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TRANSMISSION SYSTEMS FOR U.H.F. BROADCASTING

GENERAL DISCUSSION: The ever-increasing expansion of radio
applications have necessitated, from time to time, the realloca-
tion of radio channels and also the opening up of new portions
of the spectrum to meet the increased demands for facilities.
The trend has obviously been to the higher frequencies, since
the original trend was to the lower frequencies, and these have
een used up down to the lowest feasible, namely, about 10 k.c.

It will be recalled from an earlier assignment that with the
advent of broadcasting, the amateurs were assigned frequencies
in that portion of the spectrum now known as the short waves
(3 mic. to 23 m.c.). They found that it was possible to transmit
over surprisingly long distances, and investigalion indicated
that this was owing to reflections of the sky wave from the
ionosphere. As aresult, commercial use began to be made of these
frequencies for international broadcasting, radio telephone, etc.

With the advent of televisionand F.M.,which require rather
wide bands for each channel (particularly television), it became
necessary to employ still higher frequencies up to 100 m.c. and
beyond in order that such wide bands be a suitably small fraction
of the carrier frequency. These are known as ultra-high fre-
quencies, although today frequencies as high as 30,000 m.c. are
being employed! At present these are called by various names,
such as u.h.f. (very high frequencies), hyper frequencies, and
microwaves.

Broadcasting today, other than in the standard and inter-
national short-wave broadcast bands is confined mainly to fre-
quencies around 90 m.c. in the form of F.M. Additional uses of
ultra-high frequencies in the broadcast field are for relay trans-

mitters that "beam" the signal output of the studio to the trans-



mitter by means of radio rather than by wire lines. U.H.F. an-
tennas for the production of beams are reasonably compact and
hence not too expensive. The signal is picked up at the trans-
mitter by a u.h.f. receiver, and the audio output used to modu-
late the carrier, after which it is of .course broadcast. Thus
the ultra-high frequencies are employed directly for F.M. broad-
casting and also for point-to-point relaying in place of tele-
phone lines. Radio relaying appears to have a promising future
in this field after the war.

At ultra-high frequencies broadcasting is limited to dis-
tances that donot very greatly exceed line-of-sight transmission,
at least as regards the primary service area. This might appear
to be a serious limitation. However, it will be recalled that
in the standard broadcast range the primary service area is limited
to the distance where the ground wave still exceeds the re-
flected sky wave in intensity, and that this distance is at most
on the order of 100 to 150 miles. Line-of-sight transmission,
on the other hand, is about 50 miles for suitably elevated an-
tennas, as is the case at least for the transmitting antenna.
Thus the coverage in the case of the standard broadcast band
is not so very greatly in excess of that for frequencies around
90 m.c.

Another factor, particularly pertinent in the case of F.M.
broadcasting, is that the F.M.preceiver tends to discriminate
against the weaker of two signals on the same frequency, particu-
larly if the stronger is 6 db. or more above the weaker. This
effect is not present in the case of amplitude-modulated signals.
As a result F.M. transmitters operating on the same frequency can
usually be spaced closer together geographically than A.M. trans-
mitters, and thus more stations, accomodated in the same portion
of the radio spectrum. Thus the use of u.h.f.for F.M.broadcast-
ing not only permits the necessarily large number of side-bands
to be accommodated, but also permits the use of more stations on
each frequency, so that ultimately as comprehensive a network
on F.M. may be expected as is to be found at present in the
standard broadcast band.

Transmission lines are of great importance in these applica-
tions. Actually, it is evident from previous assignments that trans-
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mission lines are important in all branches of radio. For ex-
ample, it has been shown how every antenna is essentially a
transmission line from which radiation takes place, and usually
antennas are fed from the transmitter through transmission lines.
But at ultra-high frequencies transmission lines can be employed
for many other purposes, such as resonant tank circuits of very
high Q, as matching networks, and as means for cancelling out
the reactances of loads, etc., in the form of matching stubs.
In this lesson will be discussed the underlying theory of trans-
mission lines, with particular reference to the application of
this theory to the above-mentioned uses of the lines at U.H.F.
ff‘amu![JL

3w

Matching and
Phasing Net-
works, Coup-
ling House,
50 KW. F.M.
Transmitter,

Paxton, Mass.

Figure 1

TRANSMISSI1ON LINES

Although the study of transmission lines has always been of
major importance to the telephone engineer it is a subject which
in recent years has become of increasing importance to radio eng-
1neers, especially to those working with ultra-high frequency
circuits as, for example, in the television channels, in F.M.
broadcasting and aeronautical radio navigation apparatus.

Transmission lines (although they sometimes are not thought
of as such), are used in one form or another throughout the en-

tire circuit of all transmitters and receivers. They are the
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Photograph of Antenna Instellation
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lines which couple one amplifier stage to the next in cascade;
transfer the power from output amplifier to the antenna; trans-
fer energy from antenna to input terminals at the receiver--in
short, a transmission line is simply a pair of conductors for
transferring electrical energy from one point in a circuit to
another.

Transmission lines are also used for & number of purposes
in addition to that of transmitting energy from point to point.
At the ultra-high frequencies (above 30 MC/s), where the LC
circuit constants required become extremely small, the dis-
tributed capacity and inductance of a comparatively short two-
wire line 1is quite sufficient to tune to the operating frequency.

The single-tube os-
cillator shown 1in Figure
3 is a typical arrange-
ment of such a circuit.
An RCA 815 tube, with an
output of 25 to 35 watts
at 120 MC/s is used with
tuned grid and plate cir-

(Courtesy RCA)

cuits consisting of tuned
lines. These tuned lines
consist of copper tubing,
the vertical two conduc-
tor line being the tuned
grié circuit and the hor-
izontal tuned line that
of the plate circuit. The
resonant frequency of
these two circuits iy ad-
Justed by the m"opposing

disc"™ condensers shown

:“;q:;l . connected to the ends of
at |

. the lines.

Figure 3 The aeronautical

marker beacon transmitter
operating in an ultra-
high frequency channel is a typical example of the use of trans-
B-13 5



mission lines as circuit elements. Throughout the entire trans-
mitter straight two-wire conductors may be used a&s tank circuits,
filter circuits, coupling devices, and as impedance and voltage
transformers. Tuned circuits consisting of lines are actually
preferable to other types at the ultra-high frequencies because
of the extremely high Q that can be obtained. (A circuit Q of
10,000 is easily obtained.)

LINE PROPAGATION: At the lower radio frequencles the en-
gineer is accustomed to thinking of the transmission line as
merely a conductor with negligible losses, which will transfer an
impressed voltage immediately down to the receiving end. This 1s
a concept which proves quite satisfactory for d.c. or low radio
frequency circuits. However at the higher frequencies, especial-
ly where the line is of considerable length, this idea becomes
decidedly in error and a more general concept must be taken for

the study of transmission lines.

The velocity of an electrical impulse along the ordinary
transmission line is nearly that of light (3 x 108 meters/sec.)
It is considerably less for lines having high losses and particu-
larly for those having an insulating medium whose dielectric con-
stant or permeability is markedly greater than that of free space,

e.g., cables.

To show the effect of line propagation at the ultra-nigh
frequencies, a 150 MC/s oscillator feeding a two-wire open-cir-

cuited line may be considered as an example. In Figure 4 the

-
+

+ =
e
0sC. ' 2 meters —]
bo-
- + C
Figure 4

oscillator is shown connected to the two-wire line which is about
2 meters in length. Bearing in mind that the voltage output of
the oscillator is in the form of a sine wave, when the voltage
is a maximum positive at terminal "a" (and a maximum negative at
"b"), this voltage starts propagating energy down the line at ap-
proximately the speed of light (3 x 10% meters per second).

B -13
6



But, since the oscillator has a frequency of 150 MC/s the
voltage goes through a complete cycle every 1/150 millionth of a
second and alternates in polarity every 1/300 millionth of a
second. At the end of 1/300 millionth of a second the voltage
polarity at terminals a-b will be reversed although the original
vottage has traveled only one meter down the line. Here is a
situation where the terminal voltage at a-b is of one polarity
while half-way down the line is a voltage just the opposite in
polarity.

Now observe the voltage for another 1/300 millionth of a
second. The terminal voltage at a-b has by this time again re-
versed in polarity and the other voltages have traveled another
meter down the line. Terminal "a" is positive, but half-way
down the line the voltage is negative and at the end of the line
the voltage is positive again. The condition at that time 1s
shown schematically in Figure 5. It will be seen that the volt-
age across the line, between the points shown, varies sinusoidal-
ly and 1s actually a sine wave of voltage in motion, each portion
of this voltage wave propagating down the line at approximately
3 x 108 meters/second.

REFLECTION: Realizing, then, that a sine wave of voltage,
is actually travelling down the length of the line, (its position

at some later time is shown, for example, by the dotted line of

Traveling wave at instant shown
in Figure 4.

\\ /, \
o | [t Position of traveling

wave at some
later time.
Figure 5

of Figure 5) it now becomes extremely interesting to observe
what happens as each portion of the wave arrives at the end of
the line. Since the passing of the voltage wave down the line
B-13 7



is accompanied by a corresponding flow of current, power is
being transferred along the line and if the line is not properly
terminated by a load resistance which will absorb all of this
power, reflections will occur.

In other words, if the travelling wave is not completely ab-
sorbed at the receiving end by the correct load impedance, the
portion of this energy not dissipated in the load will then start
back toward the generator, again in the form of a travelling
wave. This condition is shown in Figure 6, where the end of the

' Wave as it would have
traveled had reflections
| not occurred.
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line is open circuited and all of the original travelling wave
is reflected back toward the generator. It will be noted that
the resultant of these two waves is a maximum at the end of the
line. Furthermoré, it can be shown that as the incident wave
travels down the line, the sum of the incident and reflected
waves will give rise to a voltage at the end of the line that,
while varying sinusoidally with respect to time, has a peak value
greater than that of neighboring points of the line. However,
other such maximum peak values will be found at points distant
by a half-wavelength, or integer multiples of a half-wavelength,
from the end of the line. The resulting sinusoidal distribution
of voltage or current along the line, with maxima and minima at
certain points along the line, is known and referred to as a
standing wave, even though it is produced by an incident wave
travelling continuously down the line.
RESONANT LINES: One of the outstanding facts about the
B-13



operation of a transmission line, which 1s long in comparisor
with the operating wavelength, is the manner in which the voltage
and current distribute themselves along a line which 1is not

properly terminated.

U.H.F
oscC.

Figure 7

This effect may be readily seen by experiment, as shown in
Fig. 7, where a two-wire transmission line is inductively coupled
to an U.H.F. oscillator. The "receiving end" is left open cir-
cuited. In this particular case the line is slightly more than
5/4 wavelength as shown by the scale. An ammeter is coupled to
the line by a coil consisting of several turns of wire. This
co0ll is placed between the two wires and moved up and down the
length of the line. The meter, which reads a value proportional
to the current flow at any point on the wire, will be observed to
change in reading &as shown by curve I. That is, at the end of
the line the current will read a minimum.

As the coil is moved from the receiving end the meter read-
ing will increase and reach a maximum at A/4 from the receiver.
As the coil is moved still farther from the receiving end the
current will go through successive minima at distances from the
receiver corresponding to an even number of quarter-wavelengths
and through maxima at distances corresponding to odd numbders of
quarter-wavelengths, always measured from the receiving end.

With a voltage indicating device (such as a neon tube or
lamp) it also can be shown that the voltage across the line goes
through maxima and minima, as shown by curve E. The voltage ais-

ribution has its maximum values where the current is minimum

3-13 9



and its minimum values where the current is maximum.

The graph shows the relative amplitudes of the voltage and
current in both wires at various distances from the receiver.
However it must be remembered that the meter will not show phase
relationships. Actually the current and voltage both reverse in
phase as they pass through thelr respective minimum values.
Also, the current (or voltage) at any point in one wire of the
line is 180° out of phase with that in the second wire at the
same point.

Such distributions of E and I are referred to as standing
waves of voltage and current. The ratio of the maximum to min-
imum values depends on the resistance per unit length of line,
being greater with lower resistance.

If the receiving end of the two-wire line is short circuit-
ed, as shown in Figure 8, a different current and voltage dis-
tribution is observed. In this case, with the aid of an ammeter,

i 1 J
5\ A 3A A r /
. 4 o 4 shorting
bar
Figure 8

it will be noted that the current goes through maxima at dis-
tances an even number of quarter-wavelengths from the receiving
end and minima at distances an odd number of quarter-wavelengths
from the receiving end. As before, the voltage has its minimum
values where the current is maximum and its maximum values where
the current is minimum.

To obtain ammetér readings that are proportional to the
current in the line, care must be taken to keep the ammeter "pick
up" coil at the same distance from the two wires as it is moved
10 B-13




along the line. Otherwise, faulty readings might be made
which would not show the correct distribution of the current.

One method which may be used with bare wire lines to elim-
inate this possibility of error is shown in Figure 9 where the
meter is connected across a portion of one of the lines (several
inches in length) acting as a shunt. Another useful and inex-
pensive device that may be employed in place of a meter is a
small neon lamp. If one terminal of the lamp is moved along the

line in contact with one of the wires, as shown in Figure 9,

‘/

R.F. Milliameter

neon
K\\ 1lamp
Dry pleces

of wood

used as braces

Figure 9

the lamp will glow proportionately to the voltage at its terminal.
It should be noted that the actual voltage measured by the neon
lamp is that across the very small capacity which exists between
the wire and the operator's hand.

It may be asked why standing waves do not appear on low
frequency lines as well as those operating at the higher fre-
gquencies. Actually these standing waves appear on all lines which
are improperly terminated but they usually are not observed on
low frequency lines because the operating wavelength is ordin-
arily quite long in comparison to the line length.

LINE CONSTANTS (Fundamental Relations): The distribution of
the current and voltage in standing waves is greatly affected by
the distributed constants of the line. When the inductance,
capacity, and resistance of a circuit are distributed throughout

a common conductor rather than being substantially in separate

B -13 11



circuit components as in the case of conventional series or
parallel circuits, it is sald that the circuit has distributed
constants; that is -- distributed inductance, capacity, and re-
sistance.

The two-wire line, for example, is actually a rather com-
Plex network made up of shunt capacity, series inductance, and
resistance. Since these constants are distributed throughout
the entire length of the line, it is considered as having so much
shunt capacity and series inductance and resistance per unit of

length. Thus the two-wire line in Figure 10 may be represented

Two-wire line

— I I J

Equivalent circuit

;

Figure 10

by the equivalent iterative (repeating) network as shown. For
example, if the line were four feet in length, the L, R, and C
would represent the series inductance, series resistance, and
and shunt capacity per foot of length, since four identical net-
works are shown.

Actually there is no such network, there being a distributed
capacity between adjacent wires throughout the entire length of
the line. Similarly with the resistance and inductance, which of
course are not present in lumps as shown. However, the two-wire
line behaves exactly as though it were made up of such an equiva-
lent network, and so is treated as such for simplicity. The
student must remember, however, that the two circuits are equiva-
lent at cnly one frequency for given values of the circuit con-
stants. ©But since we are concerned with the behavior of the

12 B -13



transmission line at one frequency (or at most over a very narrow
band,, the above limited equivalence is sufficient for our dis-
cussion.

These distributed constants may be measured, or computed by
well known formulas. For the two-wire line they are as follows:

) |
L = (0.281 log  b/a) + .03 uh/foot @ @‘2%
3.680 F
c=—3:680 uf/root "D '
1og10 b/a
Two-wire line
R =l££ x 10~° ohms/1loop foot

a dimensions

L is the series inductance, C the shunt capacity, and R the
series resistance. All dimensions are in igches and the fre-
quency is measured in cycles/second. (It should be understood
that the value of R obtained in this equation is for a "loop
foot"; that is; it expresses the RF resistance introduced by
both wires in the foot of two-wire line, a total of two feet of wire.
Another expression frequently used is, R = (4.16)(10’8)!E:ohms/
meter where a is the radius of the wire in meters and : is the
frequency in cycles/second. This equation expresses the re-
sistance of one meter of conductor; for a two-wire line the value
of R should be multiplied by 2 to obtain the resistance of one
"loop meter".) A practical idea of these values may be obtained
by the consideration of a typical two-wire line; for example,
one made up of No. 10 B & S bare copper wire, the radius (a)
of which is .051 inches, spaced 5 inches center to center. As-
sume frequency to be 50 MC/s.

L = .281 logyp 5/.051 + .03 = .281 x 1.999 + .03 = .591 ph/foot
- 3.680 = _8.68 _
C = —==220 = 2200 = 1,84 puf/foot
logyg 5/.051 1.999
% .
R = /50 x 10° | 1o-° .1411 ohms/foot at 50 MC/s

. 051

It i1s interesting to note what would happen to these values
of L, C, and R if the wires were placed closer together. An ex-
amination of the given equations will show that the inductance
B-13 13



would decrease since the ratio b/a becomes smaller in value.
This seems reasonable, for then the magnetic fields of the two
wires would be closer together and would tend to cancel, thereby
diminishing the effective inductance.

The capacity would increase. This also seems reasonable,
for the opposing surfaces of the two parallel wires which ma ke
up this capacity would then be closer together.

However, an examination of the equation for resistance
shows that it does not depend on the wire spacing. This 1is not
strictly correct because of what is known as the proximity
effect, that is, the non-uniform current distribution over the
cross section of each wire caused by.the flux of the adjacent
wire. (For all practical purposes, however, this proximity
effect may be neglected.)

Particularly observe the effects of variations of factors
a and f upon the resistance of the conductor and the wide di-
vergence that occurs between the R and the d.c. value of re-
sistance. The resistance of No. 10 copper wire to the flow of
direct current is .001 ohm/foot while at the radio freguency
of 50 MC/s the resistance becomes approximately .07 ohm/foot,
(1 foot of conductor is one-half of 1 foot of two-wire line),
an increase of 70 times. As might be expe-~ted, the radio fre-
quency resistance R varies inversely as a, because as a 1is in-
creased the surface area of the conductor upon which the high
frequency current travels increases in proportion. (The cir-
cumference of a circle varies in direct proportion to its radiusy
The radio frequency resistance R varies directly as the square
root of the frequency f. This is because the cross-section
area of the current carrying conductor varies inversely as VT
due to the decreased depth of penetration of the current below
the surfsace with increase in f. This is expressed by the e-

quation for copper,

where d.p. is depth of penetration in meters
f is the frequency in cycles/second.
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At 50 megacycles per second,

. 0664

d.p. =
/50 x 10°

= 93.9 x 10~ meters
= .00037 inch

Since the diameter of B. and S. Gauge No. 10 wire 1is ap-
proximately .1 inch it will Dbe seen that an extremely small
part of the cross section of the copper is usefully employed
at this frequency.

CHARACTERISTIC IMPEDANCE: In Figures 7 and 8 the effect on
the current and voltage distribution along the line was observed
when the receiving end was open- or short-circuited. The third
case is now considered, where a pure resistance equal to VTJE-(L
is the series inductance and C the shunt capacity per unit length)
is placed across the receiving end terminals. As shown in Figure

11, all resonances in the line are destroyed while the gradual

AAAA
WYVV

U.H.F. O'E?
0SC. o

Figure 11

attenuation of the current and voltage towards the receiving end
is caused by the line 1oss.

This particular value of receiver resistance (R= /i?E— is
celled the characteristic impedance (frequently called surge im-
pedance) of the line and destroys all resonances, no matter what

line length or frequency is being considered, since reflections

B-13 15



cannot occur.

If the load at the receiving end of the line is a re-
sistance, either greater or less than the characteristic im-
pedance, the current and voltage distribution will resemble
either Figure 7 or Figure 8 respectively, but the resonances in
either case will not be so pronounced as that obtained with the
open or short-circuit termination.

It is highly desirable to terminate transmission lines with
their characteristic impedance for a number of reasons. If
standing waves are allowed to appear on the line, the voltage
stress between adjacent wires will greatly increase the leakage
losses in the 1nsulating spacers. These spacers, usually con-
sisting of wood or some ceramic material, are placed at certain
intervals along the line to maintain the spacing. When oper-
ating wavelength is short the spacers may be placed at half-
wavelength intervals, in positions where the voltage is minimum,
in order to reduce the leakage and possible breakdown caused by

standing waves. Such arrangement is shown in Figure 12.

Insulator 'spreaders'

or spacers

Figure 12

However, in addition to the other possible factors which
may produce loss in the line, radiation losses must be con-
sidered. This loss of power from the line in the form of e-
lectromagnetic radiation varies roughly as the square of the
maximum current in the resonant line.

For these reasons, since standing waves always greatly in-
16 B-13




crease the radiation and leakage losses 1in line, it 1s highly
desirable properly to terminate a transmission line with its
characteristic impedance.

Practical values of characteristic impedance (written Zo)
in r-f transmission lines will range anywhere from 70 to 800
ohms approximately. For example, consider the No. 10 two-wire
line discussed above, whose distributed constants were found to
be: L = .591 ph/foot, C = 1.84 uuf/foot.

-8
Z0= _I_J.= _'5_&1%—:5670hms
v C ¥Y1.84 x 10

Since computing the distributed constants, L and C, in
order to find the line impedance is a lengthy process, the e-
quations for L and C may be substituted in the equation for

Z0 and an approximate formula derived which is much easier to

use :

Z,= 276 logyg b/a

This formula, and the one to be given later for Z, of a
coaxial line, neglect the effects of the magnetic field inside
the metal of the conductor and the distortion of current dis-
tribution on the conductors due to the proximity effect. (Be-~
cause of the symmetry of the electric field within the line, the
latter effect is not present in a coaxial line.) In a two-wire
line the error introduced by neglecting this effect is 5.5 per
cent when b/a = 4, becoming progressively less as the separation
between conductors is increased. In most two-wire lines used for
power transfer, b/ais quite large--150 in the case of a 600 ohm
line--and the error due to neglecting these effects 1is negli-
gible.

Following are several problems which illustrate the use-
fulness of this formula in determining line dimensions.

1. Determine the surge impedance of a two-wire line using

B-13 17



1 inch (diameter) copper tubing spaced 4 inches (center to

center)

Z, = 276 logqg 4/.5 = 276 x .903 = 249 ohms

2. Determine the spacing required for a two-wire line
using No. 12 B & S wire if a characteristic impedance of 600

ohms 1s desired.

600 = 276 logq b/a (diameter of No. 12 wire = .0808 in.)
b/a = antilog 920 = 1a49.2
276
b = 149.2a = 149.2 x .0404 = 6.03 inches

(6 inch spacers, commercially available, would be used in

this case to maintain the line spacing.)

On the following page is a graphical plot of the equation
Z, = 276 logy b/a which will be found convenient to use for
calculations involving transmission lines. Below are several

examples which show the use of this graph.

1. What should be the spacing between wire centers in a
two-wire 400 ohm line employing 1/4 inch tubing? (Graph is read
along dotted lines.)

Answer: 3.5 inches

2. What wire size should be used in a two-wire line with 6
inch spacers if the desired surge impedance is 600 ohms?

Answer: No. 12

3. Same as example 2 for 5 inch spacers.
Answer: No. 14

4, Same as example 2 for 3 inch spacers.

18
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Answer: No. 18

5. What will be the surge impedance of a two-wire line
if No. 4 wire 1is used with a spacing of 10 inches (center to

center) ?
Answer: 550 ohms

6. What spacing should be used in a 600 ohm line employing
No. 107?

Answer: 7.6 inches exactly although in
‘actual practice commercial 8
inch spacers would probably be

used,

7. What size wire must be used in a two-wire line if 500
ohms surge impedance is desired and 3 inch spacers are to be

used?

Answer: No. 11 is the nearest size al-
though in practice the nearest
available even wire size may be
used--No. 10. This would give
an impedance of 490 ohms which is
still quite close to the desired

va lue.

OTHER TYPES OF LINE: Since the magnetic field which sur-
rounds a transmission line as the result of current flow will
produce undesired radiations and crosstalk with adjacent lines,
it is desirable to make this field as weak as possible. One
method of doing this 1s to place the two wires as close to-
gether as possible so that the fields will neutralize. However,
this lowers the line break-down voltage and also greatly in-
creases the insulation losses since the electrostatic field will

become stronger as the wires are brought closer together. More-
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over, this will also reduce the surge impedance unless the wire
diameter is suitably reduced. But, reduction of the wire diame-
ter increases the I°R losses and thus the total losses. Hence
this is not a good practical solution.

Another method would be to use multiple wire lines by
making up several pairs of go and return circuits in parallel.
The cross section of such an arrangement is shown in Figure 13
where four wires are used.

Numbers 1 and 4 are connected

together at each end of the H‘———b'—“ﬂ E-2a

line to make up one path and -j—<:> (:)
similarly wires 2 and 3 are :fT
tied together at each end of b b
the line to make up the re-
turn path. J_(:) (:)l-
CONCENTRIC LINES: Al-
b

though the above arrangement

of multiple wires greatly re- b
duces the magnetic field, from 2o = 138 1Og10'; = 20.8
the standpoint of isolation
an ideal arrangement for a
two conductor circuit 1is ap-
Figure 13
proached when one conductor
completely encloses the other.

This type of line, shown in Figure 14, 1is widely used in radio

\Q\\\///q// F end
view
Ceramic Inner Outer
spacers Conductor Conductor
Figure 14

circuits and is known as a "coaxial" or "concentric® line since

one conductor is concentric about the other, that is the two are
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coaxial.
For large diameter concentric lines, copper tubing is normal-

1y used for both conductors. For small sizes, however, solid
copper wire is used for the inner conductor. The inner conductor
is held in position by ceramic spacers placed at regular inter-
vals along the line. These spacers, as shown in Figure 15, may

be any one of several different shapes.

7

O zeg
~= 8 16 —p,

thick

(b) (c)

Figure 15

Beads of high grade porcelain (a) in diameters up to one
inch are satisfactory insulators for low power and receiving
lines. For higher voltages, which necessitate greater spacing,
this type of spacer 1is undesirable because the greater volume of
the dielectric may cause sufficient heating to break down the in-
sulator. It is therefore desirable to use type (b) or (c) where
the line is to withstand high voltage stresses.

In choosing a concentric line for any particular operation
it is important that the construction be sufficiently rugged for
the job at hand. If the line is to be employed for high power
transmitting purposes the voltage safety factor may be so low
that accidental dents in the sheath may lead to breakdown. Sterba

and Feldman have found that for outer sheaths a diameter of 2.5
22 B -13
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inches and radial thickness of .0875 to .10 inch provides lines
which are sufficiently rugged for transmitting 15 K.W. of modu-
lated power at 16 meters wavelength.

Concentric lines have several advantages over two-wire lines.
The constiruction minimizes skin effect by arranging the surface
of the conductor paralle]l with the magnetic flux lines. The
electrostatic and electromagnetic fields between the two con-
ductors are confined by the outer conductor which furnishes a
very effective shield, usually grounded. For this reason radi-
ation losses and pickup from external sources are minimized. In
addition, the line constants are unaffected by the operator's
hands or adjustment tools in the vicinity, which 1is a decided
advantage in concentric lines used as tuned elements for oscil-
lator circuits. Concentric lines may be constructed so as to be
weatherproof whereas the ice, snow, or moisture which collects on
open two-wire lines may cause a serious change in the line con-
stants, line loss, and breakdown voltage.

For a given minimum conductor radius the resistance of a
coaxial line is considerably less than that of an equivalent two-
wire line; if the radius of the inner conductor is the same as

that used in the two-wire line, the radius of the outer conductor

will be 3.5 to 4 times greater. The equation:

ohms/meter

R = (4.16) (10-8)—"3-

applies to the outer conductor of the coaxial line when a equals
the inner radius of that conductor. Thus the resistance of a
"loop meter" of coaxial line will be the sum of the resistance of
the 1inner and outer conductors, a for the former being computed
from the outside dimension and a for the latter from the inside
dimension. The resultant R will be very substantially less than
that of a two-wire line made up of conductors equivalent to the
inner conductor of the coaxial line. This is an important factor
in some applications.

Concentric transmission lines are more expensive than two-

wire 1lines since they must be carefully constructed to operate
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satisfactorily. They must be closed tightly to exclude moisture
and often are filled with some inert gas, such as nitrogen, under
pressure in order to increase the breakdown voltage. On the other
hand, although concentric lines are more costly than open wire
lines, they permit the installation of a number of radio units
within a single structure without incurring difficulties from
cross talk between lines. For this reason the compact instal-
lation obtainable with concentric lines as compared with that of
wiacely separated structures necessary with open lines may more
than offset the additional cost of the lines.

However, in spite of increased loss and cross talk diffi-
culties encountered in "open" two-wire lines, they are used ex-
tensively for transmission purposes for two reasons. First,
they are easily constructed from inexpensive available materials.
Second, the line's dimensions may be easily changed if a higher
breakdown voltage, Q, or different characteristic impedance is
desired.

The characteristic impedance of a concentric line is found
approximately by:

2b a
Z, = 138 log,, b/a .

o

In this case b is the inner radius of the outer conductor
and a is the outer radius of the inner conductor. It has been
found that both concentric and two-wire lines have the highest
Q (lowest loss) when b/a is approximately 3.6. For this reason,
practically all concentric lines commercially available have a
dimension b/a between 3 and 4.

For example, consider a typical concentric line Whose di-

mensions are 2b = 2.9 inches, 2a = .875 inches,

— 2.9
Z. = 138 1lo = 138 x .520 = 71.8 ohms
o 810 875

It 1s to be noted that since b/a for concentric lines will
usually be between 3 and 4, the characteristic impedance under

that condition will always be approximately 70 to 90 ohms.
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USES OF TRANSMISSION LINES

LINES AS TRANSMISSION ELEMENTS: The fundamental purpose of
.ransmission lines is that of transmitting energy from one point
For this purpose both open two-wire and concentric
A primary consideration in a line used

to another.
lines are widely used.
for such a purpose 1is the proper termination in order to prevent

undesirable reactions, previously discussed. Second, the line

should have & sufficiently high breakdown voltage and should not

offer too much los8s.
As a practical example of such use, consider the line which

is to link a radio transmitter to its antenna, Fig. 16. If
—€ 33— —
73 ohms ‘\
Half wave
antenna
Concentric
Transmission —
line
X, is adjusted to L < E% To xmtr.
neutralize X.  <Z—> A
L
C
Figure 16
the

the antenna is a simple halfwave, center-fed, Hertz type,

input resistance will be approximately 73 ohms. It is therefore

desirable to use a transmission line whose characteristic im-
pedance is approximately 73 ohms for then the line will look into
an impedance at the receiving (antenna) end which properly termi-

nates it and standing waves will not appear. If this is not
e undesirable radiatioca

25

done, the standing waves which result caus
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losses in the line, possible breakdown of the insulation at points
of maximum voltage stress, and reduced power transfer to the
antenna due to the mismatch (unless a correction is made) be-
tween the line and the antenna impedance. (It must be remembered
that to the antenna the transmission line 1is the apparent source
and therefore the line impedance must be matched for maximum
power transfer.)

Since most concentric lines used for power transmission have
a surge impedance of approximately 70 ohms, any line of this type
having the necessary breakdown voltage will be satisfactory since
the line termination usually is not very critical. (Methods of
impedance matching where an exact match 1is required, will be
discussed later.)

At 100% modulation, since the peak power is four times the

r.m.s8. value, the line voltage becomes:

E = /4P, (r.m.s.) e
unmodulated

LR /5'/5?23 (peak) carrier
power

E = y8PZ, peak voltage

For example, if the transmitter output is 1KW 1into a 72
ohm line, the peak voltage across the line at 1004 modulation
will be

E = /8 x 1000 x 72 = 760 peak volts

The 72 ohm concentric line to be used, then, should have
a breakdown voltage of at least 1000 volts. It should be noted
that 760 volts is the peak value with proper termination and no
standing waves. This voltage may be far exceeded under conditions

of mismatch because of the standing waves which will appear. For
this reason preliminary adjustments should be made with reduced
power and full power applied only after it is assured that the
line 1s properly terminated.

It may be desired to use a two-wire line in the above cir-

-13
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cuit; what dimensions would be required?

276 log b/a

72

b/a = antilog 72/276

1.823

It can be seen that for the two-wire line, b/a cannot be
made less than 2.0, even with the two wires touching. However,
as shown in Figure 17, the equation used for Z, is only approxi-
mate, and in actual practice certain twisted pair transmission

lines may have an impedance as low as 70 ohms. For a short run

r T T T T T
.t_. —~—t T I i . | r
! 1 i
T ] ’ ;
R o 1]
i A 11T
1T .
200 1 + L
%'Q(_OL_‘ I
LA
Z,
1] A JQ“T_“F’ 1
P ® |
BPaar aaan s ® @ F 2o
100 r 7 T 4_;‘_ T e— B —
I y EEEEEEN Z, = 276 log,, b/a (approx.)
i 111 1
111 Zo = 120 cosh " b/2a (exact)
/ i NN B T T T
0 | 1 } |
2 4 6 8 10
b/a
Figure 17

at low power, twisted pairs often will be guite satisfactory and
inexpensive in an amateur or emergency installation, but for
aeronautical radio transmission or for any long run between
transmitter and antenna the loss in such a line is too high.
Twisted pair lamp cord, for example, has a loss of about 1.5 db

per wavelength when dry, and a characteristic impedance of about
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130 ohms. With such a line used to deliver the 1000 watts output
from transmitter to antenna the power loss in one wavelength would

be
Since 10 log P(in)/P(out)= attenuation in decibels

Pout) = P (in)
antilog db/10

= - = 1
Pioss = P(in) = P(out) = Pram) (1 - antilog db/Ia)

1000( 1 - 1 ) = 293 watts.

P
loss antilog 1.5/10,

At 60 MC/s, a 5 meter (16.4 feet) length of the above twisted
pair line would give 293 watts loss. A 10 meter length would
offer 500 watts loss! Also of course such a line could not be

used at the peak voltages developed with 1000 watt output.

The loss in a terminated non-resonant transmission line

may be determined by:

Power loss = 8.686 Rl g4,
2Z,
where
Z, = surge impedance of the line in ohms
1 = length of the line in feet
R = series resistance of the line per foot
Two-wire Line Concentric Line

R = 1/:-,( 10~ % ohms/1oop R=5,/F (1/a 4 1/b) x 10~  ohms/foot
foot

(a and b are measured in inches, f is in cycles/second)

For example, consider a 1000 foot length of concentric line
whose dimensions are b = 2.75 in., a = .75 in. At 80 MC/s
28 : B-13



R = 5/80 x 10° (1/.75 + 1/2.75) x 10~
=5 x 8.94 x 10% x 1.694 x 107’
= 7.58 x 10~ ° ohms/foot
Z, = 138 logyg 2.75/.75 = 138 x .565 = 78 ohms

8.686 x 7.58 x 10°2 x 10°

2 x 78

Power loss =

= .422 db

For 1000 watts input to the line, the line loss 1is

1 )
antilog .422/10

Pioss = 1000 (1-

= g2 watts line 1loss

Such a line loss is quite tolerable for such a long line.
Compare this figure with the loss in a two-wire line of the
same length, 168 watts; and with that of a 1000 ft. length of
twisted pair, which would attenuate the input down to essential-
ly zero.

Power loss or attenuation in a transmission line usually
is expressed in decibels per meter, (db/meter). The line attenu-
ation of a properly terminated two-wire line is expressed in

decibels/meter as

(1.3) (10-°) ¢T db/meter (2 and b are in meters)
a logyg b/a

The attenuation varies directly as /T just as does the line
resistance; it varies 1inversely as a, as does the line resistance
because as a is increased the resistance is decreased; and it
varies inversely as the (logy, b/a) because as the ratio b/a
is increased the proximity effect of the two conductors 1s de-
creased and the line resistance is decreased.

The line attenuation per meter of a properly terminated

coaxial line is given by the expression,

(1.8) 107°) VT[ + 1] db/meter (a and b are in meters)
logig b/a b

B-13 29



For a given value of diameter of outside conductor the
attenuation in a coaxial line is a minimum when b/a is approxi-

mately 3.5.

Example 1: A two-wire line consisting of No. 13 wire spaced
.33 inch is 400 feet long. What is the line attenuation in deci-

bels when operated at 70 MC/s?

a for No. 12 wire = 40.4 mils = .001028 meter
b/a = .33/.0404 = 8.2

log o 8.2 = .914

f =70 x 10¢

-9\ /i g
ap = (1.8) (1077) V70 x 10" - 0116 db/meter
.001028 x .914

400 feet = 122 meters

Line attenuation = 122 x .0116 = 1.41 db.

Example 2: A coaxial line 1is to be substituted for the
two—wire line in the example above. The inner conductor is to
have an outside diameter (2a) of .28 in., the outer conductor
1s to have an inside diameter (2b) of 1 in. What is the line
attenuation at 7¢ !C/s?

a = .14 in. = .00356 meter

.5 in. = .0127 meter

o
]

b/a = .0127/.0035 = 3.57

logyo 3.57 = 553
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£ = Y70 x 10° = 8370

a b . 00356 .0127

ap = 1.3 x 107° x 8370 x 360 _
.553

.00708 db/meter

Line attenuation = 122 x .00708 = .864 db

The above examples show that the coaxial cable has a lower
attenuation than the two-wire line -~.864 db attenuation as compared
to 1.41db. If the two types of lines were compared ona basis of
equal surge impedance the advantage of the coaxial line would ap-
pear even greater. However, in the case of the two-wire line, con-
siderations of practical wire size and spacing favor a higher surge
impedance than that for coaxial lines. A higher surge impedance
means a higher voltage and a smaller current for a given amount of
power transmitted. For example, campare the voltages and currents

when 1000 watts are transmitted over a 600 ohm two-wire line and a

70 ohm coaxial line:

YP/R = ¥Y1000/70 = 3.79 ampere (coax1ial)

I:

E=1IZ = 3.79 x 76.4 = 290 voltsr.m.s. (coaxial)
1 = Y/1000/600 = 1.292 amperes (two-wire)

E =1.292 x 600 = 775 voltsr.m.s. (two~wire)

The smaller current of the two-wire line will reduce the cop-
per losses, and if the surge impedance is made quite high, these
losses in the two-wire line may actually be less than that in the
coaxial 1ine. For large amounts of power, however, the high voltage
present in a high impedance line may produce excessive corona and
dielectric losses so that the coaxial line of lower surge impedance
may in this case actually have less attenuation. From the above
discussion it may be concluded that there is little to choose be-
tween the two types of line in terms of attenuation. Other practi-
cal considerations, such as compactness of structure, freedom from
radiation, independence of climatic conditions (sleet, rain etc.)
tend to make the more expensive coaxial cable give a superior per-
formance.

It probably 1s assumed by this time that the study of trans-
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mission lines 1is simply the study of mathematical formulas. This
is far from the truth, however. Even though the relations in a
transmission line are best studied by means of formulas, these
formulas are not exact, and at best will serve only as first
approximations in practical design. Their error in some cases
may be as high as 20 percent. The engineer who works with trans-
mission lines is truly one "with a slide rule in one hand and a
soldering iron in the other™. 1In all work at the ultra-high
frequencies one must necessarily strike a happy medium between
first approximation and practical adjustment, since all formulas
may be quite in error.

For example, the loss in a transmission line is actually de-
pendent upon a number of other factors which working formulas
cannot take into account--degree of oxidation on the conductor
surface, moisture in the air or on the conductors, dielectric
constant of the ceramic spacers in the coaxial line and across
the two-wire line--and many other items.

With so many factors to limit the accuracy of purely theo-
retical formulas it is little wonder that the engineer adopts
simpler though approximate thumb-rule equations such as the fol-

lowing:

For the two-wire line:
Power loss = 0.1 YT db per 1000 feet.
For the concentric line:

Power loss = _O;b1_2£¢1‘ db per 1000 feet.

where f 18 the operating frequency in megacycles per second and
b is the inside radius of the outer conductor 1in inches.

For example, by the use of the approximate equation in the
case of the 78 ohm 1000 foot concentric line discussed above,

the power loss at 80 MC/s is found to be:

= 0.128 V80 = 416 db
2.75

Power loss

(This agrees very closely with the calculation employing
the other formula.)
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RESONANT LINES AS CIRCUIT ELEMENTS: So far the discussion
has been limited to lines as used for transmission purposes.
However this is not always the purpose of a line. Transmission
lines that are either open or short circuited at the receiving
end have many of the properties of ordinary resonant circuits.
For example, as shown in Fig. 7, if the line 1is open at the re-
ceiver and is an odd number of quarter-wavelengths long, the re-
ceiving voltage is much higher than the sending voltage, giving a
resonant rise of voltage like that obtained with a series circuit.

The comparison is alsoshown by Fig. 18 (a) and (b). Fig. 18
(a) 1is a diagram of the normal grid circuit connections in an r.f.
amplifier. The operation which takes place in this circuitis well
known. The voltage induced in secondary L by transformer action
causes a resonant current to flow around the series loop LC. The
resonant rise in voltage across the condenser 1is then applied be-

tween grid and cathode of the tube and amplified.
Shorting ee———"E

—
—

bar -
\\ 7 Coger
-7 »— tubling

[ &
.—-—A‘L——J

=

"hair 1n"ﬁ* A/4‘ Ed
coupling
(a) = ®)

Figure 18

It will be recalled that in any series resonant circuit the
voltage drop across the reactances 1is always Q times the applied
voltage. In this case, for example, if the circuit Q is 100 and
the voltage induced in L is 5 u-volts, the voltage appearing across
the condenser C will be 5 x 100 or 500 p-volts. It is well to
note that since the amplification factor of the triode may not be
much above 20,most of the stage gain occurs 1in the tuned circuit.
For this reason one should give particular attention to the cir-
cuits assoclated with any r.f. amplifier, always attempting to
keep the circuit losses to a minimum, or in other words, to keep
the circuit Q as high as possible.

Fig. 18 (b) shows a quarter-wavelength tuned line used in
place of the tuned circuit ILC. This line is excited by a single
loop of wire inductively coupled to the tuned line and commonly

referred to as a hairpin coupling. The shorting bar 1is a wire
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strap connecting the lines which may be shifted up or down the

tubing as necessary in order to adjust the line to exactly one-
quarter wavelength.

Reference to Fig. 7 indicates that the voltage will distri-
bute itself along the line as shown by curve E. That is, a small
voltage induced at the sending end will appear as a much larger
voltage across the receiving end of the line. A resonant rise in
voltage always takes place in any line an odd number of quarter-
wavelengths long that 1s open-circuited at the receiving end.

Since the voltage amplification by such a line is inversely
proportional to the series resistance per unit length, every ef-
fort is made to keep this resistance to a minimum. The lines
are usually made of copper tubing to reduce the skin effect loss-
es to a minimum; at the higher frequencies it i1s found economical
to use iron rods with a very thin surface of silver plating.
This 1s made possible by the fact that at higher ultra-high fre-
quencies the current penetration below the surface 1s practically
infinitesimal.

It should be remembered that this resonant rise which takes
place in the line 1s due to the fact that its far end 1s open
circuited. Actually the tube's input impedance (grid to cathode)
18 not infinite and therefore will load the line somewhat. As
a matter of fact, if the grid is driven positive the tube's input
impedance will become quite low and the voltage gain of the line
will be considerably reduced.

In addition to the above factors which must be considered,
one of the most important is the line spacing. If the lines are
spaced far apart the loss due to proximity effect will be small
but radiation losses will be high because the electromagnetic
fields of the two conductors do not cancel each other very ef-
fectively. On the other hand, if the two conductors are placed
very close together the radiation loss will be small but the loss
due to proximity effect will be greatly increased. The result
of proximity effect is shown in Figure 19.

As the conductors are placed close together the current 1s
redistributed over the conductor cross section in such a way as to
make most of the current flow where it is encircled by the
smallest number of flux lines. This general principle determines
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the distribution of current in any

conductor, irrespective of the _
shape. Note in Figure 19 that % &
the current tends to distribute ; v

itself on the surface of each con-
Current density

is shown by the
substantially reduces the available density of sha-

ductor away from the other. This

current-carrying cross section and ding.
therefore the conductor'’s effective
resistance 1s increased.

From the above discussion it LR
will be seen that there is an opti-
mum value of the ratio b/a that will give minimum line loss.
This value will lie somewhere between the limits b/a = 3 and b/a
= 4 depending upon which of the line dimensions, a or b, 1s
held constant and which is being adjusted.

As mentioned previously, the optimum ratio with a fixed
line spacing, or outer sheath diameter in the case of a con-
centric line will be approximately 3.6.

The maximum Q obtainable with a tuned line (b/a = approx.

3.6.) will be, approximately,

Q = 220b VT MC/s where b is in inches.

For example, consider the "resonant line" tuned circuit of
Figure 18(b). Using two inch diameter copper tubing spaced 3.6
in. center to center; the Q at 100 MC/s would be

Q = 220 x 3.6 x V100 = 7920

A more general equation for the Q of a resonant line 1s

given by
2nZ,
Q:
RA

8]

where R is the resistance per loop meter of the line, Z, is the

line characteristic impedance, and kois the wavelength of the
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propagation measured at line velocity. If it is assumed that
line velocity equals velocity of light, calculate the Q of the
line as specified on the preceding page.

Z, = 276 logj, b/a

b/a = 3.6 and log;, 3.6 = .5563

Z, = 276 x .5563 = 1563.5 ohms
Ao = 3 meters
- vf - .
R :;_x 10 x 3.28 ohms/loop meter (a in inches)

/8
= V10 10'6 x 3.28 = .03258 ohms/loop meter

1
qQ =2M2, = 6.28 x 153.5 = 964 - ggoo
Rko .0328 x 3 .0984

It will be observed that there is a discrepancy between the
values of Q obtained from the two formulas. This discrepancy
is not more than is to be expected in ultra-high frequency cal-
culations where unmeasured approximations are used. For example,
in the second calculation it is assumed that the 1line velocity
equals the velocity of light--while it is well known that the line
velocity at the specified frequency is substantially below the
velocity of light. However these calculations give with usable
accuracy the order of the value of Q that will be obtained and
the general formula demonstrates clearly the manner in which Q
will vary with variations in line constants and frequency.

The calculated values of Q are much higher than could be ob-
tained with the coil and condenser of Figure 18(a), since it 1is
impractical to wind a coil with a Q much greater than 500. How-
ever such tuned lines are only practical at the ultra-high fre-
quencies. When the frequéncy is sufficiently high so that the
length required is physically short, it is possible by suitable
design to obtain circuit Q's ranging from 1000 to 100,000, with
values in the order of 10,000 quite practical under most circum-
stances.
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The increase in Q as the frequency increases results from
the fact that, although the skin effect resistance 1is proportion-
al to the square root of frequency, the length of line required
for a guarter-wavelength 1s inversely proportional to frequency,
so that, as the frequency 1is increased, the length reduces faster
than the skin effect increases. Resonant lines are therefore
particularly suitable for use at extremely high frequencies,
since then the Q is high and the physical dimensions are small.

Since tuned lines have such high Q they are especially use-
ful in oscillator circuits in order to obtain very high fre-
gquency stability. For such purpose they simply replace the
tuned circuits ordinarily used. For example, note the Hartley
oscillator shown below in Figure 20 (a). In Figure 20 (b) the

(b)

Figure 20

same oscillator is shown with the tuned circuit replaced by a
resonant quarter-wavelength line, "shorted" at one end by the
100 uuf condenser which is sufficiently large to have a negli-
gible reactance at the operating frequency (120 MC/s). It will
be noted that a shorting bar could not be used in this case
since the d.c. plate voltage would then be applied directly to
the grid. The r.f. choke shown in Figure 20(a) to keep r.f.
current out of the power supply 1s unnecessary in the circuit
of Figure 20(b) since the +B voltage is applied to a point which
is at low r.f. potential. (It is interesting to note that a
choke coil, even if used, would act as a condenser at such a

high frequency due to its distributed capacity.)
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A comparison of Figures 20(a) and 20(b) may raise the
question in the student's mind as to how the potential of the
resonant line in Figure 20(b) is fixed with respect to ground
and therefore the cathode. In Figure 20(a) there is a by-pass
condenser from a tap on the tank coil to ground. In Figure 20(b)
there is a grid resistance Rg from one side of the resonant
line to ground. This grid resistance does not tie that end of
the line to ground, however. Instead, at this high fregquency,
the grid-to-cathode interelectrode capacity Cgf and the plate-
to-cathode interelectrode capacity Cpf serve as & low reactance
capacitive voltage divider to set the potential of the two sides
of the line with respect to the cathode and hence with respect
to ground. Thus, if at some instant the top conductor has an
a.c. polarity positive to ground, then the bottom conductor has
a negative a.c. polarity to ground, just as in the case of
Figure 20(a), where the by-pass condenser mentioned above per-
forms this service.

The load is inductively coupled to the tuned line oscil-
lator by hairpin coupling. Since the voltage induced in the
coupling link is proportional to the magnetic flux which links
with it, the "hairpin", is always placed near the shorted end of
the line where the current producing this flux will be maximum.

It will be recalled that the mutual inductance reguired
for maximum power transfer from primary to secondary is given by
the relationship, M = /§;§;7w, where M is the mutual inductance,
Rp is the primary resistance, and Rg is the secondary resistance.
It is readily seen that for extremely high frequencies very
little mutual inductanc¢e is required and it has been found ex-
perimentally that a single loop or "hairpin" is quite sufficient
at U.H.F. The hairpin may be bent closer to or away from the
tuned line as is necessary in order to adjust the mutual to the
required value. Note, for example, the position of the loop in
Figure 3. A hinged mounting may be used to simplify this adjustment.

The correct adjustment of the line length for resonance
can be made by adjusting the position of the shorting condenser
at the end of the line, or by means of the disc-type trimmer
condenser Cy,. The mechanical arrangement of this condenser, as

shown in Figure 3, consists of two copper discs about 2 inches
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in diameter mounted on brass screws. These screws are threaded
through the copper tubing and the plate spacing may be ad justed
by means of a screwdriver. Since this condenser, together with
Cpf and Cgf in series, increase the capacity (and consequently the IC
product) of the line, the electrical wavelength of the line
1s effectively increased.

By using & tuned line physically somewhat shorter than a
guarter-wavelength, shunted at the open end by & small trimmer
condenser to increase the effective length to the required value,
very accurate adjustment of the resonant frequency may be obtain-
ed. In practice 02 may be used for vernier tuning after pre-
liminary adjustment of the shorting bar to the approximate po-
sition.

CONCENTRIC LINE OSCILIATORS: Concentric lines also may
be used as oscillator tuned circuits. A practical oscillator
circuit utilizing a resonant concentric line to control the

0pen She Blocking E::load

Condenser

-
< =
l T30 17
— \__Regeneration
Tap on
control
line Figure 21

the frequency is shown in Figure 21. The grid tuned circuit con-
trols the frequency, and, because of the extremely high Q obtain-
ed with the resonant line, the frequency is substantially in-
dependent of ordinary variations in power supply voltages or
load coupling.

It will be recalled that the standing wave of voltage on a
guarter-wave resonant line is maximum at the open circuited end
and minimum at the shorted end. For maximum frequency stability
the resonant line must be loosely coupled to the grid of the tube
in order that the grid circuit losses will not be excessive.
This is accomplished by connecting the grid to the line at a
point relatively close to the shorted end where the voltage tap-
ped off to drive the grid will not be excessive.

B-13
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In operating this circuit it is best to adjust the re-
generation control condenser to give about the smallest feed-
back from plate to grid circuit which can be used to make the
oscillator work efficiently. Any excess feedback reduces the
ability of the line to stabilize the frequency. The circuit
will function with the regeneration control condenser set either
above or below the capacity value required for a balance but
one adjustment or the other will be preferable depending upon
the ratio of effective resistance in plate and grid circuits
and the freguency.

Tuned lines, especially of the concentric type, are very
well suited for the control of ultra-high frequency oscillators
and will perform satisfactorily at frequencies far higher than
can be reached by crystals. As one goes to higher frequencies,
the crystals used become increasingly thin and fragile, gradually
becoming less useful in stabilizing the oscillator freguency,
while lines increase in their stabilizing ability as the fre-
quency 1is increased.

Hansell and Carter, discussing frequency control, state:
"It is interesting to note that any phase or freguency modu-
lation noise introduced in any early stage of a transmitter
will be increased in proportion to the amount of frequency
miltiplication used after that stage. A crystal-controlled
transmitter having an output of 100,000 kilocycles would proba-
bly start out with an oscillator frequency of about 3123 kilo-
cycles. One degree of phase modulation in the output of the
crystal oscillator would then appear as thirty~-two degrees in
the output of the transmitter and produce side frequency energy
equivalent to that obtained with about sixty per cent ampli-
tude modulation. With line contrel the oscillator may be
operated at the output frequency so that one degree of phase
modulation in the oscillator will appear as one degree in the
transmitter output.”

TEMPERATURE COMPENSATION: To obtain excellent freguency
stability with tuned lines the linea&r expansion of the line
with temperature must be compensated. It has Dbeen observed
that concentric lines have a temperature coefficient of fre-
quency variation almost equal to the mechanical temperature
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coefficient of linear expansion for the material of which the
line is made.

With a concentric line, so long as both conductors have
the same temperature, the ratio of their diameters and, there-
fore, the electrical constants per unit of length do not change
with temperature. To a reasonable degree the change in fre-
quency with change in temperature can be considered as due only
to change in length.

In Figure 22 are shown two examples of temperature compen-
sation which operate on the principle that aluminum has a great-
er coefficient of expansion than copper. Two concentric gquarter-
wavelength lines are shown. One end is shorted and the open-—

Ceranmic ++——— Aluminum
Insulator . +— Inner Con-
ductor
Copper
Inner Con-
ductor
<— Aluminum «—— Copper
Outer Con- Outer Con-
ductor ductor
A TR TI o
M- Compensa- Compensa-
ting Con- t1
denser ng con-
@) (b) denser
Figure 22

circuited end is shunted by a compensating condenser consisting
of opposing plates. In Figure 22(a), if the line temperature
rises the aluminum expands more than the copper and so increases
the spacing of the plates. This decreases the compensating
capacity and tends to increase the resonant frequency of the
line, compensating the tendency for the frequency to decrease
as the copper inner conductor increases in length. Figure 22 (b)
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is an inverted variation of the arrangement shown in Figure
22 (a). Both these arrangements require careful design, con-
struction, and adjustment.

In Figure 23 is shown a more convenient arrangement of
the concentric line used to nullify the effects of temperature
change. A portion of the inner con-
ductor 1is made in the form of a
flexible metal bellows and the

conductor is then maintained at a A///_-ngjiZizeizr
fairly constant length by a rod of | _Copper inner
some material, such as invar, having conductor

a very low temperature coefficient - Copper outer

conductor
Invar rod

of expansion. This invar rod is not

in the electrical circuit of the
line, because it is enclosed by the

inner conductor. Since the line's

S Flexible
electrical length is determined by | == copper bellows
the length of opposing surface of |
the inner and outer conductors, the
1 fr e i t ined

ine equency will be determine Figure 23

by the inner conductor's length.

This construction is also particularly well adapted to
making exact adjustments of frequency by adjusting the free
length of the invar rod to stretch or compress the flexible
bellows.

PUSH-PULL OSCILLATORS: In Figures 24 and 25 we are shown
two examples of push-pull oscillators employing concentric line
tank circuits. In both cases, except for the tuned line grid
circuits, the connections are of the usual type for push-pull
oscillators.

The oscillator in Figure 24 employs a half-wavelength con-
centric line open-circuited at both ends. Since the line acts
simply as two guarter-wavelength sections connected in series,
each being driven at one end and open-circuited at the other
end, the voltage distribution will be as shown by curve E. The
two conductors may be shorted together at the center of the line
and grounded (as shown). This 1s not necessary, however, and if
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done will require the use of grid condensers to prevent shorting
of the d.c. bias developed across R.

Figure 25 shows a push-pull oscillator with grid circuits
excited by & single quarter-wavelength concentric line. The
grids are inductively coupled to the tuned line by means of the
coupling loops shown in the diagram. Note that the connections
between one coupling loop and grid are reversed so that the two
grids will be driven by voltages 180 degrees out of phase.

In Figure 26 1s shown a push-pull oscillator employing two-
wire tuned lines in both the plate and grid circuits. (A picture
of this oscillator appears in Figure 3.) The oscillator is

\J Cy C»—Une Condensers. 2 Discs of 24" Copper
m.‘mu .c“sls OSCWTOR, 2 /2 METERS 2” Diameter mounted on 16‘.32 Bé‘-s«‘;ﬁ:
Power Outpwt 23 te 33 Watts Ca Cs C==0.001 uf mica. 600 v. (Aerovox #1467)
Co Cr=Plate line d-¢ isolation condensers 0.010”
czper sheet 17 long wrapped around out-
of K' gugiln)g C0002“ _;‘mga mu;l'altion
opper Tubing 21* long.
ced l%' between centers.
14=P1ue Line. }f 0.D. Copper Tubing 13°
long. spaced 4’ between centers.
Ry==10000 ohm. 1 watt (IRC #BT-1
Re==15000 ohm, 2§ watt (IRC SDHA) (Adjust
to 14000 ohms).
5 Js Je=Meter iar_lu (Mallory '"Midget'"’ #A-2),

c2 m1

ADDITIONAL PARTS
1 ECA -81S.
1 nlymlnum or 16-gauge sheet iron.
4" x 4;2' i

1 Ceramic locket (Nauonal #XC-8).
1 Shielded microphone plug (Ampheno! #MCIF
and standard microph plug attach

1 Rubber innulating "Boot" (Mueller #29).
NOTE: The various components which have
been mentioned by manufacturers’ trade
names in this unit are the parts that were
nz:trxlally :]n‘ed g.ger palrtl may mubemuted
with equally g resulta. provi they have

-8 (10 MOD.) similar characteristics.

(Courtesy RCA)

Figure 26.

tuned over the 112-116 MC/s amateur band by means of disc-type
condensers (C, and Cg) mounted near the open end of each reso-
nant line. (These circuit constants are quite similar to those
required in the 108-112 MC/s aeronautical band.) In order to
remove the d.c. plate voltage from the plate lines, the plates
of the oscillator are capacitance-coupled to the plate line by
means of condensers C, and C,. The d.c. plate voltage is fed to
the plate side of these condensers by means of insulated wires
(shown in dotted lines) running through the center of each plate
rod. The condensers are made by wrapping and bolting a pilece of
one inch copper strip around each plate rod at the plate end.
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Mica, 0.002 inch thick, is used to insulate the copper strip
from the rod.

(The above description is an excerpt from specifications
by R.C.A.) '

By removing the d.c. voltage from the plate tuned line the
possibility of dangerous shocks during tuning or adjustment of
this line is avoided. The grid excitation may be altered by
adjustment of the taps on the grid line. It will be recalled
that standing voltage waves on the two wires of a tuned line
are 180 degrees out of phase so that they may be used, as shown,
to drive both tubes of a push-pull oscillator. The necessary
feed-back coupling is provided by locating a portion of the grid
line near the plate line as shown in Figure 3.

TRANSMISSION LINES AS IMPEDANCE TRANSFORMERS: One of the
most important relations to be studied in a transmission line 1is
is that of its input impedance Zg looking into the line at the
sending end. This impedance is dependent upon a number of
factors--1ine length (1), characteristic impedance of the line

B
=

$Z
Zs 3 r

O

Z

o
(Zo), and the impedance connected at the receiving end (Zr). For
any set of values for these factors the input impedance 1is found

by the general formula:

Z, + Z, tanh j2nl/n

s °©z, + Z, tanh j2nl/nm

For any line an even number of quarter-wavelengths long

this becomes-—-

For any line an odd number of quarter-wavelengths long

this becomes—-

= 2 =
Zy = Ly%/2y o1 Zy = VIT
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The general equation 1s too cumbersome to be of much practi-
cal value but the two derived equations are extremely useful and
should be studied carefully. It is seen that with any line an
even number of quarter-wavelengths long, no matter what im-
pedance (Zr) is terminating the line, the same impedance will ve
measured at the input terminals. On the other hand, if the line
ijs an odd number of guarter-wavelengths long the sending end
impedance Zg will always vary inversely with the receiver im-
pedance.

For the condition where the line 1is properly terminated
z, = Z,) the input impedance Zg will be equal to the character—
istic impedance of the line Z,, no matter what line length 1is
being used. This can be seen by substituting Z, = Z, in elther

of the two given equations.
These very important principles are made use of in trans-

mission lines operated as impedance transformers. For example,

consider the problem of coupling a 73 ohm antenna to a 73 ohm

73 ohm con-

centric line

l< N §
[ A/4 [, \— .
s> +>17, r__*
ﬁ Lo = Visly To 73 ohm antenna
600 ohm \\
two wire line Quarter wavelength

matching section

Figure 27

concentric line to a 600 ohm two-wire line. A quarter-wavelength
l1ine will be used for an impedance matching section as shown
in Figure 27.

Since the 73 ohm concentric line 1is properly terminated
with a 73 ohm antenna impedance, 1its input impedance will be 73

ohms. But--it is desired to terminate the two-wire line with
event

B-13
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Quarter-wavelength
Non-resonant With Adjustable

Line ﬁ} ;9 Z°

To
> Antenna
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—_—

Antenna

ﬁﬁk —e Terminals

% — Stub-line

Non-resonant
Line

STUB LINE
(®)

B
—=k

C:L L ~ —> Antenna
\

“Z_Resonant
Line
Adjustable Non-resonant

Short-circuit “—Transmission Line

RESONANT LINE COUPLING
(c)

——m—
Resonant
Non-resonant — _ Antenna
Transmission Line

(d)

Figure 28

47



standing waves on the line and to obtain maximum power transfer.
Obviously the concentric line could not be connected directly to
the two-wire line. Therefore a device is needed which, with 73
ohms coupled to one end, will present an impedance of 600 ohms at
the other end. A quarter-wave matching section will do this
very satisfactorily. All that is necessary is that the quarter-
wavelength 1line have a characteristic impedance equal to

Z, = vLl.Z

o sr

/600 x 73 = 210 ohms
If one inch copper tubing is used for the leads, the spacing
center to center for the matching line will be

Z, = 276 logyo b/a
210 = 276 log, b/.5
b = .5 antilog %%%.= 2.88 inches spacing

This spacing should be considered only as a first approxi-
mation and insulating spacers which hold the A/4 line rigid
should be so selected that the spacing -may be adjusted to slight-
ly more or less than 2.88 inches, as desired. The exact spacing
will be that which results in a minimum of standing waves on the
two connecting lines.

IMPEDANCE MATCHING SYSTEMS FOR ANTENNAS: In order to avoid
resonances in transmission lines associated with transmitters,
it is necessary that the antenna be coupled to the line in such
a way that the effective load impedance which is offered to the
line is a resistance equal to the characteristic impedance of
the line. Some typical arrangements using tuned lines are shown
in Figure 28.

Figure 28(a) is an example of line transformer action,
previously discussed. By proper adjustment of the matching
line's length and characteristic impedance the transmission
line will be properly terminated. For example, assume that the
48 B-13
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73 ohm antenna of Figure 16 is to be fed by a 600 ohm two-
wire transmission line, coupled to the transmitter. What should
be the proper line dimensions of the matching section at a fre-

quency of 100 MC/s?

At 100 MC/s:
A

AN/4

300/100 = 3 meters

3/4 = .75 meter

.75 x 39.37

29.5 inches
Z. =Vl

[0} SZI'
600 x 73

210 ohms

A reference to the Characteristic Impedance Chart will
show that 210 ohms requires the use of tubing since copper wire
gives an impractical line spacing at this low value of Z, be-
cause of the small radius (a) of the wire. Using 5/8 inch copper
tubing the separation between the centers of the conductors

would be calculated as follows:

210 = 276 logi, b/a e -~
10 / T |
log b/a = 210/276 = .76 \ /
\
b/a = antilog .76 Half-wave \ 't%ﬂuarter-Wave e~

Resonant Antenna\ | |/ sonant line, 5/8"

= 5,76 copper tubing,
~ spaced 1.8" cen-
b (5'76)% Non-resonant ter to center.
= 5.76 x 5{8 600 Ohm Line
2 To Trans.—¥

1.8 inches
~ Figure 29

This arrangement would then be as shown in Figure 29. Note
carefully the current distribution on both the antenna and the
matching lines as represented in the diagram by the dotted

lines.

B-13 49



Wave lengths

auT] po3BUTWIa} AyJadpidwr uo NﬂEH\CmEH jo oryey

90" 0’ 10
T , . ﬁ;r aaan !
i il e
sandr g Wi

*xep 3031I0)

INIT 90LS NIdOo

jutod

jutod
SUT 3U3IIN)

| SUTT Pa3jBUTWIIZUN
A\nu i :oﬂ%»uw» u.Cu.:uL._U
T
M ANIT €0LS TLLIOHS
T 1 >JA
| “_4 jeg 3urjioys —=—
|
IE 4
'SR RANN - P
lt:,T 1 s
PHIE j4—— B —P
11 L
T 1 =

UTT Pa3BUTWIAJUN
uoc aABA JUSIINYD

i

=

_L‘A,_.—iu

T

1 ﬂ _, H , TTETT T L A
L] R RN
l’.l.ﬂuﬂ e 1T T T T
| Mot |1 . L
| _ _#._. i I T, RN
; 1 AN LT
NS AR AR RN
3" i I AR _ *__.T..:
" C H‘i 1 .,____ T
O R T 1 T T T 71
|
| I
Lo

B-13

50



STUB LINES: Another convenient type of matching section 1is
the stub line, shown in Figure 28(b). The transmission line is
connected directly to the antenna and a suitable shunt reactance,
commonly in the form of a short length of transmission line (stub
line), is used to eliminate resonances between the shunting
point and the generator.

A transmission line shorter than one quarter-wavelength
and open-or-short-circuited at one end presents, respectively,
a capacitive or inductive reactance at the other end. If the
line is greater than A/4 and less than A/z, these reactive re-
lations are reversed.

This shunting reactance must be placed at a point such
that, when the impedance looking toward the antenna is paralleled
by the shunt reactance, the impedance of the combination is
a resistance equal in magnitude to the characteristic impedance
of the line. The exact length and position of the stub line
(subject to minor adjustments) may be obtained graphically from
Figure 30.

First the ratio of minimum to maximum current in the stand-
ing wave of the improperly terminated line is determined. This
may be done as in Figure 7, since only a ratio is desired.
The stub line (either open or shorted type) is then placed near
the receiving end, its length and position being determined from
Figure 30.

For example, with Imin and I as measured below (Figure

max
31), the position of a shorted stub for matching would be de-

termined as follows:

1, /1 =100 ~. o5

min/ “max 400
a = .18 (From the graph,
b = .092 Fig. 30)

It will be noted that when the matching stub 1s adjusted
to the correct length by the shorting bar and is properly po-
sitioned, standing waves appear on the line only between the
stub and antenna; the remainder of the line is now working in-
to the proper terminating impedance.
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In the resonant coupling line of Figure 28(c) Q‘resistive
impedance is obtained by adjusting the short circuit on the
coupling line to give resonance in conjunction with the antenna.
The resulting load offered the non-resonant line is then re-
sistive and has a magnitude determined by the point of con-
nection. The length of resonant line should be approximately A/4
when the antenna resistance is higher than the non-resonant line
impedance, and & A/2 when the antenna resistance is lower.

In Figure 28(d) the transmission line is directly coupled to
the antenna, the matching being obtained by making the antenna
length the exact value required for resonance and then con-
necting the two wires of the line symmetrically with a "spacing
in" such as to give the required impedance match. Another type

of antenna matching which functions in a somewhat similar manner

|« M-
N
N = 148 M= 123 600 ohm
f = “Zz_
me/s fme/s line
Figure 32
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to the above is shown in Figure 32. Dimensions for matching a
600 ohm line, which is the Z;, most commonly used, are also
glven.

In each of the matching systems mentioned above, the di-

mensions arrived at are only approximate and slight adjustments
are made experimentally until current (or voltage) measurements
show a minimum of standing waves existing on the transmission
line.

Frequently in directional arrays it becomes necessary to
feed more than one radiating system or element from a common
transmitter output. This is done very simply by the use of paral-
lel circuit calculations. For example, assume that the main line
from the transmitter is designed for an impedance of 55 ohms.
At some point near the radiating array it is to branch into
two lines to feed two radiating elements. The two branch lines
should be designed for Z, = 110 ohms and connected in parallel to
the main line. This is shown in Figure 33.

In other words, two 110 ohm properly terminated lines con-
nected in parallel have an impedance of 55 ohms just as would any
two 110 ohm resistances connected in parallel. As such, they
form the proper terminating impedance for a 55 ohm line.

Very often it is desired to feed two elements of an array
out of phase. For example, assume that it is required to feed
Element No. 2 90° behind Element No. 1. See Figure 34. This is
done by introducing a 90° lag (A/4) in the line which feeds
Element No. 2 as compared with that which feeds Element No. 1.

These same principles can be applied to meet any combination
of number of elements, impedances of radiating elements, and
lines and phase angles between elements. In a more involved
network where the desired line impedances for proper transfer
of power result in improper termination of the lines by the
radiating elements, a matching section as shown in Figure 29
could be used between each radiating element and its line.

POWER AMPLIFIERS EMPLOYING LINEAR TANKS: Resonant lines
nay be used in tank circuits of amplifiers as well asoscil-
lators at ultra-high frequencies such as those encountcred in
the aeronautical channels. It will be recalled that the input
lmpedance Zg of a line an odd number of quarter-wavelengths

v4 B-:3




long is,

Also the input impedance of a line an even number of

quarter-wavelengths long is,

It will then be seen that theoretically a quarter-wave-
length line shorted at one end should present a very high or
infinite impedance at the open circuit terminals.

Similarly, a half-wave line open circuited at one end
should present a very high or infinite impedance at the op-
posite terminals. These conditions are both shown in Figure 35.

—_ E
oy I
high >~
1mped7—*
short
% A/4 >

Figure 35

In practice, however, the input impedance obtained under
such conditions 1is never infinite but will be some real value
depending upon the line dimensions. Neglecting radiation, the
input impedance of a guarter-wavelength line short circuited at
its far end or of a half-wave line open at its far end 1is found

to be--
2
. = 2%
L Rl
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where
Z, = characteristic impedance in ohms
R = 1line resistance in ohms per loop meter
1 = length of the liée in meters

For example, at 100 MC/s a quarter-wavelength, two-wire
line wusing No. 12 B & S spaced 6 inches center to center 1is
shorted at one end. The r.f.impedance looking into the line
at the other terminals would then be

N
n

600 ohms (from chart)

-6
R = f@ix 10 ohms/foot
a
(from an earlier formula for two-wire

lines)

2 []
R =Y10" x 10 , 449-% = .25 ohms/foot = .82 ohms/
.04

loop meter

At 100 MC/s a A/4 line 1is approximately .75 meter long

2 2

27 2 x 600
Z, = —02 =_ = 1.17 megohms
. R1 .82 x .75

rNO. 12 B & S

N\ . 1
X M4 ) ! N )
\ \ .

"—High i LOW
Impedance Impedance

(1.17 meg.)

"

(2) Figure 36 ®)

56 B-13



L& 2an31yg N

p ot
I

\
<

Lo

i

[
-
(A N
[

—_——

Ruuajuy o  JIITEEIHTTH J,*Jm =

J030Npuoc) Jauuy

18
J 3
- 9AB9TS
drars ©OTK 2TJ43Ud0U0)
arqessn(py )
@




By means of adjustable taps, as shown in Fig. 36(a), the r.f.
input impedance looking into such a line may be varied between
zero and the maximum value of 1.17 megohms. This action will be
clearly seen if it is recalled that the operation of a quarter-
wave lirne is similar to that of a parallel tuned circult contain-
ing L and C such as shown in Fig. 36 (). In this circuit the im-
pedance between terminals 1 and 2 at resonance will be a pure re-
sistance and maximum in value when the taps are_placed.atOpposite
ends of the coil. As the taps are moved toward the center of the
coil, the impedance between terminals 1 and 2 becomes less and
less, approaching zero.

The behavior of a quarter-wave line in a manner similar to a
parallel tuned circuit is made use of in U.H.F. amplifier cir-
cuits. For example, in Fig. 37 is shown the schematic diagram of
a typical U.H.F. power amplifier. Both resonant lines shown are
quarter-wavelength sections. Tuning is accomplished by means of
adjustable shorting bars and trimmer condensers Cyu-. It will be
noted that the plate tap positions are adjustable to enable the
tubes to work into the correct load impedance. Coupling to the
antenna (or next stage) 1s accomplished by capacitive taps Cs-
Link coupling may be used if desired. The grid driving power 1is
adjusted by means of taps Cs in the grid circuit. Grid leak and
cathode bias are furnished by Ry and Ro respectively.

Of particular interest in this amplifier is the tuned fila-
ment circuit. The coils (L) in the filament circuit are fre-
quently required at the ultra-high frequencies to compensate
for the effects of the inductance of connecting leads, which in
many cases are long enough to cause an appreciable phase shift,
reducing the amplifier efficiency. The.effective length of the
filament circuit to the points of connection (f-f) should be
approximately .5 wavelength to bring the filament to the same
potential as the shorted ends of the line. The proper inductance
must be determined by experiment, the coils being adjusted until
optimum stability and power output are obtained.

At the higher frequencies where .5 wavelength is not ex-
cessively long, a straight line may be used to replace L. The
by-pass condensers (06) should be small in size to reduce lead
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inductance; 500 pyuf 1s a satisfactory value.
The use of half-wave lines in the filament circuits of the

amplifier is a useful device, employed extensively with con-
necting leads at the higher frequencies. It has already been
shown that a line approximately .25 wavelength open-circuited
at one end will appear as a short-circuit at the other termi-
nals. It would not do, for example, te have interstage leads
in a transmitter which were .25 wavelength long; for then the
driver stages output would be effectively short circuited even
though the leads were connected to the fairly high grid-cir-

cuit input impedance of the next stage.
As shown in Figure 38, if it becomes necessary for x to be

Figure 38

.25 wavelength, that dimension would then be in-

as long as
impedance of a half-

creased to .5 wavelength since the tnput

wave line is equal to the terminating impedance.
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TRANSHISSION SYSTEMS FOR U.H.F. BROADCASTING

EXAMINAT ION

1.

(a)

(b)

(a)
(b)

(a)

(b)

(a)

(b)

Why are ultra-high frequencies required for F.M. broad-
casting?
Why does F.M. permit closer geographical spacing of the

broadcast stations?

Discuss the use of a transmission line at u.h.f. for

purposes other than that of transmitting energy.

How are current and voltage loops (maxima) detected

on a transmission line?

Given a two-wire line having the following operating
features: Size of wire - No. 12; separation - 4 inches;

frequency = 75 m.c.
Find L, C, and R per foot.

Calculate the characteristic impedance Z,, and check

by means of the ghart.

What are the advantages of a concentric line over a

two-wire line?

Given a concentric line that is to have a characteristic
impedance of 75 ohms. The inner conductor is a No. 10
copper wire. What should be the inner diameter of the
outer shell?

What is the attenuation in db. per foot of the two-wire
line given in Question 4°?

What is the attenuation in db. per foot of a coaxial
cable having a No. 12 inner wire, and a characteristic

impedance of 75 ohms, at 75 m.c.?

Given a concentric line having the following dimensions:
b =2.5 in., a = .75 in.. It is one-quarter wave length
long, and shorted at its far end. The operating fre-
quency 1is 200 m.c. Assume the wave velocity 1s .95
that of light,
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(8)
®)
(c)
(d)

(a)

(b)

(c)

(a)

(b)

Find R, the resistance per loop meter of the line.

Find the actual wavelength, A .

Find the characteristic impedance, Z,.

Find the Q@ of the line.

What advantage has a resonant line over a crystal for

stabilizing the frequency of a u.h.f. oscillator?

Give a representative oscillator circuit employing a

resonant line.

Show two methods by which temperature compensation may

be proviaed for a resonant line.

Design a quarter-wave length two-wire line that will match
a 600 ohm line to a 200 ohm load. Use 1/4 inch copper
tubing for the matching line.

A transmission line feeds an antenna, and it 1is desired
to eliminate standing waves on the greater portion of
the line by means of a matching stub. The current mini-
mum is one-half of the current maximum. The operating
frequency 1s 100 m.c., and the wave velocity 1is .95
that of light. What length of shorted stub is required,
and how far along the line must it be located from the
current maximum point. Is the location toward the load

or toward the source?

Given a quarter-wave length concentric line for which
b= 2.5 in. and a = .75 in., and which operates at a
frequency of 200 m.c. The far end is short-circuited.
What is the impedance looking into the open end of
the line? WNote:--Wave velocity is to be taken as .95
that of light.






