redio
frequencies. The points at which the curves intersect the full
wave ordinote represent the electrical length of the line; that is,
the wave length in free space corresponding to the froquoncy of
intersection is the eleectricel length. Physical and electrical
length data have been shown in Plate 10 for each curve. For the
purposes of more readily comparing electrical length data of lines,
data are shown in Plate 11 as to what the relationships shown in
Plate 10 would have been had the physical length of all lines been
1,000 centimeters. It may be seen that lines of the same physical
length vary considerably in electrical length. Therefore, if two
points of fixed distance apart were to be joined by a transmission
line, tho electrical length represented would depend considerably
on the particular line selected for the purpose. In Table 1 the
slectrical length data are recapitulated togethor with wave propaga=
tion velocity dete. Some computed values of these quantities and
other data arc also given in this table, which will be discussed in
detail later in this report.

20. A brief study was given to the moisture absorption char=
actoristics of two of these lines. The power factor of Cabloy at
1,000 cycles is noted to be 0.016 as furnished, and aftor drying
24 hours in an oven at 120° C and cooled 3 deys in a desiccator,
its power factor was found to be 0.012, a reduction of 25%. How=
ever, at radio frequencies, no measurable change in the power factor
wes noted., Communication Products Line, after drying for 6 days
jn o desiccator had its power factor reduced from 0.039 to 0.018,
but likewise no corresponding reduction was noted in high frequency
power factor measurements. These data indicate that soms moisture
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is present in these lines, and although it was not found to greatly
affect the radio frequency power factor of the imsulating material,
it is realized that the presence of moisture certainly can do no
good and may do some harm. These data indicate that improvemonts
in the sealing of Communication Products linc would be desirable.
Although only & minor issue, Cabloy roceived one power factor test
jmmodiately after removal from the oven at 120° C, and it was noted
that its power factor at 1000 cycles had more than doubleds This
would indicate thet its insulation has considerable temperature co=
efficient of power factor, which may possibly have some bearing on
its suitability for use in the Naval Service, for it is realized
that quite high ambient temperatures are frequently encountorcde.

DISCUSSION

21. The modified theory of wave propagation along transmission
lines, advanced heretofore in this report, has no practical impor=-
tance unless it can be shown to actually have some real significance
upon the ottenuation characteristics of the lines. Referring to
Equation (15) and to Equation (10), which forms a part of the formor
equation, both of which pertain to the attenuation of transmission
lines, it may be noted that 2ll quantities therein are in such form
thet it is possible to obtain pertinent date regarding line constants,
some from results shown herein and others by means of computation.
In the data given in this report, not all of the constants, subject
to measuromsnt, appearing in thesc equations have been obtained
over the entire froquoncy band covered by the attenuation measure=
ments, but enough information is available, if roasonably extonded,
to mako substitutions in thesc equations. It may be notod that the
line capacity data given in Plate 8 give no values for frequenciss
above 15 mogncyclos, but it does not seem unreasonabls to meke an
assumption that no material change in capacity from the 15 megacycle
value would occur in the region between 15 and 30 megacycles and,
for that metter, its capacity is probably not greatly different at
much higher frequencies, even at 50 or 100 mogacycles. Referring
to Plate 9, it may be seen that the power factor data are not ob=
tained at any frequency above 1500 kilocycles. However, from a
general knowledge of dielectric phenomenc at the frequencies above
which polarization offects are likely to occur therein (100 kilo-
cycles or lower), usually the powor factor of 2 dielectric material
does not depend greatly upon the frequency, and oven a change in fre=-
quency of 10 to 100 times may not couse its power factor to be alter=
cd by more than two to onee. As & conseguence, it does not scem an
unreasonable hypothesis to assume that the power factor of the insu=
lation of these cablos at any frequency between 1 and 30 megacycles
is tho same os its measured value at 1 megacycle. For that matter,
possibly the power factor is not radically differomt even at fro=
quencies of 50 or 100 megacycles, although it must be admitted that
this stotement moy be opon to questions The inductance of the con=
centric types of lines may be computod by Equation (18) and the
values thereof are shown in Teble 2. The conductor loss in certain
of the concontric types of lines moy be computed by means of Equation
(24). The limitation of Equation (24) to solid conductor lines,
however, mokes it impossible to compute the resistance of Cabloy,
for its inmer conductor is stranded. By such means of obtaining

<14~



line constants, computations of the attenuation of Isolantite
Insulated Line, Power Cable, and Communication Products Line

were made, and are shown by the dotted curves in Plate 12. Also

on Plate 12 there have been plotted the experimental curves for

these lines, taken from Plate 3, and which are shown by the un-
broken curves. Tho ogreement between the experimentally determined
and computed curves over the range subject to measuremonts is excel=-
lent; in fact, it provides soms assurance thet the computed values

up to 100 mogacycles are valid. In the case of Isolantite Insulated
Line, the only observed point taken has been plotted, and it may ap-
pear that there is a fair amount of discrepancy between computed
curve and experimentally determined point. However, it may be noticed
that in either case, the attenuation is exceedingly low, in fact,
almost too low to measure, and an error of less than 4% in the ex~-
perimentally determined point would account for the discrepancy. It
mey appear somewhat optimistic to have extended these curves up to

a frequency of 100 mogecycles, but when it is considered that very
little reliable experimental data are available on the subject, such
extrapolations are considered of some value for at least they indicate
what order of attenuation at this high frequency may be expectcd.

The oxcellent agroement between theory and practice lends considor-
able confidence to tho validity of the modified theory of wave propa=
gation along transmission lines which has been presented heretofore.

22. A few moro computations will be zdded to show the agreement
betweon theory and practice in other instances. From the capacity
por unit length data in Plate 8, it is possible to determine the di-
electric constant of the insulation in the case of the coaxial lines
by meens of Equation (17)s In the case of Isolantite Insulated Line
and Communiceation Products Line, referencoe to the drawing in Plate 2
will indicate that & good portion of the spcce botween the conductors
contains no solid dielectric material, but at any rate it is possible
to arrive at an equivalent dielectric constant for the capacity path
of such types of lines. Such data are necessary in various computa-
tions to follow and are shown in Table 1. In this table there also
appears some experimentally determined data, which have already been
discussed, pertaining to the ratio of physical to electrical length,
and to the propagation velocity of the wave, and also the computed
values for the lincs are added for comparison. It moy be noted that,
in goneral, excellent agrecment is obtained, the greatest discrepancy
being about 8% in the case of the Power Cable. In Table 3 computed
and observed values of characteristic impedance data are furnishede
For this computation, Equation (5) or (19) was used, whichever was
applicable to the particular line. The measured values are taken
from the data in Plate 3. Some discrepancy is noted between the com=
puted and experimental values, but when the broadness of the curves
shown in Plate 3 is considered, it is reslized that it is quite dif=
ficult to experimentally detormine with great exactness the charac=
teristic impedance of relatively short lines,(in all instances loss
than two wavelengths long) and for this reason tho computed results
possibly have less error than the experimentally determined onese

23. It moy be noted that in neerly all instances, all tests as
to the cttenuation of various lines have been mnde wherc the lines
were properly terminated, and the question naeturally arises as to
how these lincs mey be used to feed receivers, when it is roalized
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that tho input impedance of the receivers are, in general, much
higher than the characteristic impedance of the lines, in some
instencoes approximately 10,000 times as much. The obvious answer
to this question would be to employ 2 suitable impedance matching
transformer for the purpose. However, to obtain a relatively flat
response in on impedance matching transformer to cover a band of 100
kilocycles to 30 megacycles would be quite difficult. Evon werc it
atteompted with two or more trensformers, it is realized some dif=-
ficulty would be encountered. Ono proposed means of coupling & line
to the input of a receiver without recourse to 2 transformer will

be discussed, for thooreticael reasons lead one to believe it would
not be impractical over & narrow band of frequencies up to 10 mega-
cycles. In the following discussion, it will be assumed that suit-
able means of properly matching the antenna system to the line input
have been attained. Then, in order to illustrate how a 1linc may be
used to couple the antenne system and the receiver, the following il-
lustration will be offored. One of the linos, Cabloy, for instence,
might be terminated in its cheracteristic impedence, 32 ohms, and
across this resistor placed the input teminals of the receiver. In
reforence (i), it is noted that the input impedance of a receciver
depends considerably upon the frequency, and in the cases of the
RAA, RAB, RAG, RAH, and RAL type Receivers, at various froquencies
up to 10 megacycles, the input impedance varies from 100 to 250,000
ohms, considerably higher then the terminnting resistance uscd with
the lino, and therefore would not couse & serious impodence mis=
match whon comnected across the terminating resistor. Accordingly,
a 1,000 centimster section (33 feet) of Cabloy, which is considercd
to be a fairly inferior type of lino, could be used with any of these
recoivers &t 10 mogncycles with o power loss of only 214, or a drop
in voltage clong the line of approximotely half that smount, which
could be tolercted in many instances. At frequencies of less than
10 megacycles, the loss would be less; in fact, the voltage loss
would be only about 2% at 1 mogacycle. If instead of this inferior
line, it was desired to use a low loss line, such as Isolantite In-
sulated Line, for which &n 80 ohm terminating resistor should be used,
the loss in voltage for the same lemgth of line would be approxi=
mately 2% at 10 megacycles, which could be readily tolerated. The
question might arise as to why these lines should not be connected
directly to the receiver terminals without recourse to a terminating
resistors, for at first hand it might appear that the line would de=
liver more voltage unshunted than when shunted by & resistor. How-
ever, reference to the electricel length data in Plate 11 indicates
that at 10 megacycles, the Cabloy Line would be over a half wave
length long and the Isolanmtite Insulated Line would be somewhat more
than 3/8 wave length. As in both instonces, the line itself would
be in excess of 1/4 wave length, and considering the added length
reflectod by the antenna to which it is coupled, it is apparent that
due to variations in voltage distribution along the conductors nor=
mally oncountored in & transmission line, that at some frequency a
voltage nods would probably appear at the receiver terminals; hence
& terminating resistor should be employed to prevent such effects.
It may be noted that all of the foregoing discussion hos been based
on the assumption that suitable means have been employed to obtain
an impedance match between the antenra and the line input, and it



is realized that such means would be quite difficult to attain

in practice over & wide frequency band. Therefors, the method
outlined for coupling an antenna to e receiver by means of &
transmission line would be practicel only over & narrow frequsncy
band., It should therefore be realized that these suggestions have
been provided for use in the few instances whore they are applicable,
and are by no means intended to be 2 solution to all problems in-
volving tronsmission lines. Where operation over & wide band of
frequencies is desired, no better means can be offered than the
Trensmission Line Coupling Unit which has already been described
in reference (j).

24. As previously indicated, transmission line capacity
data are usually based on measurements at an audio frequency =
1,000 cycles, for example - and it has been illustrated that, in
some instances, line capacities undergo an &ppreciable capacity
change with frequency. Obw¥iously for the most satisfactory capacity
ratings, the data should therefore be obtained &t some radio froquen-
cy, and for this purpose, & test frequency of 1 megacyclc seems satis~
factory. This frequency is great enough to furnish some idca as to
the radio frequency capacity of the line, and yot not too high to
allow fairly accurate capacity mezsurements. As has been previously
shown, dielectric loss properties of the insulation have gquite an
important bearing on the subject, and suitable data pertaining to this
property, its power fector, should be taken on all transmission lines
tested for use in the Naval Service. No limits will be suggested
herein for the maximum sllowable power factor, for it is realized
that insufficient data are now at hand on which to base such require=
ments. If such data be toaken on 8ll lines intended for use in the
Noval Service, ultimately there will be an accumulation of sufficient
data on which to base specifications.

25. Tt hes been shown previously thet measured and computed
voluos of transmission line attonuation are in fair agreement, and
it may appear that reliable attenuation datz could have been obtain-
ed merely by computations based on insulation loss measursements and
other measured and computed factors, and that they would have been
sufficient for most practical purposes. However, the Cathode Ray
Wottmoter is still an indispensable instrument for use in such in=-
vostigations, for the attenuation of all types of lines is not sub-
ject to calculation; for example, Cabloy or GICA Cable, for no
formulas are available for computing the conductor loss therein.
For this reason it is therefore seen that the Cathode Ray Wattmeter
is still quite a necessary adjunct to the general investigation of
transmission lines.

26. It may be noted that the subject problem requested tests
of lines at frequencies as low as 100 kilocycles and with the short
length of Cabloy provided (26 feet), the losses were so low that
thoy became difficult to measure even at & frequency of 2 megacycles.
Hereafter, where such low frequency data are desired, it is suggested
that at least a 100 foot section of line be provided.



27. A discussion pertaining to Communication Products Line
will now be provided, for with some few improvements, it appears
promising for certain Naval applications. This line, although
housed in copper tubing, is highly flexible; in fact, it can be
bent on & radius of 2 inches without damage. Data shown previous=-
ly in this report indicate that its attenuation factor at 25 mega-
cycles is about three times that of Isolantite Insulated Line, and
in all othor properties it approaches closcly the characteristics
of that line. In its present form, Communication Products Line is
considored by no means & poor one, &nd providod somoc means could be
found of reducing its attenuation factor, many more uses in tho Naval
Service might be found for a line of such characteristics. Reference
4o Plate 2 indicates that its insulation is formed by a paraffin im=
pregnated cotton cord. It is a well known fact that paraffin has
very low losses at radio frequencies, and since the power factor of
this line, as indicated in Plate 9, is fairly high, it must be in-
ferred that most of the loss is dus to the cotton. Provided soms
other type of flexible insulation could be used to replace the cot-
ton, it might be possible to produce a line in this small size, of
- highly flexible mature, to replace the more expensive Isolantite
Insulated Line in certain future installations in the Naval Servicc.
Just as a mtter of suggestion, it is possible that the reccntly
developed, finely woven type of spun glass might-be used for this
purpose, for it is known that certain types of glass arc quite low
loss dielsctric materials. Also, &s has been previously mentioned,
the technique of sealing off this line should also be improved, as
the insulation in this sample had apparently absorbed a certain
quantity of atmospheric moisture. With these two improvements, this
line appeers promising for certain Naval uses.

28. In order to provide soms data as to how the losses in trans-
mission lines are distributed between conductor loss and dielectric
loss pertinent deta are presented in Table 4. As in the case of the
computed attenuation curves, those data have been extended to fre=
quencies up to 100 megacycles which, of course, must be accepted
with the same limitations which have been described previous for
attenuation data extrapolations. These deta ere considered of soms
value, for the attenuation data given heretofore give no indication
of the relative distribution between conductor and dielectric loss.
Referring to the data on Isolantite Insulated Line, provided the
100 megacycle computation is accepted as valid, it may be scen that
only a small fraction of a total loss is caused by the dielectric
material, and consequently, were the Isolantite insulators replaced
by higher grade materizl, no great improvement would be effecteds
Also it is apparent that diclectric losses account for most of the
attenustion in the case of the other two lines at the higher fre=

quenciess

29, A discussion will now be provided as to what transmission
line properties are desirable in order to minimize attenuation. As
indicated in Equetion (10), whose validity bas been experimentally
determined, it may be noted that the lower the line capacity (per
unit length), the lower will be both the dielectric and chductar -
losses, other factors being oqual. Also, tho lower the line capacity
the shorter will be the electricel length for a given physical length,
which may be indirectly inferred from Equations (14), (22), and gza),
and this property is desirable, for an impedance mismatch in & line
of short length does not cause 2s mach loss as in & longer 0ne, al=-
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though this factor is nothing like the former in importance. For
the foregoing reasons, the desirability of selecting a line whose
capacity has been reduced to & practical minimum is apparent. Also,
as indicated in Equation (10), the use of low loss types of insula-
tion will also reduce the attenuation. Although not directly brought
out in this investigation, the use of solid inner conductors instead
of stranded types should produce some rsduction in losses, for it is
a well known fact thet the resistance of strandsd conductors at the
higher froquencies (above 1-1/2 megacycles or thercabouts) is grooter
than that of solid conductors. Perhaps the attenuation factor of
Cebloy would be reduced somewhat by using for the inner conductor a
piece of #14 solid wire instead of 40 strands of #30 wire. It has
been notsd thet at times & copper braid is used as the outer con-
ductor in certain types of concentric lines (no lines of this type
wore omploysd in this investigation, however) &nd since ths high
frequoncy resistance of braided conductors is groeater than in an
equivalent tubular conductor, therefore wherover practicable, in
various instellations in the Naval Service wherein concentric lines
are to bs used, those types employing tubular conductors ars consid=
ered preferable to those employing braided outer conductors.

RECOMMZNDATIONS

30. It is recommended that all capacity (per unit length) test
data on transmission lines be hereafter based on measurements at &
frequency of approximately 1 megacycle, instead of on audio frequen=-
cy measurements, &s has been the practice heretofore.

31. Tt is recommended that the power factor of the transmission
line insulation be determined at a froquency of approximately 1 mege=-
cycle, in all lines tested for Neval use, in order that enough date
be accumulated on which to base specifications in the futurs.

32. Tt is recommended that all samples provided for test be of
a length of not less than 100 foet where attenuation mesasurements as
low as 1 megacycle cre desired.

CONCLUSIONS

33. Cabloy is considered preferable to GICA Cable for coupling
antenna systems to radio receivers, the attenuation of the former
being approximately 2/3 of that of the latter under similar operating
conditions and when the lines are properly matched.

34, Cabloy, although preferable to GICA Ceble, is no more
suitable for the purpose than a sample of 600 volt lead covered
power cable which was primarily made for d-c or commercial a=-c
powsr distribution.

35, Radio frequency losses at the higher frequencies in con=
contric types of lines containing appreciable quantities of rupba?
or other plastic types of insulation between conductors are princi-

pelly due to the dielectric material.

-19—



36. As would have been expected, the attenuation of trans-
mission lines increases with frequency, and in the case of lines
covered by this report, the attenuastion increases approximetely as
the 3/@ power of the frequency, when the line was properly matiched.

3T7T. Where appreciable quantities of dielectric material cre
placed between the two conductors, nearly 21l line propertics are
affectad.

38. The physical and electrical length of transmission lines
differ considerably where appreciable gquantities of insulating
material are placed botween the conductors, in some cases the clec=-
trical length being approximately twice that of the physical length.
In like mrmner it follows that the wave propagation velocity is much
less in such a line than in free spacc, sometimes approximately only
half as great.
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Table 2

Inductance Deta for Transmission Lines

Quter Diamster
Line Inner Conductor

Inner Diameter
Quter Conductor

Radio frequency
inductance
per cm length¥

Iso.Ins. 0,206 cm
Com.Prod. 0.13
Cabloy 0.17
Power Cabls 0.16

GICA **

0.79 cm

0.46

0«51

0.46

*¥

% Computed by Equation (18)

2.69+10"9 henriss
2.53+1077
2.2°1079
2.11°10"9

3.64+107° #

#* This line not of the concentric typec.

# This velue obtained by substituting measured
value of capacity per unit length at 10 mega=-
cycles, as showm in Plate 8, and the measured
value of wave propagation velocity as indicated
in Teble 1, into Equation (14), =nd solving for
inductance per unit length.



Table 3
Characteristic Impedance Data on Lines

Characteristic Impedance

Line Measured ¥* Comput ed
Iso. Ins. 80 ohms 71 ohms #
Coms Prode 66 64#
Cabloy 32 394
Power Cable 32 32#

GICA 60 524

¥ Token from date in Plate 3.

# Gomputed by Equation (19), teking measured
volues for the dielsctric constant of the
insulation as shown in Table 1.

## Computed by Equation (5), taking measured
values for cepacity as shown in Plate 8y
snd measurcd value of inductance as shown
in Teble 2.

Table 4

Separction of Losses in Tronsmission between Conductor Loss
and Dielsctric Loss

Note: Dotz below indicates the fraction of the attenuation of line
due to conductor loss and that dus to dielectric loss, both
expressed in pcrcentage of the totals See par. 28 for addi-
tional informetion.

Isolantite Insulzted Communication
Line Products Line __ Power Cabls
Freq Conductor Dielectric Conductor Dielectric Conductor Disloctric
me Loss Loss Loss Loss Loss Loss
1 99.6% - 0.4% 76% 244 78% 22%
2 99 .4 0.6 €6 34 72 28
5 99.1 0.9 59 41 61 39
10 98.8 1.2 51 49 53 47
20 98.2 1.8 42 58 G4 56
50 97.3 2.7 31 69 33 67
100 96,2 3.8 24 76 26 74
15 5
24 b

>
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EFFICIENCIES OF TRANSMISSION LINES AT
VARIOUS TERMINATION RESISTANCES
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EFFICIENCIES OF TRANSMISSION LINES AT

VARIOUS FREQUENCIES
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EFFIC/IENCIES OF TRANSMISSION LINES AT
VARIOUS FREQUENCIES
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COMPUTED AND OBSERVED VALUES OF ATTENUATION
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NOTE :(— THE LINES MUST BE PROPERLY MATCHED FOR THE

ABOVE DATA TO APFLY.

SEE PAR.2! FOR DISCUSSION OF CURVES
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CHARACTERISTIC IMPEDANCE —OHMS
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NO. 3215. 20 DIVISIONS PER INCH (120 DIVISIONS) BY 3 3-INCH CYCLES RATIO RULING, CODEX BOOK COMPANY, INC. NORWOOD, MASSACHUSETTS
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