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ULTRA -HIGH FREQUENCY TECHNIQUE 

ADVANTAGES AND DISADVANTAGES OF 

ULTRA -HIGH FREQUENCIES 

The domain of ultra -high fre- 

quencies has become an exceedingly 

important one at the present time, 

and the trend is unmistakably to- 

ward the use of more and more ser- 

vices in this range of the spectrum. 

It must not be supposed, however, 

that u.h.f. channels will ultimate- 

ly replace the low- frequency chan- 

nels: rather they will supplement 

the latter. 

Indeed, in the case of many 

services, the reason for the use of 

u.h.f. is fu dannentally that the low 

and intermediate frequency and the 

medium short -wave portions of the 

spectrum were practically used up, 

and new channels could be found only 

at higher frequencies. As these 

channels began to be studied, and 

even employed, advantages and also 

some very grave disadvantages were 

discovered, and research and devel- 

op:nent are continuing at an acceler- 

ated pace to minimize the difficul- 

ties that lie in the way of their 

utilization. The student can, with 

benefit, review the series of as- 

signments on antennas, particularly 

where reference to u.h.f. is made. 

The term "ultra -high frequen- 

cies" is often used as a general 

term to denote frequencies above 

about 30 mc. However, the F.C.C. 

has adopted certain designations 

which were given in an earlier as- 

signment on radiation, and which 

will be repeated here: 

Although these help to dis- 

tinguish one range from the other, 

no harm will be done if in this as- 

signment all frequencies in the 

above three ranges are denoted by 

the single term, ultra -high fre- 

quencies, and where there is a dif- 

ference in behavior, the frequency 

range under discussion will be given 

numerically. 

If one considers the range from 

0 to 30 mc, and compares it with 

the range from 30 to 30,000 mc, one 

will find that the latter band is 

30000 - 30 

30 

or nearly 1,000 times as great as 

the low- frequency and medium short- 

wave bands combined! This indicates 

the enormous amount of room avail- 

able in the spectrum beyond the 30- 

mc band, and is the original, if 

not principal reason for going into 

that part of the spectrum. 

There are several other ad- 

vantages besides that of more room. 

The advent of f.m., and particularly 

television, has necessitated wide - 

band modulation and radiation. For 

example, consider a television car- 

rier frequency of 51.25 mc. Suppose 

it is modulated with video (picture) 

frequencies up to 4 1/4 mc. There 

will appear in the form of upper 

and lower side bands, frequencies 

ranging from close to the carrier 

frequency to 51.25 + 4.25 = 55.5 me 

(upper side band) and 51.25 - 4.25 = 

47 mc (lower side band) for the 

highest video frequency of 4.25 mc. 

FREQUENCY WAVELENGTH DESIGNATION 

30 - 300 mc 10 - 1 meters very high frequencies (v.h.f.) 

300 - 3,000 mc 1 meter - to cm ultra -high frequencies (u.h.f.) 

3,000 - 30,000 me 10 cm -1 cm super -high frequencies (s.h.f.) 
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A suitable vestigial side -band 

filter removes most of the lower 

side bands without appreciably af- 

fecting the upper side bands. The 

band of frequencies that is then 

involved is shown in Fig. 1. The 

sound carrier and side bands have 

Carrier 

0 54 4-- 
mc 

Sound 

4% 251101 

mc kc kc 

Fig. 1. -Band of frequencies for a 

television channel. 

also been indicated. Fig. 1 shows 

the wide band of frequencies that 

has to be radiated by the transmit- 

ting antenna, picked up by the re- 

ceiving antenna, and possibly am- 

plified by an r.f. stage in the re- 

ceiver. 

Suppose the carrier frequency 

were 2 megacycles. The lowest video 

side band to be radiated would be 

2 - 1 1/4 = 3/4 megacycles, and the 

highest video side band would be 
2 + 4 1/4 = 6 1/4 megacycles. The 

radiation resistance of the anten- 

na would vary widely over such a 

range -6 1/4 - 3/4 = 5 1/2 mega- 

cycles. 

Moreover, considering the an- 
tenna as a transmission line, if 
it were a quarter -wave at 2 mc, it 

would be (3/4 : 2) x X/4 = 3/32 ? 
at .75 mc and (6 1/4 : 2) x J4 = 

25/32 X or slightly over 3/4 X at 
6 144 mc. Such an antenna would 
be practically impossible to tune 
simultaneously over such a wide 
range; it could not be made aperi- 
odic except over a range of possibly 

160 kc. 

Consider, however, a carrier 

of 51.25 mc. Suppose a dipole is 

employed that is a half -wave at this 

frequency. Then at 51.25 + 4.25 = 

55.5 mc, it would be (55.5/51.25) 

x ñ/2 = .542X or practically V/2, 

and even more nearly )/2 at the 

lower side -band frequency of 51.25 

- 1.25 = 50 mc. The above illus- 

trates an important advantage of 

u.h.f. carriers for television 
transmission, or any other wide - 
band system, such as that for pulse 

transmission. 

Another advantage besiaes that 

of wide -band possibilities is that 

of accuracy of aeronautical navi- 
gation courses. This matter is dis- 

cussed in detail-in the Aeronautical 

Radio Engineering Section of the 
course. Suffice it to say at this 

point that when radio courses in 
the form of beam transmissions at 
about 100 me are used instead of at 

300 kc, particularly in mountainous 

regions, there is less danger of 
course bending and multiple courses. 

The C.A.A. (Civil Aeronautical Ad- 
ministration) is changing over from 

l.f. to the u.h.f. radio ranges as 

rapidly as possible. 

A further point to note, par- 

ticularly in connection with in- 
strument landing systems, is that 

horizontally polarized waves, when 
reflected from the earth, appear to 

be less susceptible to variations 
in ground conditions as compared to 
vertically polarized waves. This 
tends to make a horizontally polar- 
ized glide path more reliable than 
one that is vertically polarized. 

Since horizontal polarization 
implies a horizontal antenna, and 
this in turn, for appreciable low - 
angle radiation, means an antenna 
removed by several velengths from 
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the earth's surface, it is evident 

that only in the u.h.f. range can 

horizontal polarization be feasible 

without the antenna having to be 

set at a prohibitive height above 

the earth's surface. Furthermore, 

at very high frequencies, parabolic 

reflectors and horn radiators are 

feasible, and these can radiate such 

narrow beams that the radiation does 

not necessarily have to strike and 

be reflected by the earth. In this 

case the radiation is entirely in- 

dependent of ground conditions -such 
as snow and ice. 

Besides the above advantages 

of u.h.f., there are other con- 

siderations that may be considered 

as advantages in some applications 

and as disadvantages in others. 

Thus, the range of transmission is 

limited to less than twice the line- 

of -sight for f.m. at about 88.1 mc, 

and not appreciably more than line- 

of -sight for the more exacting ser- 

vice of television at 50 mc and 

above. This means that stations 

separated by sufficient distances 

(more than twice the line -of -sight) 

can operate on the same frequency 

without objectionable interference. 

This tends further to conserve the 

number of channels required for a 

type of service such as broadcast- 

ing or aeronautical radio ranges. 

Consider, for example, f.m. 

broadcasting on a frequency of 88.1 

mc. If the antenna is sufficiently 

elevated, coverage over a radius of 

90 miles is entirely feasible. This 

is not noticeably less than the pri- 

mary coverage area for standard 
broadcast stations. 

Another station 180 miles away 

can presumably employ the same fre- 

quency, and yet not interfere with 

the pickup of this station in its 

service area, particularly in view 
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of the ability of the f.m. receiver 

to suppress the weaker of two sig- 

nals in the presence of the strong- 

er. However, this matter of common 

frequency assignment has not as yet 

been thoroughly studied, and modi- 

fications to the above discussion 

may have to be made because of vari- 

ations in transmission from time to 

time, particularly with reference 

to the tropospheric wave (see as- 

signment on antennas). 

The above limitation of trans- 

mission appears to be an advantage. 

However, where long- distance trans- 

mission is desired, u.h.f. is out 

of the question, and one has to rely 

upon the medium short waves and 
upon the very low- frequency bands 

for this purpose, unless a chain 

of relay stations is possible and 

acceptable. 

Another advantage of u.h.f. 

is that all components can be made 

relatively smaller: smaller, light- 

weight transmitters, receivers, and 

antennas. Alternatively, in the 

case of antennas, complicated arrays 

that do not require excessive space 

are feasible, with the result that 

sharp beams can be produced. This 

is equivalent to an increase in 

transmitter power, and is true even 

when the beam is compressed only in 

the vertical plane into the form of 

a nearly horizontal conical sheet, 

as for broadcasting purposes. Com- 

pare this with the difficulty of 

obtaining a maximum of ground wave 

with a minimum of sky wave in the 

standard broadcast band. 

There are, however, some very 

serious difficulties encountered in 

attempting to employ u.h.f. One is 

that the circuit components become 

vanishingly small if one attempts 

to employ them in lumped form. For - 

tunately, alternative forms of cir- 
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cuit elements of the distributed 

type became available. For example, 

short -circuited and open- circuited 

sections of transmission lines of 

very high Q can be used as resonant 

elements, particularly in the lower 

frequency portion of the u.h.f. 
spectrum, and cavity resonators lend 

themselves admirably for the same 

pirpose in the upper frequency por- 

tion of the u.h.f. spectrum. In- 

deed, if lumped elements, such as 

coils and condensers, are attempted 

to be used, it will be found that 

they inherently tend to function 

as distributed circuit elements, 

and appear as inductances or capaci- 

ties depending upon the frequency 

at which they are operated. (Review 

the assignment on r.f. measure- 
ments.) Even short connecting leads 

function as transmission lines and 

accordingly must be taken into ac- 

count. 

As a result, all connections 

should be as short and direct as 

possible. This refers even to the 

internal tube connections and to 

the size of the tube elements. For 

that reason the parts, and particu- 

larly the tubes, become so small 

that they are incapable of dissi- 

pating the heat generated when han- 

dling large amounts of power. Thus, 

power output in the very high fre- 

quency portion of the u.h.f. domain 

is generally on the order of a few 

hundred watts or less, and in many 

cases a transmitter may have an out- 

put of but a few watts.* 

To counteract this severe power 

limitation is the fact that the rad- 

*In the case of pulse trans - 
mission, the instantaneous peak power 
may be on the order of kilowatts, or 
even more than a megawatt, but the 
average power will be a small frac- 
tion of this (depending upon th 
pulse width). 

iated energy can be concentrated 

into narrow beams and also picked 
up by highly directional receiving 

antennas, so that at least in point- 

to-point communication a few watts 

in the u.h.f. region may be as ef- 

fective as hundreds of watts in the 

lower frequency portion of the spec- 

trum. Nevertheless, the power lim- 

itations of vacuum tubes operating 

at ultra -high frequencies constitute 

one of the greatest problems in 
utilizing this part of the spectrum. 

The first topic to be con- 
sidered in detail will be that of 
Propagation. 

U.H.F. PROPAGATION 

In a previous assignment it 
was pointed out that frequencies 
above about 30 or 40 me are normally 
not reflected by the ionosphere to 
produce skywave effects, but instead 

penetrate the ionosphere and are 
lost to the earth. At the same 
time the ground wave in the u.h.f. 

range is so rapidly attenuated as 
to be of no practical value for any 

but the very shortest distances of 
transmission. 

Transmission is then by means 

of two other components of the radi- 

ation: the direct and the ground - 

reflected rays, i.e., the space 

EL 

dt 

r 

s-Ih r ---- U 
Fig. 2.- Geometry of ground- reflected 

and direct rays. 
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wave. For distances dt large com- 

pared to the elevation ht and h of 

the antennas, the angle 0, Fig. 2, 

is very small -less than the Brew- 
ster angle. Accordingly, in normal 

practice vertically polarized waves 

as well as horizontally polarized 
waves have their electric field vec- 

tors reversed in phase upon reflec- 

tion, so that the ground -reflected 

ray tends to meet the direct ray 

inherently 180° out of phase and 

thus to cancel it. 

The difference in Path length 

between the two rays, however, pro- 

duces an additional shift in phase 

for the ground- reflected ray, so 

that the two do not cancel, and 
hence a signal is produced at the 

receiving antenna that is the vector 

difference between the two rays. As 

ht and h are increased, the differ- 

ence in path lengths approaches V2. 
For this difference in path length, 

the phase shift is a full 180° plus 
180° owing to reflection. The total 

is 360 °, or the two rays meet in 

phase and maximum signal is obtain- 

ed. 

From Fig. 2 it is evident that 

the length of the ground- reflected 

path, which is AB + BC, is the same 

as the straight line distance AB + 

BD. Since ABD is the hypotenuse 

of the right -angled triangle AID; 
ED represents the distance dt be- 

tween antennas; and AE, the sum of 

the two antenna heights, ht + hr, 

it follows that 

AD = (ED) 2 + (AE) 2 

= di + (ht + hr) 2 

The length of the direct path 

is AC, which is the hypotenuse of 

triangle AFC. Hence, 

AC = f(FC) 2 + (A02 

= dt + (}lt - hr) 2 

The difference between the two path 

lengths is 

Z=AD - AC 

= Jdt + (ht +hr) 2 - )dt + (ht - hr) 2 

If (ht + hr) is very small compared 

to d, as is normally the case in 

practice, then it can be shown that 

l 

2hthr* 

dt 

(= means approximately equal) 

*Thus, consider (a + b)2 = a2 + 

2ab + b2. If b is very small com- 
pared to a, then b2 will be negli- 
gible compared to a2 and 2ab, or 

(a + b) 2 a2 + 2ab 

From this if follows that /8.2 + 2ab 
a + b. In the first square root 

expression in the text, d¿ corre- 
sponds to a2, and (ht + hr) 2 to 2ab. 

Hence, 

2ab (ht + hr) 2 

or 
2a 2dt 

= d + 
t 

= dt + 

(ht + hr) 2 
jd2 + (ht + 

Similarly, 

h) 2 

(ht 

2dt 

-h) 2 
fdt + 

Then 

(ht - hr) 2 
2d 

t 

Jdi + 

= d 
t 

(ht 

2 

+ hr)2 

/di 

d 
t 

+ 

(ht 

hr) 2 

- hr)2 

?dt 2dt 

(ht + hr) 2 - (ht - hr) 2 

2d 

hi + 2hh + hT - ht + 2hh- hT 
2dt 

_ 2hthr 

dt 



6 ULTRA -HIGH FREQUENCY TECHNIQUE 

The difference in path length, when 
measured in wavelengths, is 

l 2hthr 

X Xdt 

and when measured in radians is 

nthr 4h 
' 

Xdt 
(1) 

If the value of is desired in de- 

grees, substitute 360 for 2n in the 
above formula. 

Assume that the reflection from 

the earth takes place with no ab- 
sorption; i.e., the ground -reflected 

ray is equal in strength to the di- 

rect ray. In that case, if there 
were no difference in path length, 
the vectors would cancel each other, 

as sham by the solid lines, Ed (di- 

rect -ray vector) and E 

r 

(ground - 

reflected ray) in Fig. 3(A). If 

E W--- 
' Et 

r 

(A) 

Ed 

) 
3.- Vector relations for ground - 
reflected and direct rays. 

there is a difference in path length 

with a corresponding angle of lag 

the ground -reflected vector will 
have a position shown by the dotted- 

line vector E'. The sum of E' and r r 
Ed, or the resultant field strength, 

can be found by subtracting -Er from 

Ed. This is shown in Fig. 3(B), 
where E' is reversed in direction 

to giver -E'r , which is then sub - 

trgcted vectorially from Ed to give 

the resultant Et. It will be ob- 

served that this is the same as 
adding ET to Ed (dotted lines) in 

(A) of Fig. 3. 

From Fig. 3(B) it can be seen 

that if is small, the three vec- 

tors form practically a right tri- 

angle, so that 

Et = (-ET)sin = Ed sin tp 

= Ed / = E 
d 

47th 
athr (2) 

t 

since E' and Ed are assumed equal 

in length (perfect reflection) and 
also if 1,b is small, then sin 0'14. 
Thus, if the direct field strength 
at any point in space is known, then 

the resultant field strength -that 
which actually induces a voltage in 

the receiving antenna -can be found. 
If the phase angle 4 is large, 

the more cumbersome but more ac- 
curate expression for the resultant 

of two vectors must be used, namely, 

Et = ET + Eá - 2ErEd cos 

=Ed2-2cos (3) 

The intensity of the direct 
ray, Ed, for a half -wave dipole an- 

tenna is 

Ed = (7 Vii) ,/d, volts per meter (4) 

where w is in watts and dt is in 

meters. If Eq. (4) be substituted 

in Eq. (2), the resultant field 



U.H.F. PROPAGATION 7 

strength can be found: 

Et = (28n Ai hthr) /di X volts /m (5) 

This equation is satisfactory for 

propagation ove: average ground, 

for (h + h) small compared to dt, 
and for small path differences 
(small values of so that sin i' 

approximately equals tP in radians). 

Note that Et is not the voltage, 

but the electric -field intensity, 

i.e., volts Per meter., if X. is in 

meters. (ht, hr, and d must be in 

the same units, e.g., in meters.) 

Suppose a half -wave dipole is 

employed as the receiving antenna. 

The current and voltage distribu- 

tions on the antenna will be half - 

sine waves as shown in Fig. 4. The -- X/2 
I 

V 

Fig. 4.- Current and voltage rela- 
tions in a half -wave dipole. 

average value of the half -sine wave, 

as averaged over a half cycle, is 

2/Tr. This means that if the dipole 

were reduced from a length of X/2 

to (X/2) (2 /0 = X/rr, and the cur- 

rent and voltage were of constant 

peak value throughout the length 

of this reduced antenna, the total 

voltage induced in this antenna 
would be the same as in the actual 

dipole. This finally means that 

the effective length of a half -wave 

dipole is Vrr instead of )\/2. 

If the effective length is mul- 

tiplied by the (uniform) field 

strength, the total induced voltage 

Vr is obtained. This would be equal 

to Et V7r, which becomes, upon sub- 
stituting the value of Et from Eq. 

(5) 

Vr = (28 w hthr) /dt (6) 

where ht, hr, and dt must be mea- 

sured in the same units, such as 

meters. 

The received power can then be 

calculated, under the assumption, 

for example, that the input imped- 

ance of the tube circuit equals the 

impedance of the source -here the 

radiation resistance of the antenna. 

This is 75 ohms for a half -wave 
dipole, hence the input impedance - 
as viewed by the antenna -must be 
be 75 ohms too. If the load imped- 

ance equals the source impedance, 

then half of the generated voltage 

Vr is consumed in the source (an- 

tenna), and only half, or Vr /2 ap- 

pears across the load. 

This voltage is across 75 ohms. 

Hence, the received power is 

r) /75 
V2 

_I 

` 

28 vw2 thr 
L t 75 

= (2.6 w hLhr)/et (7) 

where ht, hr, and dt are measured 

in the same units, such as meters. 

At this point it is desirable to 

discuss the foregoing equations in 

order to see more clearly where they 

apply and what they imply. 

In the first place, Fig. 2 in- 

dicates that the same results can 

be expected if the transmitting and 

receiving antennas are interchanged. 

This is borne out by Eqs. (1) , (2) , 
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(5), (6), and (7). In all of these 

ht and hr, appear in the equation as 

a product, which is unchanged if 
the numerical values of the indi- 

vidual factors ht and h are inter- 

changed. In broadcast service, such 

as f.m. and television, Eq. (5) in- 

dicates, for example, that for a 

given power w that is radiated, the 

field strength at the receiver Et 

can be increased if the height of 
the transmitting antenna ht is in- 

creased, even though the receiving 

antenna height hr is low. From a 
practical viewpoint, an elevated 
site for the transmitting antenna 

will be easier and cheabe r to obtain 

than elevated sites for all the re- 

ceiving antennas. 

On the other hand, in point - 

to -point communication both sites 

can be selected for optimum effect. 

Transmitting 
Antenna - 

Net Height 
Reflecting 

receiving antennas above the re- 

flecting plane. In order to take 

into account the refracting effect 

of the troposphere (lower atmos- 

phere), it is customary to plot 
this map with a radius that is 4/3 

of the actual earth's radius. The 

profile should be examined care- 

fully to determine if there is any 

possibility of more than one ground - 

reflected ray directed toward the 

receiving antenna. In Fig. 5 is 

illustrated a profile map of the 

region between a proposed transmit- 

ter and receiver. 

From Eq. (1) the phase shift 

of the ground- reflected wave rel- 

ative to the direct ray can be cal- 

culated. Note, however, that this 

and all succeeding equations are 

simplified approximations, and as- 

sume that the heights ht and hr, are 

30 Miles 

Plane 
Receiving 
Antenna 

Net Height 

4/3 Earth's Radius 

Fig. 5.- Profile map showing use of reflecting plane in calculating propagation 
characteristics. 

Over land paths, a profile map of 
the intervening terrain can be drawn 

in order to determine the net 
heights of the transmitting and 

small compared to the distance of 
transmission dt. Such assumption 
is permissible in most cases en- 
countered in practice. 
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If the wavelength X is suffi- 

ciently small, then for given values 

of ht, hr, and dt, tp may come out 

to be 180 °. In this case the re- 

sultant field strength will be a 

maximum. In point -to -point cammm- 

ication it may be possible to choose 

X, ht, hr, and dt to obtain this 

desirable result. In other words, 

control of the propagation is much 

greater in this class of service 

than it is in broadcasting. 

A simple example will illus- 

trate the use of Eq. (1). Suppose 

h = 30 feet = 9.14 meters (30 X 
r 

.3048); ht = 120 feet = 36.6 m. 

The distance d will be chosen the 

maximum possible for line -of -sight 

transmission. This is given by the 

formula 

dt = 1.414 ( + ) (8) 

where dt is in miles, 

are in feet. 

In the above problem 

and ht and h 

dt = 1.414 (i120 + V) 

= 1.414(10.98 + 5.48) 

= 23.3 miles 

= 37,500 meters 

The value of dt is so much greater 

than ht and hr that all formulas 

apply. From Eq. (1) 

47r x 9.14 x 36.6 . 1122 
tp- 

37,500 X 

Suppose the frequency is 60 mc. Then 

3 x 108 meters - 5 meters 

60 x 108 

Substituting this value of X in the 

preceding expression, we obtain 

_ 
.1122 .0225 radians 

5 

= 1.29° = (.0225 x 57.3°) 

The resultant or net field strength 

in terms of the direct -ray field 

strength Ed is given by Eq. (2) as 

Et = Ed sin = Ed tk _ 0225 Ed 

i.e., the net field strength is 

slightly over two per cent of the 

direct ray at 60 me for the heights 

and distance chosen. 

Suppose, however, the frequency 

was 3,000 mc, X = 10 cm. From Eq. 

(1) t,b now comes out to be (.1122) t 
(.1) = 1.122 radians or 64.3 °. This 

indicates that the ground -reflected 

and direct rays are more nearly in 

quadrature rather than in phase op- 

position, so that Et maybe expected 
to exceed E . For such a large 

value of i Eq. (3) rather than Eq. 

(2) must be used to calculate Et. 
Thus, 

Et = Ed 2 - 2 cos 64.3 

= Ed 2 - 2 (.4337) = 1.'065 Ed 

For this frequency the net or 

resultant field strength is 6.5 per 

cent greater than the direct ray 
Ed. Furthermore, if a half -wave 
dipole is employed, Eq. (4) shows 

that for the same power w, Ed is 

independent of frequency. 

The above simple calculation 

indicates the advantage of using 
higher frequencies in the u.h.f. 

region if the antenna elevations 
are low. On the other hand, it 

must not be overlooked that if the 

elevations are low, the line -of- 
sight distance, dt, is shortened 
too. Hence, even at 3,000 me high 
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elevations may be required to cover 

large distances, and in such a case 

may possibly approach an radians 
(3600), whereupon complete cancel- 

lation will occur between the two 

components of the space wave. 

However, at these frequencies 

X is so short that a minor change 

,-B" 
= 53.6' 

\\16.3°' 

\T 

llg 
36m - 

creased, too. 

An example will make this 

clear. Let X = 10 cm, dt = 18.34 

miles or 29,500 meters, hr = 20.5 

meters, and ht = 72 meters. See 

Fig. 6, points T and D. The curva- 

ture of the earth has been exaggera- 

ted in this figure to bring out 

Transmi 

18.34m" 

Re 

cel v . 4,1t Ing 
4 enfla 6m 

20 
on m, /D 

27 mi. 

ala 

Fig. 6.- Effect of varying transmitting and /or receiving antennas on received 

signal. 

in the actual elevation of either 
antenna will change y from 360° to 

180° or 540 °, whereupon complete 
reinforcement instead of cancella- 
tion will be had. In particular, 

if the height of either antenna is 

increased until q = 540 °, the line- 

of -sight distance dt will be in, 

better the various antenna heights. 

A simple check by means of Eq. (8) 

will show that dt is less than the 

line -of -sight distance for the value 

of ht and h chosen. Then 

tp= 47 x 20.5 x 72 
= 

7r 2 = 300° 
.1 x 29,506 
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This is the condition for cow 
plete cancellation: Et = O. To 

raise tp to 37r= 540 °, the quantity 

h h must be increased to 1144 times 

itsrprevious value if d is un- 

changed. This can be accomplished 

by increasing either ht or h by the 

factor 1.5, or both by a smaller 

factor. For example, each could be 

increased in the same proportion by 

the factor V176 = 1.225. This rep- 

resents a 22.5 per cent increase 

in the height of each. On a per- 

centage basis it is considerable, 

but in actual values it is only 

25.1 - 20.5 = 4.6 meters or 15.1 

feet for h (point A), and 88.3 - 72 
r 

= 16.3 meters or 53.6 feet for h 

(point B). In this case it might 

be preferable to increase only hr 

by 50 per cent, i.e., from 20.5 
meters (67.2 feet) to 30.8 meters 

(100.1 feet) . 

On the other hand, in the above 

problem dt was less than the line - 

of- sight distance. Suppose ht is 

reduced to one -half. tp will be 

one -half its previous value or 180° 

instead of 360 °. Reinforcement in- 

stead of cancellation will take 

_place just as for i/i = 540°. The 
value of h will be 36 meters = 118 

feet (point C), and h will remain 

at 20.5 meters = 67.2 feet (point 

D). Then the line -of -sight trans- 

mission will be 

d = 1.414(67.2 + 118) 

= 1.414 (8.2 + 10.88) 

= 27 miles 

which exceeds the desired distance 

of 18.34 miles. At this maximum 

distance is shown an antenna, F, 

in dotted lines in Fig. 6. It is 

evident from this figure that the 

actual antenna D is above the line- 

of -sight transmission of a trans- 

mitting antenna represented by 

height C. 
In general, at these higher 

frequencies, line -of -sight consid- 

erations often are the determining 

factor rather than the interference 

effects between the two components 

of the space wave, and once the 

heights are chosen to give at least 

line -of -sight transmission, cor- 

rections can then be made to obtain 

the optimum signal. 

Where the antenna heights are 

low, and the frequency not too high, 

then /r, the phase shift of the 
ground -reflected ray, is small. In 

such a case the simple approximate 

formula for E is satisfactory, or 

its more expanded form as given by 

Eq. (5) . The latter is based on 
the use of a half -wave transmitting 

dipole. If a similar receiving an- 

tenna is employed, Eq. (6) gives 
the voltage induced in the antenna, 

and Eq. (7) the power received in 
t matched load of 75 ohms. 

These two equations indicate 

that the induced voltage and received 

power are independent of the fre- 

quency and wavelength, whereas the 

preceding discussion indicated a 
wide deviation in field strength, 
hence, in induced and received 
power. The answer to this apparent 

contradiction is that Eqs. (6) and 

Cr) refer only to heights so low 
that the phase shift 4, is small, 

whereas the preceding discussion 
involved phase shifts as high as 
540 °. In practice such values can 

occur for fairly high antennas and 

very high frequencies. 

One further matter is of in- 
terest at this point. It is evident 

from Fig. 2 that if instead of a re- 

ceiving antenna at point C, a re- 
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fleeting object were located there, 

and the receiving antenna located 

at A adjacent to the transmitting 

antenna, that reception would in- 

volve transmission from A to C and 

thence back to A again. Thus, each 

path -that for the direct and that 
for the ground- reflected ray--is 
traversed twice. The angle 1p is 

therefore doubled, and the effect 

is as if hthr was doubled. However, 

X/2 

X/2 

the actual signal picked up at A 
depends upon the size and reflection 

coefficient of the object at C. 

The above discussion was based 

on the use of half -wave dipoles. 

It is, however, more convenient to 

use directional arrays in the u.h.f. 

range. In practice, the physical 

size of the array is usually limit- 

ed; i.e., the array occupies a cer- 

tain area. This is called the aper- 

._ ñ/2 _0.. X/2 

Transmission 

Line 

Fig. 7.- Example of an eight -element antenna array. 

+ 
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ture, and let it be represented as 

occupying S square meters. 

An example of an array is shown 

in Fig. 7, and was discussed in a 

previous assignment. It cransmits 

or receives a very narrow beam of 

radiation. In this array each ele- 

ment is X/2 in length. In the fig- 

ure, four elements are shown along 

the vertical, and two along the hor- 

izontal. The vertical spacing is 

V2, but the spacing between hori- 
zontal elements is very small, and 

can be ignored. 

Hence, the horizontal width of 

the array is 2X, and the vertical 

distance is (3/2)X. At 100 mc, for 

example, X is 3 meters, so that the 

array occupies a space of 2 x 3 = 

6 meters by 3/2 x 3 = 41/2 meters, 

and thus forms an aperture of 6 x 

41/2 = 27 square meters. This is 

the value of S for this array. 
For 200 mc, the array would 

have to be composed of 4 times as 

many antennas to form the same size 

aperture, since each antenna would 

be half as long, and the spacing 
would be half as great. In the dis- 

cussion that follows, it will be 

assumed that S is the same for all 
frequencies under consideration. 

It will be recalled from an 
earlier assignment that energy is 
radiated from an antenna into space . 

with the speed of light. Through 
any area in space there consequently 

passes a certain amount of energy, 

and the rcite at which it passes 
through represents so much bower 
through this area. 

The amount of energy at any 
point of the area is proportional 
to the product of the electric and 
radiation fields, E and H, at that 

point (the Poynting vector), and 
since either field can be regarded 
as generating the other by its mo- 
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tion, the energy can be regarded 
as proportional to the square of 
either E or H. When all units are 

taken into account, the flow of 
energy, or power, is E2 /12077 watts 

per square meter, assuming that E 
is the same at every point (uniform 

field intensity). Thus, a trans- 

mitting antenna of aperture S radi- 

ates an amount of power 

Pc = SEa/120Tr (9) 

and a receiving antenna of the same 

aperture absorbs a corresponding 
amount of power. 

The increase of power absorbed 

by the area S of the directional 
array over that received by a half - 
wave dipole represents the power 
gain of the array over that of the 
dipole. Although the received power 

has been evaluated by Eq. (7) in 
terms of that radiated by a similar 
half -wave dipole, it will be prefer- 

able in the present case to evaluate 

the gain in terms of the field 
4trength E in the region regardless 
as to how it is produced there. 

The effective length of a half - 
wave dipole is X/77, hence, the in- 
duced voltage is (EX) /7r. Under 
matched conditions half of this 
voltage of (EX) /(277) appears across 
the 75 -ohm load; so that the re- 
ceived power is 

(g)2///75 
E2X2 

watts 
27T 3007r- 

The power gain of the array 
over that of the dipole is then 

G 
SE 2 /12077 

E 
2X 

2/300772 
2.5775/ 2 (10) 

The gain is the same whether the 

antennas are used for reception or 
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transmission. Hence, if it is as- 

sui d that arrays of aperture S re- 

place the dipoles at both ends of 

the system, the overall gain will 

be 62. 

Then Eq. (7) can be modified 

by simply multiplying it by G2 to 

get the received power when arrays 

are used at each end. Then 

w 
2.6wh 2 h 2 

r d' 
t 

haha 
= 16.2n2 w52 

t r d 

where w, it will be recalled, is the 

power radiated from the transmitter, 

and ht, hr, and are in the same 

units, say, meters, and S is in sim- 

ilar square units, such as square 

meters. If the two antenna heights 

are chosen equal, i.e., ht = hr = h, 

then 

wr = 16.2772wS2 (h/dtñ)' (12) 

Eq. (12) indicates that the received 

power is proportional to the fourth 

power of the antenna heights, and 

inversely proportional to the fourth 

power of the wavelength and also 

the distance. 

Hence, with fixed -aperture an- 

tennas, there is a very marked ad- 

vantage in going to higher frequen- 

cies, Providing the same amount of 

Power w is available at the higher 

frequencies. This, however, is un- 

fortunately not the case. It will 

be seen later that as the frequency 

goes up, the power output of tubes 

goes down. 

In using Eqs. (11) and (12) the 

same precautions should be employed 

as in using the previous equations. 

The former are based on the Same 

approximations, naipely, that ht and 

hr are small compared to dt, and 

that the phase shift /i is small. 

The precautions are particularly 
to be employed in calculations at 

very high frequencies, where the 
antenna height may be relatively 

great in order to obtain a large 
line -of -sight distance, and conse- 

quently tk may be very large. In 

such a case the net field strength 

at the receiving antenna should be 

calculated by Eq. (3) rather than 

by Eq. (2) for use in subsequent 
calculations. 

For example, the voltage in- 

duced in a receiving dipole is still 

Etñ/rr, regardless of whether Et is 

calculated by Eq. (2) or Eq. (3). 

The gain of an aperture S over a 

dipole is still given by Eq. (10). 

Consequently, the power output can 

still be calculated on the basis 

that it is E2X2/300n2 watts for a 

dipole, and SE2/120n watts for an 
aperture. 

The previous analysis was based 

on a small phase angle ÿi. As a re- 

sult, as one goes up in frequency, 

the increase in phase shift for a 
given set of antenna heights and 
separation results in a practically 

proportional increase in i and hence 
in the field strength Et. Conse- 

quently, Eq. (7) for half -wave di- 

pole antennas indicates that the 

received energy is independent of 

the frequency because Et increases 

with frequency just as rapidly as 
the effective length of the antenna 

decreases, and Eqs. (11) and (12) 

indicate that the received energy 
increases as the fourth power of 
the frequency (or as 1 /X4) in the 

case of antenna arrays of constant 

aperture. 

However, as one goes up above 

1,000 me or thereabouts, the phase 
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angle f becomes very appreciable 
for reasonable long distances of 

transmission, because the antenna 

heights must be sufficiently great 

to afford line -of -sight paths in 

accordance with Eq. (8). In this 

case it is usually possible to 

choose antenna heights such that t/, 

is an odd multiple of 180 °, and max - 

imum reinforcement of the direct 

ray is afforded by the ground -re- 

flected ray. If such is the case 

for some particular frequency, then 

for a higher frequency cancellation 

instead of reinforcement will occur, 

and the field strength E will de- 

crease. It will then be found that 

the received energy goes down as 

the frequency is increased. 

In order to make a fair com- 

parison when 4, is large, suppose 

that the antenna heights can be ad- 

justed at each frequency to give 

line -of -sight transmission and also 

maximum reinforcement between the 

two components of the space wave. 

In that case the field strength at 

the receiver will be independent of 

frequency, i.e., Et will be con- 

stant. 

Now suppose that a half -wave 

receiving dipole is employed. If 

the frequency is doubled, the actual 

and also the effective length of 

the receiving dipole is halved, 

while E remains constant. The in- 

duced voltage, which is equal to E 

multiplied by the effective length, 

will therefore be halved, and the 

received power wr, which is propor- 

tional to E', will therefore be 

one -quarter of its previous value. 

In the case of an aperture of area 

S, the received power will be con- 

stant and equal to SE1/I20.7, instead 

of increasing as indicated by Eqs. 

(11) and (12) . 

In short, if maximum effect 

from t, can be had at any frequency, 

there is a disadvantage in going to 

a higher frequency when a dipole 

receiving antenna is used, and no 

advantage nor disadvantage when an 

array of fixed aperture S is em- 

ployed. 

As a matter of fact, the amount 

of energy extracted by an antenna 

is from a section of the wave front 

that extends roughly one -quarter 

wavelength away from the antenna. 

If Et is constant throughout this 

space, as assumed here, then evi- 

dently as one goes to higher fre- 

quencies, the decrease in . will 

mean a decrease in energy extracted, 

particularly so in the case of a 

half -wave dipole. At very high fre- 

quencies the energy extracted will 

be so small as to be incapable of 

overriding the tube noise in the 

receiver. For this reason arrays, 

horns, and parabolic reflectors are 

employed, not only to obtain direc- 

tional characteristics, but also to 

extract energy from a reasonable 

amount of space and thus increase 

the signal input. An example of a 

parabolic reflector is shown in 

Fig. 8 and was used in the hyper - 

frequency link across the English 

Channel between England and France. 

A final point concerning in- 

terference should be noted. At the 

lower end of the u.h.f. region, at- 

mospheric static is practically 
non- existent, but man -made inter- 

ference is of importance. Thus, 

car ignition noises, and inter- 

ference from diathermy machines and 

other electrical equipment can cause 

considerable trouble, particularly 

in the case of a high -grade service 

such as television. 

As a general rule, it appears 

that the disturbing energy is mainly 

vertically polarized. This is due 
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to the fact that a horizontal radi- 
ator close to the earth -such as 
the horizontal portions of the brush 
leads of a sparking motor -has its 

(A) 

Fig. 8.- Parabolic reflectors 

radiation effectively cancelled by 
that of its ground image, since the 
currents in the two flow in opposite 

directions. Vertical radiators, on 
the other hand, have a ground image 
whose current flow is in the same 
direction as the radiator, so that 
the effects are additive. (This 

has already been mentioned in the 

assignment on antennas.) Conse- 
quently, there is much to recommend 

the use of horizontal polarization 

for television, for the horizontal 

(8) 

(A) French terminal of the hyper - 
frequency link across the En- 

glish Channel. 

(B) A parabolic reflector used for 

the creation of a hyper -fre- 
quency. 

Courtesy of Electrical Communications) 

usea in u.h.f. transmission. 

receiving antenna will be little 
affected by a vertically polarized 
wave. 

Furthermore, it has already 
been mentioned that in the aerial 
navigation services employing fre- 

quencies in the order of 100 mc, 
horizontal po]arization is favored 

because it appears to be much less 
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affected by variations in the con- 

ductivity of the terrain, such as 

due to snow or rain. 

At the very high frequencies, 

there is an absence of both atmos- 

pheric as well as man -made static. 

This is not surprising when one 

considers how difficult it is to 

generate such high frequencies. 

Very few pieces of electrical equip- 

ment are smell enough to have natur- 

al resonances at the very high fre- 

quencies. However, tube noise is 

still present to as great an extent 

as at the lower frequencies, and in 

view of the small energy pickup, at 

least by a half -wave dipole, the 

tube noise becomes the important 

factor in determining how weak a 

signal can be handled. This will 

be discussed in greater detail far- 

ther on. 

CIRCUIT ELEMENTS 

TRANSMISSION LINES. -Mention 
has been made that as the frequency 

goes up, the size of the circuit 
elements required for resonance de- 

creases until ultimately they become 

too small to be practical. It is 

then that transmission lines enter 

favorably into the picture and be- 

gin to ftnctien as circuit elements. 

An important feature is that the 

connecting wires, such as these 

within the tube (from the socket 

pin to the tube electrodes) can be 

incorporated with the external line 

to form a continuation of it, with 

the result that such connections 
are possibly an aid rather than a 

hindrance to the generation of 

u.h.f. It is advisable at this 

point to review the material on 

transmission lines that appears in 

the preceding assignments on anten- 

nas . 

A line that is terminated in 
its characteristic impedance Za is 

termed a non -resonant line. The 
r.m.s. values of the voltage and 

current decrease by small amounts 

as one proceeds down the line, de- 

pending upon the line losses. For 

short lengths, the decrease is prac- 

tically negligible. 

When a line is not terminated 

in Z., then reflections take place 

at the termination, and the inci- 

dent and reflected waves of voltage 

or current reinforce each other at 

some points of the line, and cancel 

each other at other points, thus 

giving rise to nodes and loops in 

the current and voltage. 

Such effects are a maximum for 

complete mismatch: open- or short - 

circuit terminations, and for line 

lengths that are multiples of ñ/4. 

For example, a line 10 cm in length 

is a ñ/4 line at 750 me. If open - 

circuited at its far end then it 

appears essentially as a short -cir- 

cuit at its near end, that is, like 

a series -resonant circuit. If it 

is shorted at its far end, it ap- 

pears as an open circuit at its 

near end (parallel resonant cir- 

cuit) . 

Note the appreciable length 

10 cm that acts as a series- reson- 

ant circuit at the high frequency 

of 750 mc. An equivalent lumped 

L-C circuit would have impractica- 

bly small circuit components, where- 

as the line is of reasonable length. 

Also its losses are much less, that 

is, its Q is higher than that of a 

lumped circuit. 

Lines of X/2 in length behave 

oppositely to those ñ/4 in length, 

e.g., an open -circuited %/2 line 

looks like an open circuit at its 

near end (parallel resonant) . A 



18 ULTRA -HIGH FREQUENCY TECHNIQUE 

line 3X/4 in length behaves like a 

V4 line, etc. Generally, resonant 

lines arej V4, or at most A/2 in 

length, tecause the losses go up 

with the length (measured in wave- 

lengths) and the Q goes down. 

Q OF A RESONANT LINE.--In or- 

dinary circuit theory, the Q of an 

inductance coil, for example, is 

the ratio of the reactance of the 

coil to its resistance, or Q = wi/R. 

Xm 

.707Xm 

X 

flfrf= Freq. 

Fig. 9.- -Resonance curve, showing 

method of measuring the Q of the 

resonant circuit. 

For an L-C circuit it can be shown 

to depend upon the sharpness of the 

resonance curve. This is illustrat- 

ed by Fig. 9. 

Let f be the resonant frequen- 

cy. Also let fl and f2 be two fre- 

quencies at which the reactance is 

1/17:i or .707 that at resonance, 

denoted by X.. For a circuit of 

normally high Q, fl is approximate- 

ly as much below fr as f is above 

it, i.e., (f - ft) = e, 
2 

- f,.) . 

The Q of the circuit can be shown 

to be 

Q = 
fr fr (13) 

2(fr - ft) 2(f2 - fr) 

The closer ft and f are to fr, the 

higher is the Q, and the sharper is 

the resonance curve. 

In the case of an actual reso- 

nant line that has resistive losses, 

such as a K/4 line shorted at its 

far end, the resonance curve does 

not go off to infinity, but has 

more nearly the shape shown in Fig. 

9, i.e., it has a finite peak. Ac- 

cordingly, an expression for its 

Q can be found on the basis of Eq. 

(13) . Thus 

2nrf Z 277Z 

Q = 
o o o 

cR R 
o 

(14) 

where Z is the characteristic im- 
O 

pedance of the line. 

f is the frequency at which 

it is resonant as a quart- 

er -wave line. 

X is the corresponding wave- 

length in meters. 

c is the velocity of light = 

3 x 108 meters per second. 

R is the resistance per loop 

meter. 

The resistance R of the line 

depends upon its construction, and 

exceeds the d.c. resistance of the 

conductors owing to skin effect, 

which forces the current to the 

surface of the conductors and thus 

increases the resistance. For a 

two-wire line, composed of two copper 

conductors each having a radius 

of a, in meters, see Fig. 10, the 

resistance is given by the formula 

R = 8.32-X 10-8 S?/loop meter 
a 

(15) 

where f is the operating frequency. 

If the dimensions are given in 

inches, 

R = x 10 
"e 

SI per loop foot (15a) 

a 

where a is in inches. 
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power in the numerator. Dividing 

VT of the denominator into f of the 

numerator produces if in the numer- 
ator. This means that Q varies as 

the square root of f, i.e., in- 

creases with f. Thus, if the fre- 

quency is increased four -fold, the 

Q is doubled. 

As a result, resonant trans- 

mission lines are particularly vale 

able at high frequencies because 

their Q is much higher than that 

of a practical lumped circuit, and 

at the same time the quarter -wave 

line becomes sufficiently small in 

physical size to be practical. It 

will be instructive to evaluate the 

Q of some quarter -wave lines. For 

this purpose the expression for the 

characteristic impedance of a line 

must be given. 

For a two -wire line this is 

(refer to Fig. 10) 

For a coaxial line 

R = 4.16 x 10 -8 x 

\1 

+1) /loop meter (16) 

a bJl 

where a and b are in meters (see 

Fig. 11) . Also 

R = 5f (1 /a + 1 /b) 

x 10-' ohms per loop ft. (16a) 

when a and b are in inches. 

It will be noted that R varies 

as the square root of the frequency. 

D 

L(__ 

h 
Fig. 10.- Important dimensions for 

a two -wire line. 

Hence, substitution in Eq. (14) of 

the appropriate formula (15) , (15a) , 

(16) or (16a) gives rise to a f 
term in the denominator. The fre- 

quency also appears to the first 

Fig. 11.--Important dimensions for 

a coaxial line. 

Z = 276 log D in ohms (17) 
a 

Since only the ratio of D to a is 

involved, Eq. (17) requires only 

that D and a be measured in the 

same units -- inches or meters, etc. 

For a concentric line (ignor- 

ing the effect of the dielectric 

spacers) 

Zo = 138 log b/á (18) 

where again b and a (refer to Fig. 

11) have only to be measured in the 

same units. 

Consider now a copper two -wire 

quarter -wave line having the fol- 

lowing constants: 

a = 0.5 inch 

D = 2 inches 

f = 300 me 
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It is desired to calculate the Q 

of this line. First calculate Z . 
o 

Zo = 276 log 2/.5 = 276 log 4 

_ (276) (.6021) = 166 ohms 

The wavelength corresponding to 300 

me is 3 x 10 8 s 300 x 108 = 1 meter 

= Ao . From Eq. (15a) , 

Then 

R 1/3 x 108 x 10 -8 

.5 

_ .0346 ohm per foot 

= .0346 x 3.28 

= .1135 ohm per meter 

2 7 x 166 - 9,180 
.1135 x 1 

A Q of 500 is considered very good 

for lumped circuits, so that it is 

evident that the quarter -wave line 

has a very high Q indeed. 

A similar example can be worked 

out for a concentric line. Suppose 

this has an inner conductor of .5- 

inch radius too, and an outer con- 

ductor of 3.6 x .5 = 1.8 inches 

radius. The reason for using the 

factor 3.6 is that the losses of a 

coaxial cably( are at a minimum when 

the ratio of outer to inner con- 

ductor is 3.6. Similarly, it will 

be noted above for the two -wire line 

that the ratio D/a is four. This 

is about the optimum for a two -wire 

line and gives the highest Q. 

The characteristic impedance 

is 

Z = 138 log 3.6 = 138 x .5563 
0 

= 76.8 ohms 

Also 

R = 5V3 x 108 (1/.5 + 1/1.8) x 10-* 

TECHNIQUE 

= .0221 ohm per loop foot 

= .0221 x 3.28 

= .0725 ohm per loop meter 

Then 

=277x 76.8 =6650 
.0725 x 1 

It will be noted that the Q is 

actually less for the concentric 

line than it is for the two -wire 

line. This is because the concen- 

tric line has inherently a lower 
characteristic impedance. There are 

other factors, however, that must be 

taken into account. For example, a 

two -wire linE radiates appreciable 

amounts of energy, particularly at 

the higher frequencies, whereas a 

coaxial line does not, particularly 

when shorted at the far end. On the 

other hand, a two -wire line is easier 

to adjust, i.e., to make changes in 

its spacing or in its length to vary 

respectively its characteristic im- 

pedance or resonant frequency. 

SHORT- AND OPEN- CIRCUITED 
LINES. -In general, short- circuited 

lines are preferred to open -cir- 
cuited lines because of the radi- 
ation losses from the open -end of 

the latter and possibility of coup- 

ling to other circuit elements. 
Nevertheless, open- circuited con- 
centric lines are feasible if the 
outer radius is below the cutoff 
frequency of the equivalent wave 
guide (to be explained later), and 

the outer conductor extends a short 

distance beyond the inner one. 

Completely to short -circuit a 

line, it is necessary to short cir- 

cuit all of the electric field lines 

existing between the conductors. 
However, it is satisfactory merely 

to cap the end of a concentric cable 

with a copper disc that makes good 
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contact with the outer and inner 

conductors, and in the case of a 

two -wire line, to use a disc of 

copper, as in Fig. 12, that is, whose 

Two -wire 

Line 

Short -circuited 

Disc 

Fig. 12.-- Method of short -circuiting 

a two -wire line. 

diameter is three or four times the 

spacing between wires. 

A further refinement, if a suf- 

ficient amount A -A projects beyond 

the short circuit, is to add an- 

other shorting disc a distance X/4 

behind the first disc. This makes 

the impedance of portion A -A appear 

as practically an open circuit at 

the location of the main shorting 

disc, and thus prevents an appre- 

ciable current from being set up 

in it by induction from the section 

to be used. This in turn prevents 

the unused portion from affecting 

the impedance of the other section. 

If a shorting bar is used on 

a two -wire line, as in a Lecher 
wire system, the short -circuiting 

will not be as complete as for the 

disc shown in Fig. 12, and the Q of 

the line will not be as high, but 

the line may nevertheless be quite 

satisfactory for wavelength measure- 

ments, etc., where too high a Q 

gives too sharp a resonance peak 

and makes its detection difficult. 

DEPTH OF PENETRATION. -Befote 

discussing further properties of 
lines, it will be well to note the 

depth of material through which 
high- frequency currents flow. Con- 

sider a circular conductor as shown 

in Fig. 13, through which a high - 

frequency current is flowing. The 

current sets up circles of flux 
around the conductor as shown by 
the broken lines. Note that central 

Fig. 13.--Flux in a conductor pro- 

duces skin effect. 

section A of the conductor is sur- 
rounded by more circles of flux than 

the surface of the conductor. 

Since the inductance of a cir- 

cuit, or portion thereof, is de- 

termined by the amount of flux the 

current through that portion can 
establish, it is evident that sec- 

tion A of the conductor will have 

more inductance and hence more in- 

ductive reactance than an annular 

(ring -like) section at the surface. 

The voltage drop per unit 
length of the conductor must be the 

same for all sections since they 
are effectively all in parallel. 

Let its value be E. Then 

E = IXL 

where I is the current through the 

section of the conductor, and XL 
is the reactance of the section. 
If one section has a higher re- 
actance than another section, the 

current through it must be less 
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than that through the other. As 

a consequence, the current through 

the center A of the conductor is 

far less than that on the surface, 

and this effect becomes more marked 

as the frequency and hence differ - 

ence in reactance increases. 

At frequencies above one mega- 

cycle, the current flow is confined 

mainly to the surface, and tapers 

off rapidly from its maximum value 

there to practically zero at the 

center according to an exponential 

law. The depth of penetration is 

defined as the thickness of a sur- 

face shell that has the same re- 

sistance to d.c. as the entire con- 

ductor cross section has to the 

u.h.f. a.c. This does not mean that 

no current flows below this depth. 

However, if the actual conductor 

thickness is, say, four times the 

depth of penetration, then it is of 

ample thickness to carry the cur- 

rent with substantially the same 

losses as a conductor of infinite 

thickness. 
The depth of penetration, for 

col'ier is given by 

0.0664 meters = 2.61 inches (19) 
s V 
where f is the frequency in cycles 

per second. It will be instructive 

to employ this formula in calcu- 

lating one or two examples. 

1. An iron chassis for a 

transmitter is to be copper- plated 

to function as a highly conductive 

coating. The operating frequency 

of the transmitter is 1 mc. Calm- 

late the depth of penetration and 

form an estimate as to the thick- 

ness of plating required. 

s 
2.61 2.61 _ .00261 inches 1 80 108 

or 2.6 mils 

(A mil is one -thousandth of an 

inch.) If the copper coating is 

about 4x 2.8 = 10.4 mils or a lit- 

tle over .01 inch, very little cur- 

rent should flow in the iron, and 

hence this copper -clad chassis 

should be as good as an all- copper 

chassis. It is to be noted, how- 

ever, that a plating .01 inch thick 

is rather heavy. 

2. Suppose the operating fre- 

quency is 1,000 mc. Then 

S = 2.61//108 
3.16 x 

10-4 

= 82.6 x 10 -8 inches 

The depth of penetration is roughly 

80 millionths of an inch! A coat- 

ing about 4 x 80 = .32 mil would be 

sufficient. For this reason, a 

thin film of silver plate, for ex- 

ample, on a base metal such as iron, 

will function just as well as a 

solid silver conductor. At u.h.f. 

one seldom has to concern himself 

with the thickness of the coating. 

It is generally far in excess of 

that required by Eq. (19) . 

It is to be noted that some 

correction is necessary for the case 

where the bend in the metal is of 

a radius less than the skin depth. 

This will be encountered only in 

the case of machined, sharp corners 

rather than in a bent-up sheet. 

FURTHER REMARKS. -The fact that 

the current flows near the surface 

of the conductor indicates that the 

resistance of a conductor cannot be 

decreased by increasing the cross - 

sectional area of the conductor, 

but rather by increasing its sur- 

face, i.e., the perimeter of the 

cross section, which can be hollow. 

The fact that a concentric 

line has maximum Q when b/a = 3.6 

means that if U, for example, is 
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chosen, then b should be 3.6 a for 

maximum Q. If a is made ten times 

as great, then b will also be in- 

creased ten times, and the new line 

will have a resistance per unit 

length one -tenth as great as per 

Eqs. (16) and (16a). The character- 

istic impedance Z., however, de- 

pends upon the ratio b/a and not 

upon their actual values, so that 

Z. will remain 76.8 ohms. There- 

fore, Eq. (14) shows that the Q of 

the larger line will be ten times 

as great. Thus, to increase the 

Q of the line, use larger values 

for a and b, and maintain their 

ratio at 3.6. The values for a and 

b must not be so great, however, 

that the connections thereto and 

any short -circuiting disc become 

of appreciable impedance themselves. 

Roughly, the diameter of the outer 

conductor of a concentric line, or 

the separation of a two -wire line, 

should be a fraction of a wave- 

length. 
Another point to note is that 

a low -loss line that is not a mul- 

tiple of ñ/4 in length acts like a 

P.R. S.R. P.R. 

Ind. Cap. I Ind. I Cap. 

Shorted 

Open 

x/4 X/2 3X/4 

Cap. I Ind. I 
Cap. I Ind. 

S.R. P.R. S.R 

S.R. = 'Series Resonance 

P.R. = Parallel Resonance 

Fig. 14.--Variation in reactance 

with length, for an open and a shorted 

line. 

capacitive or inductive reactance 

of high Q. The variations of the 

reactance for an open - and short- 

circuited line with length (or fre- 

quency) are shown in Fig. 14. Some 

uses of such elements will be given 

subsequently. 

NON -RESONANT LINES. -It was 
stated previously (as well as in 

an earlier assignment) that when 

a line is terminated in its charac- 

teristic impedance, no reflections 

take place at the termination, and 

the line behaves exactly like a 

line of infinite length. The mag- 

nitude of the current and of the 

voltage remains constant all along 

the line (if the latter has no 

losses) or decreases exponentially 

with distance from the generator 

end if the line has losses. There 

are no nodes or loops either for 

the current or the voltage anywhere 

along the line; the impedance look- 

ing into the line is Z0, the char- 

acteristic impedance, regardless of 

the length of the line. It is said 

to be non-resonant. 

It follows, therefore, that 

such a line will not appear to be 

reactive for lengths between even 

and odd multiples of X/4 and re- 

sistive at multiples of X /4. At 

radio frequencies the characteris- 

tic impedance is practically /L/C, 

where L and C are the inductance 

and capacity per unit length. This 

quantity- /L /C--is a pure resis- 

tance. Hence, a line so terminated 

will appear to have this value of 

resistance regardless of its length. 

In a resonant line the current 

and voltage have loops and nodes 

(maxima and minima) at intervals 

of X/2 along the line with the 

nodes of one X/4 distance from the 

nodes of the other. The losses of 

the line vary as the square of the 

current (conductor resistance and 

radiation resistance) and as the 

square of the voltage (dielectric 
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losses). These losses are higher 
in a resonant line than in a non- 

resonant line because of the larger 
current and voltage values at the 
loops in the former. 

As a consequence, a non -reso- 

nant line is preferred when its 
purpose is merely to transmit power 

from one point to another, as it 

does so with a minimum of loss. A 

resonant line is used where one 
wishes to obtain reactances (ca- 

pacitive or inductive) at high fre- 

quencies, or series or parallel 
resonance, as explained in the pre- 

ceding section. 

The property of a non -resonant 

line that its input impedance is 

equal to its characteristic imped- 

ance regardless of length is a val- 

uable one. Thus, as a simple ex- 

ample, suppose that a dipole anten- 

na, Fig. 15, is to be fed from a 

transmitter located at a distance 

- Transmitter r-- -- - 
I 

I< 
< 

! < 

= Zo 

L------J 
Fig. 15.- Terminating a line in its 

characteristic impedance makes it 

non -resonant regardless of its 

length. 

from the antenna. The dipole is 

like a half -wave resonant line, 

corresponding to an open- circuited 

quarter -wave two -wire line, as ex- 

plained in an earlier assignment. 

As such it should exhibit zero re- 

sistance at its center A, but owing 

to the losses in the antenna (prin- 

cipally radiation, which is desired 

from the antenna) it exhibits at 

A a resistance of 75 ohms. This 
is its so- called radiation resis- 
tance. 

The transmission line feeding 
the antenna can be designed to have 

a characteristic impedance of 75 
ohms. Thus, suppose a concentric 

line is employed, and a No. 10 in- 

ner conductor is used. It has a 

diameter of 0.1 inch. From Eq. (18), 

or 

Z 
0 

= 138 log b/a = 75 

= 138 log b /.05 

log b /.05 = 75/138 = .543 

b /.05 = anlg .543 = 3.49 

b = .05 x 3.49 = .175" 

This line can be of any desired 
length, and when the antenna is 

connected to it, it will be non - 
resonant. In short, so do the dis- 

tributed capacity and inductance 

interact that so far as the trans- 

mitter is concerned, it sees a pure 

resistance of 75 ohms for any length 

of line. 

On the other hand, if the line 

were not designed so that its char- 

acteristic impedance were equal to 

the radiation resistance of the an- 

tenna, i.e., merely a pair of wires 

connected between the transmitter 
and the antenna, then the impedance 

that the transmitter would see 
would be partly reactive, and of 

a value depending upon the length 
of the line. The result would be 
that not only would the line losses 

be increased, but tJe reactance ap- 
pearing at the transmitter end would 

tend to detune the latter's tank 

circuit and require considerable 

li 
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adjustment for each value of line 
length. 

Even when matched, however, 
a transmission line has losses ow- 

ing to the resistance of its con- 
ductors and the dielectric losses. 

For the ordinary line that has 

mainly air for its insulation the 

principal loss is that of conductor 

resistance. Expressed in db, this 

is, in general, for a terminated 

non -resonant line, 

db power loss - 
8.686 Rl (20) 

2Z 
o 

where R = the series resistance of 

the line Per foot. 

I = the length of the line 

in feet. 

Z. = the characteristic im- 

pedance of the line in 

ohms. 

It will be recalled, however, that 

R is a function of the type of line 

and conductor size, as indicated 
previously by Eqs. (15) , (15a) , 

(16) and (16a) . 

Hence, the attenuation in db 
per meter for a two -wire line may 
be written 

10 log 
Power out 

Power in 

(1.3) (10-6) V db/meter (21) 
a logro D/a 

where a and D are in meters (see 

Fig. 10) . 

For a concentric line the at- 

tenuation is 

(1.3) (10-9)f 1 + 1 db/meter (22) 
logfo b/a a b 

where a and b are in meters (see 

Fig. 11) . 
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As an example, consider the 

concentric line calculated above. 

What is its attenuation for 100 

feet at 400 mc? From Eq. (22), 

db/meter= 

C 

(1.3) (10-6)1400 x 106 

log .175/.05 

1 + 1 

( .05x .1Y254 .175 x .0259) 

_ .0184 db /meter 

_ .0484 - 3.28 

= .01475 db /foot 

For 100 feet, the total db loss is 

.01475 x 100 = 1.475 db. 

Suppose the input power P1 = 

10 watts. Then the output power 

P can be found as follows: 

or 

then 

10 log P./P1 = -1.475 

10 log P1 /Po = +1.475 

P1/P. = antilog 1.475/10 

= antilog .1475 

= 1.405 

1.405 = 10/P0 

P = i0 - 7.12 watts 
1.405 

Power lost = 10 -17.12 = 2.88 watts 

It will be observed that the losses 

are relatively small for 100 feet 

of transmission. 

THE LINE AS A TRANSFORMER. -The 
quarter -wave line has a further 
valuable property: it can act sim- 

ilar to a transformer in matching 
two unlike impedances. Thus, sup- 

pose an impedance Z1 (Fig. 16) is 
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connected to a quarter -wave line 

of characteristic impedance Z. As 

1-4-X/4 "I 

Fig. 16.--Use of a quarter -wave line 

to match two impedances. 

viewed from the other end of the 

line, it appears as an impedance 

Zi of value 

or 

Zl 

Z = Y Z1Zn 

(23) 

0240 

Dqs. (23) and (24) enable the en- 

gineer to build a line to match one 

impedance to another. For example, 

suppose it is desired to have a 

resistance of 800 ohms appear as 

200 ohms. Then Z = 800 ohms, and 

Zs = 200 ohms. From Eq. (24) 

Z 
0 
=V800 x 200 = 400 ohms 

The impedance transforming 

properties of a quarter -wave line 

are of great utility, especially 

when combined with some of the 

other properties of a line. 

APPLICATIONS.--A few examples, 

together with calculations, will 

be given of the use of lines in 

actual circuits. In Fig. 17(A) is 

Shown a lumped circuit type of os- 

cillator. In Fig. 17(B) is shown 

a shorted quarter -wave resonant 

line counterpart of the former os- 

cillator. 

In the case of the line os- 

cillator, C1 acts as an a.c. short 

circuit but permits the plate d.c. 

potential to be different from that 

of the grid. It will also be noted 

that no r.f. choke is required, 

since the "B" supply connection is 

at a point of low rlf. potential. 

Output 

I - ,-- 
+B - 

Ct 

(A) 

R C,= 100 110 

(B) 

Fig. 17.--Lumped tank circuit and 

its transmission -line equivalent. 

Indeed, at ultra -high frequencies 

it is rather difficult to build a 

lumped inductance whose distributed 

capacity is low enough to permit 
it to function as such. Note fur- 

ther condenser C2. This is used 

to adjust the line to resonance 

over a narrow range of frequencies. 

In addition to C2 there are 

the interelectrode capacities of 

the tube shunting the line. These 

also serve to establish ground with 

respect to the two sides of the 

line. Thus, the plate -to- cathode 
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capacity and the grid -to- cathode 

capacity place the two sides of the 

line at definite potentials with 

respect to the cathode and hence 

with respect to ground. They thus 

correspond to the tapped- condenser 

of the usual Colpitts circuit. 

The use of a line instead of 

a lumped circuit permits elements 

of reasonably large size and of 

very high Q, to be used as has been 

indicated. Therefore, a line is of 

value for a tank circuit because 

its high Q or selectivity provides 

very good frequency stability. A 

quartz crystal is of value for this 

purpose at' low frequencies, such 

as in the standard broadcast band, 

because of its exceptionally high 

Q. This is due to the fact that 

mechanical systems inherently have 

a high Q. But for u.h.f. stabili- 

zation, the crystal would have to 

be so small as to be impracticable. 

Fortunately, resonant lines become 

feasible in this range and take 

over the role of stabilizing the 

oscillator frequency very nicely. 

An example of their use will follow 

shortly. 

In passing, it is to be noted 

that in order that the Q be high it 

is important that very little load 

be coupled to the resonant circuit. 

Shortening of Lines.--It is 

evident that the presence of C2 and 

the tube capacities require a line 

that serves as tha inductance of 

the resulting tank circuit. A 

shorted line less than X/4 will 

function as an inductance, as ex- 

plained previously. The length of 

line required depends upon the 

capacity with which it is to tune, 

and also upon its own characteris- 

tic impedance and the operating 
frequency. 

Ir. Fig. 18(A) is shown a short- 

ed line section that is to tune 

with a given capacitor C at some 

frequency f = w /2n. In analyzing 

the problem, the capacitor can be 

replaced by an open -circuited line 

less than X/4 in length, since this 

has a capacitive reactance too. 

Line 

(A) 

N-- X/4 

Line C 

I-114 1. 1, I 
(B) 

Fig. 18.- -Use of a capacitor to de- 

crease the length of a resonant 

line. 

Thus, the actual line and capacitor 

can be replaced by an equivalent, 

longer line. This is shown in Fig. 

18(B). The total length of the 

actual line lL plus the hypothetical 

portion lc that replaces C must 

clearly be X/4 in length in order 

that parallel resonance occurs. 
The length lc is found from 

the following formula: 

Z. 

%2rr1c 1 
II`` 

ffll 

cot(217/ 
c 1 

l 
J 

(25) 

i.e., le is given in terms of the 

reactance X, of the condenser (= 
1/4), the characteristic impedance 

Zo, and the wavelength of the line. 

Thus, once lc is found, it can be 

subtracted from %/4 to give the 

length lL of actual line required 

to tune with the actual capacitor 
C. However, normally one is given 

only C and the frequency of opera- 

tion. Eq. (25) indicates that Z. 
must also be known before lc can 
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be found and then lL 
Since Z. is not fixed by any 

of the requirements of the problem 

as it ordinarily arises, one can 

choose Z. as one pleases. Usually 

one desires a line lL to represent 

an inductance with as high a Q as 

possible. 

It has been indicated that 
minimum losses and maximum Q are 

obtained for a concentric line if 

b/a = 3.6, and for a two -wire line 

if D/a 4. These spacings also 

determine Z. for the line. Thus, 

for a concentric line Z will be 

76.8 ohms, and for a two -wire line 

Z. will be 166 ohms. Therefore, 
these values for Z. should normally 

be used in Eq. (25) to determine 

lc and then, by subtraction from 

X /4, /L. 

Under certain conditions, how- 

ever, it may be advisable to choose 

a different value of Z. For ex- 

ample, if a lower value of Z. is 

chosen, the required length of line 

will be closer to ñ/4, which may be 

of some value at very high frequen- 

cies where X is small. On the 

other hand, the greatest change of 

length for a given change in ca- 

pacitive reactance occurs when X. = 

Z . This means that the line is 

least critical in adjustment. How- 

ever, this value of Z. may require 

unusual spacing of the conductors. 

Hence, the values indicated pre- 

viously that give maximum Q are 

generally preferable for Z °. 
Eq. (25) can then be solved 

for lc in terms of X °, Z °, and A. 

However, to avoid computation this 

equation has been plotted in the 

form of l versus X /Z° as is in- 

dicated in Fig. 19. The length 

of the actual line that will tune 

with the given capacitor is then 

X/4 - 1, = lL, as stated above. 

This has also been plotted in Fig. 

19*. In the figure the angle O in 

degrees is equal to 360 x l/A. Thus 

the left -hand ordinate scale gives 

the electrical length of the line 
as measured in degrees, and the 
right -hand scale gives the length 
as measured in wavelengths: 

As an example of its use, sup- 

pose it is desired to tune a ca- 
pacitor of 10 {yif with a line at 

300 me (X = 1 meter). Suppose a 
concentric line of Z. = 76.8 ohms 
is employed. X. = 1 /(2n x 300 x 106 
x 10 x 10 -12) = 53 ohms. Then X./Z 

° 

= 53/76.8 = .69. From Fig. 19 it 

is found that the line length is 

34.5° or .0957X. This is consider- 

ably less than .25X, i.e., a 10 -,uµf 

condenser represents at 300 me a 

line 55.5° long or (.25 - .0957) = 

.1543X. If the concentric line 
were built to have a lower Z °, such 
as 53 ohms (= X.), then the line 
length would be X/8 or 45° long. 

Calculation of Line MO- 
dance.--The shorted line and ca- 
pacitor form a parallel resonant 
circuit whose impedance at the ca- 
pacitor end is high. If there were 

no losses the impedance would be 
infinite. Although the capacitor 
can be made to have very low losses, 

the line will have at least a re- 
sistance loss which is fixed by the 
material (copper) and conductor 
radius and spacing as shown by Eqs. 
(15) or (16). These losses reduce 
the impedance and also the Q from 
infinity down to a finite value. 
This in turn reduces the frequency 
stability of the associated oscil- 
lating tube. 

It would therefore appear ad- 

*Taken from *Graphs for Trans- 
mission Lines," by B. Salzberg, 
Electronics, Jan. 1942; McGraw -Hill 
Publishing Co. 
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visable to use a maximum amount of 

capacitance and minimum length of 

shorted line. This, however, is 

not the case. In Fig. 20 is shorn 

Fig. 20.- Current -voltage relations 

in a shorted line tuned with a ca- 

pacitor to fore an equivalent quar- 

ter -wave shorted line. 

once again the line and associated 

condenser C, as well as the open - 

circuited line that is equivalent 

to C (in dotted lines). Above it 

are shown the (approximately) sinu- 

soidal current I and voltage E dis- 

tribution along the line. 

At the open end (terminals 1 -1) 

the current is not zero, but bas a 

value of io owing to the losses in 

the line, while the voltage has 

some peak value -call it eo. The 

impedance seen at 1 -1 is Z. = eo /io 

and is finite instead of Infinite 

in magnitude. However, at the 

actual terminals 2 -2, the ,current 

is greater or i1, and the voltage 

is less or e1. 

The impedance is therefore 

much less or Z1 = e 
1 
/i 

1 
. This il- 

lustrates another very valuable im- 

pedance transforming property of a 

line, namely, that of a X/4 line 

shorted at one end and having 
an 

impedance connected across the 
line 

at one point, while the impedance 

across the line is measured at 
an- 

other point. In th4s case the for- 

mer impedance is that seen at the 

open end (of the hypothetical ex- 

tention of the actual line) and is 

due to the losses of the line rather 

than due to an actual resistance 

across terminals 1 -1. The impedance 

that can be physically measured, 

however, is that at terminals 2 -2, 

at a distance from the shorted end 

of ZL. The ratio of these impe- 

dances is 
360 lL 2 

s in 
Z1 

Zm sin 90 0 

= sin 
2 360 /L 

X 
(26) 

Thus, as C is increased and IL 

thereby shortened, Z. increases be- 

cause less CL means less losses 

and a higher Q. But Z1, the impe- 

dance seen at the actual terminals 

2 -2, goes down when calculated by 

Eq. (26). An involved analysis by 

Nergaard and Salzberg* indicates 

that maximum impedance is obtained 

when lL is practically one -quarter 

wave long and C is zero. If C is 

not zero, then the impedance is 

less, and this is generally the 
case: one is given a certain amount 

of C that has to be tuned with a 

line. 

In the case where lL is fur- 

ther varied by changing the char- 

acteristic impedance Z. of the 

shorted line, it appears the im- 

pedance seen at the capacitor ter- 

minals is greater when Z. is chosen 

larger even though lL is thereby 

increased, although the variation 

is not very marked. 

**Resonant Impedance of Trans- 
mission Lines," Proc. I.R.B., Sept. 

1939. 
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The impedance (really resis- 

tance) measured at the capacitor 

terminals 

or 

Z = r i 
Z 1 

° k 20L + sin 20 

1 - cos 2B1, 

Z r 

Z Z 
o o 

1 

k 20L + sin 2BL 

1 - cos 20L 
(27) 

where AL is the length of the short- 

ed line measured in radians (= 27r 

/L/X), and k is the dissipation 

factor and equals approximately 

/ where R and L are the series 

resistance and inductance of the 

shorted line per unit length. The 

unit of length is immaterial since 

their ratio is involved. 

To facilitate computation of 

r, the quantity 

1 - cos 20L 

20L + sin 20L 

of Eq. (27) has been plotted in 

Fig. 21. It is labeled there F and 

.7 

.6 

w .5 

ó .4 
.+ 
U 

.2 

10 20 30 40 50 60 70 80 90 
6 - degrees 

Fig. 21. -plot of F vs. 8L. 

is plotted against eL in degreeo. 

Its use will now be illustrated 

by means of the previous problem. 

It was found that for a 10 -14íf con- 

denser at 300 mc, the shorted con- 

centric line should have an elec- 

trical length of 34.5° for Z° = 

76.8 ohms. From Fig. 21, the value 

of F is found to be .3. To evalu- 

ate k, R and L must first be cal- 

culated. Let a = 1/8 inch, and b = 

3.6 x 1/8 = .45 inch. Then, from 

Eq. (16a) , 

CR= 5 x 10-7 i/3 x 108 
1 + 1 

'125 '4d 
= .0886 ohm per foot 

The inductance of a concentric 

line is given approximately by 

L = 0.140 x 10-e log 
b h/foot (28) 
a 

Hence, 

L = 0.140 x 10-8 log 3.6 

_ .0779 x 10 -6 henry per foot 

Then 

k = 
2coL 

.0886 

2 x 27rx 3 x 108 x 7.79 x 10 -8 

= 3.02 x 10 -4 

The resistance measured across the 

capacitor is 

or 

ZF 
r = ° 

k 
(29) 

= 76.8 x .3 - 76.3 x 103 
3.02 x 10-4 

= 76,300 ohms 
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This is a high value for the given 

C and frequency, and illustrates 
the high Q that such a combination 

can have. It does not take in ac- 
count the losses in the capacitor, 

however. These will be in parallel 

with the above resistance. 
Line Tabs. -Suppose that in- 

stead of measuring the impedance 
at the capacitor terminals, mea- 
surements are made at a point near- 

er the shorted end of the line. 

IL 

Fig. 22. -Use of taps on a shorted 
equivalent quarter -wave line to ob- 

tain a lower impedance. 

This is shown in Fig. 22, where It 
is the length of line at which the 
taps are made. Since the voltage 
varies sinusoidally along the line, 
the impedance seen at any point 
of the line varies as the square 
of the sine of the electrical length 
or angle of the line. For a tuned 
line the impedance looking into 
any point of the line is a pure re- 
sistance -call it r. Then 

rt=r 

r 

sin2 (360 l tA) 

sin2 (360 Z LA) 

sin2 6t 

sin2 BL 
(30) 

This would indicate that a 
lower resistance rt, connected at 

point Bt, is exactly equivalent to 

a higher resistance r connected at 

BL. This is only approximately 
true. A resistance r at Bt tends 

to disturb the sinusoidal distri- 
bution of the voltage along the 
line by producing a kink at that 
point, unless it is very high com- 

pared to the characteristic impe- 
dance of the line and the damping 

in the line. At the center of the 
line an order of magnitude of one 
megohm has been indicated for rt,* 
in order that the voltage distribu- 

tion be not unduly disturbed. 

Nevertheless, Eq. (30) can be 
employed with sufficient accuracy 
for practical purposes, particular- 

ly when the damping of the line is 

low and the Q is consequently high. 

It can serve as a first approxima- 

tion even in circuits of lower Q, 

and if sufficient adjustment lati- 
tude is provided exact tap settings 

may be made subsequently by experi- 

ment. 

At any rate, the impedance 
seen looking into the shorted line 
at a point nearer the shorted end 
is lower than that seen at a point 
nearer the open end. Thus, one can 

couple a tube to the circuit at a 
point where a maximum output from 
the tube is obtained, i.e., optimum 
impedance matching is possible. 

In order to facilitate the 
computation of the tap length et = 

(360 l t/X) , Eq. (30) has been trans- 

formed and plotted in Fig. 23. In 
this figure, the impedance ratio a 
refers to rt /r. Since rt can equal 

r only as a maximum value when It = 

l, a is a fraction whose maximum 
value is unity. For each line 

*See R. King, "General Ampli- 
tude Relations for Transmission 
Lines with Unrestricted Line Para- 
meters, Terminal Impedances, and 
Driving Points," Proc. I.R.B., Dec. 
1941. 
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length in degrees 00 a curve has 
been plotted giving the ratio of 

sin2Ot 

sinaOL r 

a 

Tis, a family of curves for values 

of 0L differing by ten degrees has 

been plotted. Interpolation be- 

tween plotted values can then be 

made where necessary. 

Suppose, in the previous ex- 

ample where f = 300 mc, it is de- 

sired to couple in the tube so that 

it sees an impedance of 20,000 ohms. 

The maximum impedance is 76,300, 

hence the impedance ratio a is 

20,000/76,300 = .262. The line 

length OL is 34.5 °. An ordinate 

through .262 (dotted line in Fig. 

23) intersects the 0L = 30° curve 

in A, and the BL = 40° curve in B. 

The tap length 0t is 14.7° and 

18.9 °, respectively. 
For 0L = 34.5, 00 by inter- 

polating, is 

14.7 + 
- 30 x (18.9 - 14.7)[34'5 

40 -30 

= 14.7 + 1.89 = 16.59° 

If Eq. (30) is solved directly, 0 

Open End 

Of Line 

X 
o 

a 

Blocking 

Condenser 
{ 

RFC 

cames out to be 16.85° or practical- 

ly the same value as the eurves. 

The actual length of line up 

to the tap or it, is then very simp- 

ly 

or 

ko 
l = t 
't 360 

1mx16.85x9.28 

360 

(31) 

= .1534 feet or 1.841 inches 

Line Oscillator, --In Fig. 24 

is shown another application of a 

concentric line to an oscillator. 

Here the operating frequency is low 

enough for lumped circuit elements 

to be feasible in the plate cir- 

cuit, but the superior Q of the 

quarter -wave line makes it preferred 

in the grid circuit as a frequency- 

stabilizing element. 

Of particular interest in Fig. 

24 is the fact that the grid is 

tapped down on the line. As will 

be shown later, at the ultra -high 

frequencies vacuum tubes begin to 

exhibit excessive losses. Of par- 

ticular importance are those de- 

veloped in the grid circuit owing 

to transit time and cathode indur- 

Load 

Tap On 

Line 

Fig. 24. -Use of a concentric line 

Regeneration 

Control 

as a high -Q frequency stabilizing element 

in an oscillator. 
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tance effects. These losses occur 

even though the grid may be nega- 

tively biased and not permitted to 

draw conductive current. 

Accordingly, the impedance 

looking into the grid circuit may 

be regarded as a resistance and ca- 

pacity in parallel. If the grid 

were connected to the open end of 

the concentric line, then two things 

would happen. First, the grid ca- 

pacity would require the line length 

to be shortened. Second, the re- 

sistance component would lower the 

impedance and hence the Q of the 

line. 

By tapping down on the line, 

the resulting impedance transforma- 

tion makes the equivalent capacity 

at the open end of the line very 

low. Therefore, little effect on 

the line length is incurred; one 

can assume to a fair degree of ap- 

proximation that the line is one - 

quarter wave in length. Such an 

assumption simplifies the determi- 

nation of the tap position for a 

required impedance. On the other 

hand, if it is desired to employ 

a trimmer capacitor for adjustment 

purposes at the open end, then the 

line must be shortened accordingly, 

and the method previously outlined 

must be employed. 

The impedance seen at the open 

end of the line owing to the line's 

resistance can be found by using 

Eq. (29) where F = 2/7T. In this 

particular case (for a quarter - 

wave line) Eq. (29) becomes 

r 2Z2 = 
8Z 

2 

(32) 
RI RX 

where L is ñ/4. 

Then if the impedance desired 

to be seen at the tap is rt, the 

tap position can be found by using 

Fig. 23. Or, alternatively, the 

effect of the grid resistance in 

damping the resonant line can be 

the basis for the choice of the tap 

position. 
To illustrate the latter choice 

suppose a concentric line is used 

for which b = 7.56" (or 15.12" in- 

ner diameter of outer conductor). 

and a = 2.1" so that b/a = 3.6. 

Suppose the oscillating frequency 

is to be 100 me for which ñ = 3 m = 

9.84 feet. The resistance per loop 

foot is calculated from Eq. (16a) 

to be 

R = 5 x 10'' 100 x 106 1 + 1 
2.1 7.56 

= .00304 ohm 

The inductance depends solely upon 

b /a, and for b/a = 3.6, it has been 

found to be .0779 x 10-6 henries /ft. 

27 x 76.8 
Q 

= 16,100 
.00301 x 9.84 

Furthermore, the line losses 

look like a resistance across the 

open end of the line of value, from 

Eq. (32) 

8 (76.8) 2 
= 1,578,000 ohms 

.00304 x 9.84 

Now suppose the grid circuit has an 

input resistance of 10,000 ohms. 

If the grid were connected directly 

to the open end of the line, its 

10,000 ohms would shunt the above 

1,578,000 ohms and lower the Q in 

the same proportion as it lowers 

the open -end resistance. If the 

grid is tapped down on the line, 

its 10,000 ohms resistance will be 

reflected (transformed) to the open 

end of the line as a much higher 

impedance, and the decrease in Q 

will be correspondingly less. 

Suppose that adequate frequency 
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stability is obtained even if the 

Q is lowered from 16,100 to 10;000. 

The equivalent resistance will be 

lowered from 1,578,000 to 

r = 1,578,000 x 

= 980,000 ohms 

10000 
16100 

This means that the grid resistance 

must be of a value r such that in 

paralleling the 1,578,000 ohms of 
the line, it reduces this value to 

980,000 ohms. The value of r' must 

therefore be 

r x r 1578000 x 980000 
g r - r 1578000 - 980000 

= 2,600,000 ohms 

Thus, 10,000 ohms must be 
stepped up to 2,600,000 ohms; an 

impedance ratio of 2,600,000 
10,000 = 260. To use Fig. 23 the 

reciprocal is required, or 1 ' 260 = 

.00385. The total length of line 
is eL = 90 °. Using this curve of 
Fig. 23, there is obtained for a = 

.00385 a value of et = 3.7 °. This 

corresponds to 

3.7 x 9.84 = .101 feet 
360 

= 1.21 inches 

However, the equivalent re- 
sistance of 1,578,000 ohms at the 

open end of the line, which repre- 

sents the line losses, appears at 

the grid tap as 1,578,000 : 260 = 

6,100 ohms. The farther down the 
tap is set, the lower does this re- 

sistance appear. Such a low re- 

sistance may require a rather large 
feedback condenser (labeled "Regen- 

erative Control" in Fig. 24), in 

fact, may require an excessive 

amount of the tube's output. 

What is desired to present 
in this assignment is a means of 

evaluating the effect of the tap 

setting on the tube's action. The 

tube is usually set up and settings 

experimentally determined. If the 

tap chosen that will permit satis- 

factory oscillation is too near the 

open -circuit end, and calculation 

shows that the Q of the line is 

thereby lowered too much, then the 

engineer knows how to proceed to 

make changes. Too high a tap set- 

ting indicates that the line losses 

are too high. This can be remedied 

by silver -plating the conductor 
surfaces, and particularly by in- 

.creasing the conductor size, i.e., 

b and a, while b/a remains 3.6 in 
value. 

The effect of each change can 

be calculated as described auove, 

and it can also be determined wheth- 

er one can meet a certain specifi- 

cation or not with the circuit com- 
ponents employed. 

Antenna Coupling. -Another 
typical problem is that shown in 

A 

LN L- 

T I t Rt 1-1 

Fig. 25.--Use of a shorted, tapped 
matching stub between an antenna 

line and a vacuum tube. 

Fig. 25. This represents an anten- 
na A that is connected to a non - 
resonant line LN, which in turn is 
connected to taps on a short -cir- 
cuited stub LB, whose open end is 
connected to the grid and cathode 
of a vacuum tube amplifier. The 
input impedance of the tube is 
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represented by the capacity Ct and 

resistance Rt in parallel. 

Owing to the resonant proper- 

ties of the line LR, a voltage E1 

impressed at the taps is stepped 

up to a much higher value at the 

grid of the tube. At the same time 

the losses in LR, together with Rt, 

can be made to present an impedance 

at the taps to LN that is equal to 

its characteristic impedance. The 

latter therefore is non -resonant, 

as stated above, and merely con- 

veys the signal picked up by the 

antenna over a distance of as many 

wavelengths as is necessary to the 

grid of the tube. 

The resonant line LR performs 

the same service at ultra -high fre- 

quencies that the conventional 

lumped circuit, shown in Fig. 26, 

Fig. 26.-- Equivalent lumped tuned 

circuit used to match an antenna 

line to a vacuum tube. 

performs at lower frequencies. The 

performance in either case is de- 

termined by considerations somewhat 

different from those pertaining to 

oscillator operation. 

In the case of the receiving 

antenna circuit, the Q desired is 

determined by the width of the side 

bands, and is usually on the order 

of magnitude of 100, instead of 

10,000 or thereabouts for the oscil- 

lator tank circuit. For the lower 

value of Q required the line losses 

are normally negligible, and the 

Q is determined primarily by the 

input resistance of the associated 

tube. The damping effect of this 

resistance upon the line may be 

varied by tapping the grid circuit 

down on the line, and thus any de- 

sired value of Q may be obtained. 

At the same time, it is not 

sufficiently accurate to assume 

that the voltage distribution re- 

mains sinusoidal and is unaffected 

by the grid tap position. Hence, 

a different method of attack is 

necessary. 
Selectivity of Circuit. -The 

selectivity of the circuit is de- 

termined by measuring the voltage 

E, 

f, fr 

Frequency 

fp 

Fig. 27.- Examples of resonance 

curves for a low -Q and for a high -Q 

circuit. 

at some point of the line, such as 

the grid tap, as the frequency is 

varied. A curve, such as A in Fig. 

27, will be obtained. Maximum volt- 

age Er is obtained at the frequency 

f for which the shorted line is 
r 
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resonant, i.e., is one -quarter wave 

in length. At two other frequen- 

cies fl and fa, spaced approximate- 

ly by equal amounts from fr, the 

voltage will have dropped to some 

lower value E1. Suppose E1 is 

.707 Er. Then, as described pre- 

viously, 

fr - fl 
= 

per cent frequency 

fr change off resonance 

1 (13a) 

2Q 

If Q is high, the per cent 
frequency change is small and vice 

versa if Q is low. Thus the Q of 

the circuit may be used as a measure 

of the selectivity of the circuit: 

it can indicate the sharpness of 

the resonance curve and thus the 
band width. The band width of fre- 

quencies transmitted can be arbi- 

trarily defined as 

2(fr - fl) = (f2 - fl) 

This does not mean that voltages 

of frequency lower than fl or high- 

er than f2 are not transmitted, but 

that they are markedly attenuated, 
and hence may be presumed to have 

little effect upon the performance 

of the circuit. 

Note that if the voltage is 

attenuated to 70.7 per cent, that 

is, to 1/17-as compared to Er, then 

the power developed across a re- 

sistance by this voltage will vary 
as the square of the voltage. thus 

the power developed by E1 in Fig. 

27 is (1/V-2)2 1/2 of the power 
developed by E, across the same re- 
sistance. Expressed in db this is 

db relative attenuation = 10 log (1/2) 

= -10 log 2 = -3 db 

where the minus sign indicates at- 

tenuation 

If the tube is tapped down 

on the line nearer the shorted end, 

the damping is less and the Q is 

higher. In such a case a resonance 

curve such as B, Fig. 27, may be 

obtained. This clearly has a small- 

er band width. 

The importance of the band 
width of the antenna circuit may 

be very great at u.h.f. At these 

frequencies tubes do not amplify 

very well, particularly in the up- 

per end of this spectrum. Hence, 

at frequencies above a so- called 

"cross -over point," the antenna sig- 

nal is fed directly to a converter 

tube or crystal first detector, and 

mixed with a local oscillator signal 

to produce at once a lower, i.f. 

signal, which may then be selective- 

ly amplified. In short, u.h.f. 
receivers are often of the super- 

heterodyne type, without benefit 
of an r.f. stage. 

The absence of the r.f. stage 

tends to decrease the r.f. selectiv- 

ity, and hence the attenuation of 
the image signal. For that reason 
a selective antenna circuit is im- 

portant: it is the only means by 
which image rejection can be ob- 
tained. 

Image Rejection.--It will be 
of value to review briefly the ques- 

tion of image rejection. Let f 
e 

be the signal it is desired to pick 
up, and f1 the intermediate fre- 
quency to which it will be con- 
verted and then amplified by the 
selective i.f. amplifier. The con- 

version is accomplished by mixing 
the incoming signal with that of 
a local oscillator in a converter 
tube, and then extracting the dif- 
ference beat frequency between them 
to amplify in the i.f. amplifier. 
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Thus, let the local oscillator 

frequency be fo. Then fi = f. - fo 

1r f. - f1, depending upon which 

is the higher frequency. Suppose 

f. is higher than f0. It is evi- 

dent that another signal frequency 

fk that is below fo by an amount 

fi will also produce in conjunction 

with f. a beat frequency fi in the 

converter tube, and thus be ampli- 

fied by the i.f. amplifier too, 

Provided fk can get through the an- 

tenna tuned circuit. This frequen- 

cy fk is known as an image fre- 

quency. (Other frequencies that 

beat with harmonics of the local 

oscillator can also produce f1, but 

such frequencies are generally too 

far away from fe to be able to Pass 

through the antenna circuit.) 

On the other hand, if fk is 

close to fe it can pass through the 

antenna circuit, but will produce 

in the converter tube's output a 

beat frequency (fo - fk) that is 

so much lower than fi that the i.f. 

amplifier will reject it. Hence, 

the antenna circuit must be able 

to block frequencies fk that are 

fi cycles below f0, where f. is 

in itself fi cycles below the sig- 

nal frequency fe. In other words, 

unwanted signals fk that are 2 fi 

below f, must be rejected by the 

antenna circuit. 

The ratio of image to signal 

response can be expressed in terms 

of the circuit Q and the band width 

as previously defined. The latter 

was stated to be the total number 

of cycles below and above resonance 

at which the response falls off to 

70.7 per cent of the response at 

resonance. Let the number of cycles 

to either side of resonance fr be 

denoted by the symbol fb. Thus, 

fb corresponds to (fr -f) in Eq. 
(13a) and is half of the total band 

width. Multiplying both sides of 

Eq. (13a) by fr, there is obtained 

( f = -° 13b) 

2Q 

Now let f be the i.f. fre- 

quency, and suppose the antenna 

system is tuned to the desired sig- 

nal frequency, i.e., fr a fa. If 

the unwanted image frequency, call 

it fk, is 2 fi cycles away from f., 

then the output of the converter 

tube due to fk will be of the same 

frequency as that due to f, name- 
ly, fi; in other words, this rela- 

tionship defines the image fre- 

quency. Then the ratio of the re- 

sponse at image frequency to that 

at signal frequency will be 

image response fb 

signal response 2fi 

This ratio can be reduced by 
reducing fb or by increasing fi. 

Physically this means that if the 

Q of the antenna circuit is high, 

then the half band width fb is 

small and if, furthermore, a high 

intermediate frequency fi is chosen, 

then the image frequency fk will 
be far down on the narrow resonance 

curve, So that image rejection will 

be high. 

This is clearly shown in Fig. 
28. Curve A is a high Q resonant 
response; curve B, a low Q response. 

For A the half band width is fbi, 

i.e., at this number of cycles off 

resonance, the response is 70.7 per 

cent of its value at the peak of 
the curve. For B the half band 
width is fb$, which is farther away 

from the peak because Curve B is 

(33) 
* 

*See, for example, Herold and 
Malter, "Radio Reception at Ultra - 
HighFrequency-Part I, Proc. I.R.B., 
Aug. 1943. 
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flatter than A. The unwanted image 

frequency fk is shown as 2 fi cycles 

off resonance (which has been set 

to correspond with the desired fre- 

quency f5). As is clear from the 

f If f 
11 

1.-2fi 

Fig. 28.- Relation between half band 
width and image frequency for two 

values of circuit Q. 

figure, the difference in response 

between that for 
fbi 

and fk for 

curve A is much greater than that 

between the response at fk and fb2, 

i.e., curve A has the greater image 

rejection. 

At the same time, note that 

if f is increased fk moves to the 

left, and the image rejection is 

greater along either curve. It is 

also clear from the figure that ow- 

ing to the symmetry of the resonance 

curves, the same reasoning applies 

if fk is 2 f cycles to the right 

of the resonant frequency, i.e., 

the image rejection is practically 

the same whether the local oscilla- 

tor is adjusted to operate fi cycles 

above or below f.. Eq. (33) holds 

under most practical conditions, 

such as for values of fb and fi 

that are both small compared to 

the signal frequency. In practice 

fi is generally made 1/5 of fs or 

less, which meets the above re- 

quirement. 

Calculation of Q of Loaded 

Line.--The above can now be applied 

to the antenna problem discussed 

previously. First the Q of the 

resonant line must be calculated. 

As mentioned previously, it is as- 

sumed that the losses of the line 

are negligible compared to that of 

the tube's input, so that the lat- 

ter determines the Q. When the 
tube is connected to the open end 

of the line, the input capacitance 

Ct shortens the line from its normal 

length of ñ/4, for resonance to be 

maintained. 

The procedure to be employed 
in calculating the Q is as follows: 

As has been mentioned in previous 
assignments, a circuit having dis- 

tributed constants may be replaced 

by a suitable circuit having lumped 

constants, at any one frequency or 

band of frequencies. If the fre- 
quency band is small, and around 
the resonant frequency of the line 

(A) (B) 

Fig. 29.- Representation of a quar- 

ter -wave line over a narrow band of 

frequencies by an equivalent lumped 

circuit. 

(distributed circuit) then a simple 

combination of lumped inductance 
and capacity can be used to repre- 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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sent the line quite satisfactorily. 

For a quarter -wave line shorted at 
the far end, the lumped arrange- 
ment is that shown in Fig. 29(A). 

(`Phis assumes the line losses are 

negligible.) 

If a parallel combination of 
resistance and capacity is connected 

to the end of the line, the line 

mist be shortened. A line shorted 
at the far end and less than X/4 
in length, has an inductive reac- 

tance. The proper length of it 
will have sufficient inductive re- 
actance to tune with the attached 
calacity to the given frequency, 
and the connected resistance will 
damp the circuit and give it a cer- 
tain Q. 

In Fig. 29(B) is shown the re- 

duced line equivalent, together 
with Ct and Rt representing the in- 

put impedance of the tube. The 
line equivalent has an inductance 
L' and a capacity C' that is less 

than L and C for the A/4 line equiv- 
alent shown in Fig. 29(A) The 
important thing to note is that in 

the case of the reduced line, its 

equivalent lumped circuit, although 

having an inductive reactance, can- 

not be just an inductance but must 

contain both inductance L' and ca- 
pacity C' in order to simulate the 

reduced line over a band of fre- 
quencies. The values of L' and C' 
are such that at any frequency under 

consideration the combination has 

a net inductive reactance, but it 
would lead to an incorrect calcu- 

lation of the Q of the circuit to 
attempt to represent the reduced 
line by an inductance alone. 

The reason is that the Q of 
the combination may be expressed in 
terms of the angular frequency w(= 

2nf), the resistance Rt and the 
total capacitance, namely, C' + Ct: 

Thus 

Q = w(C' + C)Rt = a.CRt (34) 

where C is the total capacitance 
and equals (C' + C t) . 

It remains to determine the 
capacitance C' residing in the re- 
duced section of line. It might 
be thought that if the capacity 
per unit length of the line is Co, 

and the line length is 1, that C' 
would simply be Col. This, how- 
ever, is not the case, as can be 
seen from an examination of Fig. 
30. The line can be regarded as 

al 

-L_ 
-r- 

-r- 
' Ho 

T,t Rt 

Fig. 30. -The voltage varies along 
a resonant line, so that each ele- 
ment of capacitance has voltage 

across it. 

having an infinite number of in- 
finitesimal capacitors shunting it 
along its length (suggested by the 
dotted line capacitors). The volt- 

age distribution is a section of 
a sine wave. 

It will be observed that the 
voltage across those capacitors 
near the shorted end of the line 
is lower than that across those 
near the open end of the line. 

Hence, the latter capacitors draw 

more charging current than the for- 

mer, and are therefore more effec- 
tive in determining the average or 
net capacity of the line. 

The combined effects of all 
the infinitesimal condensers can 
be prorated as equivalent to a 

single lumped condenser C' con- 
nected to the terminals a -a, where 
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the measurement is to be made. The 

method of determining this is based 

on the integral calculus. The re- 

sult is most compactly given for 

the total capacity C, which in- 

cludes C. It is 

C 
1 

2 
(c, 

sin2 

where B is the line length expressed 

in electrical degrees instead of 

as 1. Thus, 9 = 360 1/X. degrees. 

The distributed capacity per unit 

length C° and the characteristic 

impedance of the line both depend 

upon the line dimensions. Hence, 

C° can be expressed in terns of Z°. 

Thus, if C is in µµf per centi- 

meter 

C _ 33.3 (36) ** 

° Z 
° 

for Z = 76.8 ohms, C. _ .433 µµf /cm. 

Then, from Eq. (34), the Q of 

the combination is 

Q 
coRt 

2 ( 

(37) C 
t 

+ 
s 

C°l 

in2 9 

It will be instructive to apply the 

above to an actual problem. Sup- 

pose the operating frequency is 

150 mc, Ct = 5 /i /if, and Rt = 7,500 

ohms. (Note how low the input re- 

sistance Rt of a tube can become 

at u.h.f.) The reduced line length 

can be found from Fig. 19. Assam 

Z = 76.8 ohms. The capacitive re- 

actance of C is X = 1/[(27 x 150 

x 106 x 5 x 10- 12)]t= 212 ohms. 

*These and many of the succeed- 
ing formulas are given in the arti- 
cle by Herold and Malter previously 
mentioned. 

* *Refers to the same source as 

Eq. (35) . 

Then Xt /Z° _ 412/76.8 = 2.76. 

From Fig. 19, the line length 9L 

comes out to be 70 °, and the cor- 

responding length is 70X./360 = 70 

x 3 x 1010 _ (150 x log x 360) = 

38.9 cm. (Note that X = c/f = 

3 x 1010/150 x 106.) 

Then, by Eqs. (36) and (37) , 

the Q is 

277' x 150 x 106 x 7500 

2 

x (5 + .433 x 38.9 1 

sine 70° /r 

x 10-12 

= 15 x 75 x 77 5+ 16 . 85 x 10-3 
(.9397) 2 

85.3 

Location of Antenna Tap. -The 

75 -ohm antenna non -resonant line 

is connected to the resonant 
line at another tap, located so 

that the impedance seen looking in- 

to the resonant line at that pcint 

is 75 ohms in order to match the 

antenna line. The position of this 

tap requires extensive'calculations 

to locate it accurately. Fortunate- 

ly, in practical work it need be 

located only approximately and then 

sufficient latitude in adjustment 

provided to permit an exact match 

to be determined experimentally. 

An exact match is indicated by an 

absence of standing waves (voltage 

or current) on the non -resonant an- 

tenna line. 

The antenna tap can be esti- 

mated by the same rule as that em- 

ployed for the very high Q oscil- 

lator tank circuit, namely, by the 

sine -squared rule. Thus, if 0A i3 
the length of the resonant line up 

to the antenna tap, and 9t the 
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length up to the tube connection, 

and RA is the resistance required 

to terminate the antenna line, then 

R 
sin2 = sin2 6t 

Rt 

= a sin2 et (38) 

where a is the impedance ratio 

RA/Rt. In the problem at hand Rt = 

7,500 ohms, RA = 75 ohms, so that 

a = 75/7,500 = .01. Now use Fig. 

23, noting that el there corresponds 

to the value Bt which is of inter- 

est in this problem. For Bt (= °L) 

= 70 °, BA is found to be about 5.4 °. 

This corresponds to a length 

I 
A 

5_4 x 2m x 3.28 
" 360 

= .095 feet or 1.14 

while the total length of the line 

is 

= 70 x 2 x 3.28 
360 

= 1.275 feet or 15.3 inches 

When the antenna is connected 

to the resonant line at the appro- 

priate point for matched conditions, 

it acts to load the line down by 

an amount equal to that of the tube 

at its tap. As a result, the Q of 

the coupling circuit is reduced to 

one -half; in this case, to 85.3 : 2 

= 42.65. Such a final value of Q 

may be too low for the required 

image rejection desired, and more 

than low enough for the band width 

required. Consequently, a higher 

Q may be desired. This, as men- 

tioned previously, can be obtained 

by tapping the tube down on the 

resonant line. The procedure to 

be followed is best described by 

continuing the discussion of ale 

numerical problem given above. 

Determination of Image Re- 

sbonse. -The voltage ratio of the 
response at image frequency to that 

at signal frequency was given by 

Eq. (33) as 

image response fb 
(33) 

signal response 2f1 

The power ratio is as the square, 

namely, (fb /2 f1)2. The db ratio 

is 10 times the logarithm of this 

ratio, or 20 log (fb /2 f1) _ 

-20 log (2 fi/Tb). Thus 

db image attenuation 

= -20 log(2 f1 /fb) (39) 

The minus sign merely signifies 

that the db represents attenuation. 

This form gives for 2 fl /fb a num- 

ber greater than one, for which 

the logarithm is more readily found 

than for a fraction. 

Suppose that in the problem 

the intermediate frequency is 25 me 

= f1. The half band width fb can 

be found from Eq. (13b). It is 

f= fr = 150 x 108 - 1.76 mc 
b 2Q 2x42.6 

-20 log(2 x 25 x 108 = 1.76 x 106) 

= -20 log 28.4 

= -20(1.4533) 

= 29.06 db 
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This is in itself an acceptably 
large value of attenuation, but at 
150 mc a greater value should be 
possible. Values as high as 60 db 
and more are obtainable 111 the or- 

dinary communication receivers that 
operate in the standard broadcast 
and short -wave bands, although it 
is true that these receivers have 

one or more stages of r.f. ampli- 
fication involving additional se- 
lective circuits. 

On the other hand, the com- 
plete band width is 2 x 1.76 mc or 

3.52 mc. This is more than ade- 
quate for a communication receiver. 

A band width of 20 kc would be ade- 
quate, and a band width of two or 

three hundred kc would take care 
of f.m. transmission. (Due allow- 
ance must also be made for local 
oscillator drift.) 

In such a case the Q can be 
increased to decrease the band width 

and to improve the image rejection. 

1.--e, .I 6, 

(A) 

0 - 

t 

from which 

fb 
anlog(40/20) 

2 x25x 106 
- . 5 x 106 c. p. s. 

The band width is thus 2 fb = 1 mc, 

which is more than adequate for 

communication purposes. 
From Eq. (13b), the Q required 

is 

Q 
2 fb 2 x .5 x 108 

fr 150 x 108 
- - 150 

This value includes the damping 
effect of the antenna; the Q of the 

resonant line and connected tube 
must therefore be double this, or 

300. To obtain it, the tube must 
be tapped down the line. 

The circuit is shown in Fig. 

31(A) (with the antenna connection 

omitted). The reduction in over- 
all line length will be less be- 
cause C is at a point of lower 

e,- ¡a ¡b' i 

F, -- et YI e--HH 

o o 

= 900 >i 

(B) 

Fig. 31.- Tapping down on quarter -wave 

' o'- 

T -Lct 

(C) 

line to obtain a higher Q, and method 
of calculating tap point. 

Suppose a 40 -db image attenuation 

is desired. Eq. (39) can be solved 

for fb to give 

f 
b 

2 Pi 
(40) 

arllog 
(db image attenuation ) 

20 I 

voltage and consequently is less 
effective. The problem is to de- 

termine 0 so as to obtain a Q of 
300 in the above problem, and also 
to determine 02 so that 01, 02 and 
Ct will form a resonant circuit. 

The Q value is determined by 
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Eq. (34) , except that now the total 

capacity is composed of that re- 

siding in 61, that in e2, plus C. 
It is thus necessary to determine 

the lumped capacities equivalent 

to that in 61 and tiat in 02. In 

order to do this, the voltage dis- 

tribution along the tapped line 

must be known. The distribution 
will not be a single sine curve, 

but two segments discontinuous at 

the tap point. The shapes can be 

evaluated from the following rea- 

soning: 

From the short -circuit at the 

left (where the voltage is zero) , 

the voltage rises along 61 in a 

sinusoidal manner up to Ct. The 

latter can be replaced by an ap- 

propriate section of line less than 

Jß/4 in length. (It will be re- 

called that a line less than X /4, 

open- circuited at one end, has a 

net capacitive reactance when mea- 

sured from the other end.) Call 

the length of the equivalent line 

et. On the end of this can be add- 

ed e2, so that 91 + et + 
2 

= 900. 

This is shown in Fig. 31(B). Across 

such an equivalent line the volt- 

age can be regarded as building up 

smoothly in one sinusoidal curve 

from zero at the left to a maximum 

at the right, as shown by the smooth 

dotted line. 

The voltage along et is oa, 

and along e2 is bc. Now if e 
t 
be 

replaced by the lumped capacitor 
Ct, the two sections ei and e2 

are no longer separated, and 

hence their voltage segments must 

be pieced together so that their 

shapes are unchanged, but so that 

they have a common value at their 

junction point. This means that 

bc must be moved downward until b 

is no higher than a, and thus b'c' 

is obtained. The final distribu- 

tion with Ct instead of et is there- 

fore as shown in Fig. 31(C). The 

effect of Ct has been to produce 
a break or discontinuity in the 

voltage wave, and that is why the 
simpler method given previously is 

not employed in this problem: the 

addition of capacity or resistance 

at some point along a resonant line 

affects the voltage distribution, 

unless the impedance of such a 
shunt is very high, or the con- 
nection is sufficiently close to 

a point of low voltage, such as 
the shorted end of the line. In 

this case 01 is very small-. This 

was the situation for the oscilla- 

tor, but in the antenna problem a 

more careful analysis is necessary. 

With Ct given, once 0 is 

chosen, 62 can be found as follows: 

The line length 02 can be re- 

garded as an equivalent capacitor 

C2 that is in parallel with Ct to 

form a total C that tunes 61 to 

resonance. The value of C in terms 

of ei can be found from a slight 
rearrangement of Eq. (25) 

cot ei = wCZ° = w(Ct + C2) Z° 

= wCtZ° + cOC2Z° (41) 

from which 

wC2Z° = cot ei - wCtZ° (41a) 

But wC2Z° represents the effect of 

C2 as a capacitor connected to 01 + 

et, and can be written directly 
from Eq. (25) as 

WC 
2 
Z = cot (01 + et) 

= tan [90° - (01 

= tan 0a 

= cot ei - wCtZ° 

+ et)] 

(42) 
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since, for resonance, 01 + Bt + 02 = 

900, so that 02 = 900 - (0 + t) 

Eq. (42) defines 02 In terms 

of 01, Ct, and Z °, which is gen- 

erally taken as 76.8 ohms for a 

concentric line in order to obtain 

a line of inherently maximum Q. 

From trigonometry 

cost 0 (43) - 
1 + tan2 0 

2 

If this be solved in conjunction 

with Eq. 00, one finally obtains 

1 cob 
2 0 (44) - 

1+ (cot 01 - cC tZ°) 2 
( ) 

The reason for presenting the 

steps leading to Eq. (44) was to 

show the student how the effect on 

the line length of lumped impe- 

dances, such as Ct, can be calcu- 

lated. A careful rereading of the 

foregoing steps will indicate the 

care that must be exercised in 

analyzing a transmission line prob- 

lem. 

It is first necessary proper- 

ly to choose 01. Then 02 is de- 

termined by Eq. 04). The capacity 

equivalent to 01 and that equiva- 

lent to 02 must be added to Ct to 

give the total capacity C, as it 

appears at the tap point. Then 

the Q is given by Eq. (34) where 

C' + Ct is here represented by C. 

The value of C is calculated in 

the same manner as previously by 

means of the integral calculus, 

once the voltage distribution is 

known [Fig. 31(C)]. It is 

C.I C./2 

2 t sine 01 cose 02 

where C. is the distributed capacity 

per unit length, such as the centi- 

meter, and each 1 is the length 

of the line segment which is also 

measured by the corresponding O 

in degrees, i.e., 11 or 01, and l2 

or 02. The dimensions for the 1's 

should be in the same units as that 

for C °, such as centimeters. 

The value of Q is then, from 

Eq. (34) , given as 

Q 
66Rt [7 

C 

coil 

t + sin' 01 + cos 2 02 (46) 2 

Application of Eqs. (45) and (46) 

will reveal the following: 

1. As the tube is tapped down 

the line 01 decreases and 02 in- 

creases. Thus, Eqs. (35) and (37) 

are special cases of Eqs. (45) and 

(46) for which 01 is a maximum and 

02 is zero. 

2. The actual length of line 

is 09 
+ 02) . If Ct is zero, then 

(81 + 02 n ) has a maximum value of 

900, i.e., the line is ñ/4 in 

length. 
3. If 02 is zero (Ct con- 

nected to the line -now simply 01- 
at its open end), then'the shorten- 

ing of the actual line owing to Ct 

is a maximum. This is because Ct 

is at a maximum voltage point and 

has maximum effect. Also R has 

maximum effect, so that the Q is 

a minimum. 

4. If B is zero (C con- 
nected to the line -now simply Be- 
at its shorted end) then the short- 

ening of the actual line owing to 

C is a minimum, zero, so that 02 

= 90 °. This is because Ct is at 

a zero voltage point and has there- 

fore zero effect. The same is true 

for Rt and hence the Q is a maxi- 

mum. Eq. (46) indicates the Q to 

be infinite in such a case, but 
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this is merely because the line 

has been assumed to have no losses 

of itself. 

From the above, it is clear 

that by properly choosing B1 for 

any given value of Ct and Rt, the 

Q can be made to have any value 

desired (up to a maximum determined 

by the line losses, and a minimum 

determined by Rt and Ct being con- 

nected to the open end of the 

line). If a lower Q should be de- 

sired, Rt would have toy be arti- 

ficially reduced by connecting a 

resistor in parallel with the iTi- 

put4 terminals of the tube. This 

is seldom the case as usually the 

opposite is the case: at u.h.f. 

the input resistance of the tube 

Rt is generally too low. 

The problem of the antenna 

circuit design thus resolves it- 

self into the following: 

1. A certain band width of 

image attenuation is desired. 

2. This determines the re- 

quired Q of the circuit by Eq. 

(13b) and Eq. (39) . 

3. To obtain the required Q 

the proper tap position must be 

found. This means 0 must be de- 

termined. 

Unfortunately, there is no 

simple equation to give B1 once Q, 

Rt, and Ct are known. A series of 

trials may be made, and for each 

value of 01 the Q may be calcu- 

lated by means of Eq. (46) until 

the proper value is obtained. This 

is quite laborious unless the en- 

gineer has had considerable ex- 

perience in such matters or else 

makes a lucky guess. 

However, O can be determined 

graphically by the aid of the curves 

given in Fig. 32. These represent 

two families of curves, in which 

el 
is plotted versus 02 for vari- 

ous values of each of two para- 

meters, V and K. The particular 

values of V and K in any specific 

problem are calculated from the 

data given in the problem. Then, 

where the curve for the particular 

value of V intersects that for the 

particular value of K, is a point 

whose ordinate is the value of 01 
required, and whose abscissa is the 

value of 02 required. 
The method is best explained 

in connection with the antenna 

problem under discussion. The der- 

ivation of these curves is given 

in the appendix. It will be re- 

called that the desired value of 

Q is 300, the operating frequency 

is 150 mc, Ct = 5 µµf, and Rt = 

7,500 ohms. From these data, the 

quantities V and K can be calcu- 

lated as follows: 

1.145 QZ 
V = ° 3.6 fCtZ° (47) 

Rt 

K = 6.28 fCtZo (48) 

It is to be noted from the 

above two equations that a value 

for the characteristic impedance 

Z of the transmission line is to 

be chosen before V and K can be 

calculated. Any desired value for 

Z can be employed. However, the 

usual value for Z is 76.8 ohms, 

corresponding to a line of maxi- 

mum inherent Q. If this value for 

Z be used, Eqs. (47) and (48) be- 
. 

come 

V- 
Q 

276.5 f Ct (49) 

K= 482 f C (50) 

Assume Z = 76.8 ohms. Then, 
o 
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by Eqs. (49) and (50) , 

(tf7.9) (300) 
V = 

7500 

- (276.5)(150 x 108) (5 x 

= 3.31 

10 -12) 

K = (482) (150 x 106) (5 x 10 -12) 

= .362 

The nearest V- curves. in Fig. 32 are 

the ones labelled 3.0 and 3.5; the 

value 3.31 must be estimated (in- 

terpolated) between them. It is 

approximately 2/3 of the distance 

between the given curves from the 

3.0 curve. 

The nearest K- curves are K = 

.3 and K = .4. Proceed along the 
estimated V = 3.31 curve until 
about .6 of the distance between 
the two K- curves. The result is 

point A. Going across to the left, 
B, is found to be equal to 26.7° 

0° 

20` 30° 40° 50° 

B 2---i 

60 7 0' 80 

Fig. 32.- Curves giving tap position ror a given load, frequency, and 
desired value of Q. 
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Going directly down from point A, 
0 is found to be 58 °. 
a 

The total length of the line 
(in degrees), is then 26.7° + 58° 

84.7 °. It is tapped 26.7° from the 
shorted end. The actual linear 
distances can now be readily cal- 
culated: 

Z . 26.7 x 200 cm 

360 

= 14.83 cm = 2.54 

= 5.85 inches 

l - 
58 

x 
200 

2 360 

= 32.2 cm : 2.54 

= 12.68 inches 

1 
1 

+ 1 = 5.85 + 12.68 

= 18.53 

(Nöte that 200 cm is the wavelength 

for f = 150 mc.) 

The results can now be checked 

by computing the Q for the above 
values and comparing it with the 
desired value of 300. From Eq. (46) 

for 11 and l2 may be used in build- 

ing the line, but some adjustment 
means should be provided to enable 

an accurate setting to be made ex- 

perimentally. 

It is to be noted that if a 

value for Z. other than 76.8 ohms 

had been chosen, Fig. 32 would 
still apply, but V and K would have 

to be calculated from Eqs. (47) 

and (48), using the particular 
value of Z. chosen. The values for 

01 and would then be different 
in order to conform with the se- 

lected value of Z °. 

There remains to evaluate the 

antenna tap OA. This can be cal- 

culated with sufficient accuracy 
for all practical purposes by the 
use of Fig. 23. The impedance 
ratio a is 75/7,500 = .01. The 
given angle is BI = 27 °, and the 
desired angle 8A can be found from 

Fig. 23 by interpolating between 
30° and 20 °. Thus, 0A comes out 
to be about 2.6 °, corresponding to 
a length of (2.6 X 200) /360 = 

1.44 cm : 2.54 = .567 inch. This 
is a rather short distance from the 
shorted end. Indeed, the shorting 
disc or bar may be of this order 
of magnitude (instead of--theoreti- 
cally--of zero length). It may 
therefore be advisable to use a 

_ 27 x 150 x 108 x 7500 5 + .433 x 14.83 + .433 x 32.2 x 10 -12 
2 sine 26.7° cose 58° 

= 2.257r + 6.42 + 13.96 

2 

(5 
(.4493) 2 (.5299) 2 

= 2.257r (5 
+ 31.8 + 49.7) - 2.25n 

2 

This is less than 3 per cent higher 
than desired, and is therefore a 
very satisfactory value. The values 

) 

2 
86.5 = 305 

different method of coupling the 
antenna line to the resonant line, 
namely, by means of a loop. 
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Loop Coupling.--This is shown 

in Fig..33. The loop is often 
known as a "hairpin" coupling. It 

is connected to the non- resonant 
line, and intercepts the magnetic 

"Hairpin" Coupling 

Fig. 33.- Method of coupling tp a 

twg wire transmission line by means 
of a loop. 

lines of force set up by the cur- 
rents in the resonant line. In the 

case of a two -wire line, the loop 
can be mounted on a hinged member 
so that it can swing in and out of 

the plane of the transmission line 

and thus vary its coupling over a 

wide range of values. 

In the case of a concentric 

line, it can be mounted through a 

hole in the casing, as shown in 

Fig. 34. -Loop coupling to a coaxial 

cable. 

Fig. 34, and arranged to rotate (as 

indicated by the arrow). Maximum 
coupling occurs when the plane of 
the loop is perpendicular to the 
cross section of the cable, and 
zero coupling when it is parallel 

to the cross section. The loop 
should be preferat3ly located near 
the shorted end of the line where 

the current is a maximum and the 
voltage is a minimum. This pro- 
vides maximum magnetic coupling 
and minimum electrostatic, thus 
precluding stray coupling of an 
unpredictable nature. 

A very simple rule as to the 

size of the loop, which applies 
primarily to wave guides, may be 
used in the case of a concentric 
line. This rule states that twice 

the ratio of the loop area Al to 
the nonconductive cross -sectional 
area of the line, call it A., is 

equal to the square root of the 
impedance ratio n, where n is taken 

not with respect to the actual load 

tapped down somewhere on the reso- 
nant line, but with respect to the 
equivalent shunt resistance at the 
open end of the line, R'. In formu- 

la form 

or 

(A/ 2 

n 

c 

A 
A 

= ° A 
/ 

(51) 

This rule can be applied to 
the problem under discussion. As- 

sume a line for which a = .2 inch 
and b = 3.6 x .2" = .72 inch. Since 

b/a = 3.6, Z. = 76.8 ohms as or- 

iginally assumed. The nonconduc- 
tive cross -sectional area is clear- 
ly the difference between the cir- 

cular area within the outer con- 
ductor and that of the inner con- 
ductor (see Fig. 34), or 

A" = 7T [(.72) 2 

= 1.5 sq. in. 

(.2)2] 

To determine the impedance 
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ratio n for this formula, remember 

that Rt is 7,500 ohms, but that 
it is equivalent to a resistance 

of 

R' = 
t cvC 

x/ 

305 

2n x 150 x 106 x 10.8 x 10-12 

= 29,900 ohms 
C 

(Note: C!/4 = 10.8 µ}if = ° ) 

8 

located at the open end of an equiv- 

alent quarter -wave line. This is 

slightly greater than the original 

value of 29,500 ohms, and is due 

to the fact that the Q as finally 

determined by the tube tap setting 
was 305 instead of 300. Then 

n = 75 : 29,900 = .00251 

from which, by Eq. (51) 

al 1.5 1/.00251 _ .0376 sq.in. 
2 

The radius of the loop will be 

rl = .0376/n = .1093 inch 

or slightly over .2 inch in di- 
ameter. In practice, a 1/4 -inch 
diameter loop could be used so as 

to have somewhat excess coupling. 

It can then be rotated so as to 

cut down the coupling to the value 

desired. The inductance of the 

loop can be tuned out experimental- 

ly by slight readjustment of the 

line length O . 

Voltage §tee Up. -There re- 
mains to calculate the voltage step 

up of this grid -coupling circuit: 

1. When R and C are con- 
nected to the end of the line, and 

2. When they are tapped down 

on the line. 

At first glance it might ap- 

pear that the greatest voltage is 

impressed on the grid of the tube 

when it is connected to the open 

end of the line because this is the 

point of highest voltage. However, 

a moment's reflection will indicate 

that this is not the case; that the 

voltage step up from the antenna 

to the grid is the same in any case. 

The reason is that when R is 

connected to a point of the line 

where the voltage is Et, then the 

power dissipated in Rt is 

E2 
W t 

t R 
t 

At the point where the antenna is 

connected, Rt appears to be of a 

value Rs (in the problem Rs = 75 

ohms). Let the antenna terminal 

voltage be EA. Then the power in- 
put from the antenna is 

E2 W A 

A 

This power must equal that actually 

dissipated in Rt (ignoring any 
slight losses in the resonant line). 

Thus 

or 

RRRA 

E2 E2 
A = 

W = W 
Rt 

E 
t 

EA 

= voltage step up from 

antenna to grid (52) 

Eq. (52) indicates that the 

step up is independent of the actual 

positions of the antenna and tube 

connections on the resonant line 

and depends simply upon the square 

root of the two impedances involved. 
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Thus for a given antenna voltage, 

the tube voltage (under matched 
conditions) is the same regardless 

of whether it is connected to the 

end of the resonant line or tapped 

down on it. The reason is that 
when the tube is tapped down on the 

line, the Q of the latter is in- 

creased by just the right amount 
to compensate for the fact that the 

voltage at this point is less than 

that at the open end. 

Thus, tapping down on the line 

does not materially change the 
voltage input to the tube, but does 

alter the Q of the resonant line 
so as to meet selectivity and band 

width requirements. 

Stub Hatching. -A more general 
method of matching any kind of im- 

pedance can be developed on the 

same basis as the preceding anal- 
ysis. In this method the short - 

circuited portion of the resonant 
line up to the tap position is 

called a matching stub." The 
method also assumes negligible line 

losses, but applies even where the 

connected load is inductive instead 

of capacitive in nature. 

Suppose a pure resistance, 
such as the characteristic impe- 

dance Z. of a low -loss non -resonant 

14---- l L -11 

(A) 

line, is to be matched to an im- 

pedance consisting partly of re- 
sistance R and reactance X. As 

was mentioned in the assignment on 
r.f. measurements, any impedance 
can be represented at any one fre- 
quency by a suitable resistance and 

reactance in parallel. let the 

above R and X thus represent an 
impedance. 

The matching can be accom- 
plished in the same manner as il- 
lustrated in Fig. 35. Thus, in 

Fig. 35(A), LN represents the non - 
resonant line to which it is de- 
sired to connect a net impedance 

Z0, say of pure resistance. The 
actual impedance Z to be connected 

is partly resistive and partly re- 
active. By connecting it to a 

resonant line LR of suitable length 
'L, the reactance X may be tuned 
out. Then at the tap only R will 
be reflected as a resistance Z. if 

the tap length It is chosen cor- 
rectly. Note that only R is con- 
sidered and that the line losses 
are ignored, which is permissible 
if R is not very great. 

In the preceding cases, X was 
that of a capacitance, such as the 

input capacitance of a tube or a 

trimmer condenser. In this section 

IL-It 

(B) 

Fig. 35.--Use of a shorted stub for matching any kind of an impedance Z. 
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X may he either inductive or ca- 
pacitive. If inductive, then if 
LA is a shorted line, it must be 
greater than V4 in length in order 
to be capacitive and tune with X: 
indeed, it must be as much shorter 
than a K/2 line as it would be 
shorter than a ñ/4 line if X were 
capacitive instead of inductive. 
Thus, the line length BL, given by 
Fig. 19 can be used for an induc- 
tive reactance termination provided 

a quarter -wave length or 90° is 

added to it. 

On the other hand, for X iñ- 
ductive, LA could be an open -cir- 
cuited line in order to tune with 
X. In this case its line length 
can be had directly from Fig. 19 

without the need of adding 90° to 

the value obtained from the figure.. 

The remaining figures and calcula- 

tions would then be the same in 
either case. 

In Fig. 35(B) is shown the 

same circuit as in (A), but ar- 
ranged somewhat differently. The 

portion from the tap to the short - 
circuit (or open- circuit, if that 

type of resonant line is employed) 

is shown in the form of a stub 
line, instead of part of the reso- 

nant line LR. The rest of L 
R 
has 

lost its identity and has been 
merged with the non -resonant por- 

tion LN. This assumes that all 

portions have a common character- 

istic impedance which the preceding 
analysis did not assume. 

The problem, as represented 
by Fig. 35(B), becomes one of choos- 
ing a suitable length l8 of open - 
or short -circuited stub, and a suit- 
able distance (l - Z t) of connec- 
tion from the impedance end Z. 

Usually the fact that Z is not 
equal to Z. is made manifest by 
standing waves of voltage and cur- 

rent along the line LN when it is 

connected to Z. Hence, a simpli- 
fication of the preceding method 
is possible. First the line is 

connected directly to the impe- 
dance and standing waves observed. 
For this purpose a vacuum tube 
voltmeter or crystal rectifier may 
be employed, depending upon the 
frequency. This will be discussed 
more fully later. if the voltage 
standing waves are measured, then 
the current loops and nodes can be 
determined, as they are half -way 
between the voltage loops and nodes. 
In addition, the ratio of a volt- 
age (or current) maximum to a mini- 

mum is measured. 

It will be recalled that if 
a line is not terminated in its 
characteristic impedance, a com- 
bination of a forward wave and a 
partial reflection of this wave in 

the opposite direction is set up. 
The reflected wave, at most, equals 
the forward wave. in amplitude. 
This occurs when the mismatch is 
complete: short or open circuit 
of line. For lossless line the 
voltage and current nodes would 
be zero and the loops twice the 

average value. For a partial mis- 
match the nodes are greater than 
zero because the reflected wave 
cannot completely cancel the for- 

ward wave at the nodal points,along 

the line, and hence the ratio of 
maximum to minimum voltage or cur- 
rent indirectly indicates the de- 
parture of the termination from 
the value of the characteristic 
impedance of the line. 

In Fig. 36 are presented curves 
that enable the length of the stub 

and its distance from a current 
minimum to be determined. The lo- 

cation of the stub will be within 
a wavelength's distance from the 
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load. It will be noted that in 

this method the actual value of 

the load Z does not have to be 

known directly; instead, merely 

its effect in producing standing 

waves, as determined experimental- 

ly. 

To illustrate its use, suppose 

Esin /Emax = Isin /Imax 
is found to 

be 0.3, and it is desired to use a 

short -circuited stub. Reference 

to the a and b curves shows that 

the required stub length is b = 

.104 X, and the distance from the 

current minimum is a = .172 X. 

If an open -circuited stub is 

desired, the stub length is B = 

.142 X., and the position from a 

current maximum is A = .08 X. In 

actual practice, some slight read- 

justment will have to be made ex- 

perimentally to these values to 

eliminate standing waves in the 

main portion of the line to the 

left of the stub position. Stand- 

ing waves will then appear only on 

the stub and the portion of the 

line between the stub and the load. 

CONCLUSION 

This concludes the assignment 

on u.h.f. propagation and trans- 

mission lines. The properties of 

u..f. transmission were discussed 

first, and it was shown that in- 

stead of the ground and sky waves - 
important at the lower r.f. fre- 

quencies -the direct and ground - 
reflected waves are of paramount 

importance in determining propaga- 

tion at frequenbies above about 

50 mc. Moreover, particularly at 

the higher frequencies, propagation 

is essentially over line -of -sight 

paths, and to obtain any appre+ 

viable coverage, high transmitting 

and (if possible) high receiving 

antennas are necessary. 

The disadvantages of u.h.f. 

propagation are the line -of -sight 

limitations and the relatively 
small powers available, particular- 

ly at the highest frequencies; the 

advantage of u.h.f. propagation 

is the possibility of using di- 

rectional arrays, including horns 

and reflectors, to provide sharp 

beams that furnish not only the 

equivalent of much greater power 

in the desired direction, but en- 

able the energy to be beamed in 

the desired direction, thereby 
eliminating interference to other 

services located in other direc- 

tions and operating on the same 

frequency. 

At the higher frequencies 
lumped circuit elements become ex- 

ceedingly small and impractical, 

but fortunately transmission line 

elements can take the place of the 

lumped elements. In particular, 

shorted and open -circuited quarter - 

wave lines can act as resonant 

circuits, and taps on such lines 

or portions thereof enable impe- 

dance matching to be performed. 

Several examples of such use are 

given, and representative problems 

are worked out to enable the stu- 

dent to calculate the performance 

of such elements 
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APPENDIX I Eq. (46) to obtain 

DERIVATION OF CURVES 

FOR DETERMINING TAP POSITION 

The theory underlying the 

construction of the curves of Fig. 

32 is comparatively simple. In 

Eq. (42) 

tan 92 = cot e 
1 

- &,CtZ0 (42) 

set wCtZo = K, a constant. Thus 

or 

tan 9 = cot 9 - K 
2 1 

K = cot - tan 92 

(ea) 

cvRt 
Q 

2 
[C 

360 e+C 

+ 
t o (°1 Sin2 e 

1 
Co62 92 

or, multiplying out, 

RtCt cvRtCoX 
i 

91 
- + 

2 720 sin' 91 

+ 
2 

(d) 
cost 02 

Now solve for the right -hand quanti- 

ties in the parenthesis: 

= coCtZo (b) 

If w, Ct, and Z are given in any 
sin2 91 

problem, K is determined. There 

are then an infinite set of pairs 

of values of 91 and 92 that satisfy 

Eq. (b). Thus, the mere determin- 

ation of K in any given problem 

does not uniquely determine 91 and 

92. 

However, two other factors 

must be satisfied, namely, Q and 

Rt. These are connected with 91 

and by Eq. (46) : 

wR I Cl 

+ 

Cole I 

Q = C 
+ sin2 9 cos2 () t 

where Co is the capacitance per unit 

let 

O 
+ 2 

cos2 

cRtC 
Q 

2 

cR C 
t o 

720 

coR C 
'720 Q t 

2 

cR 
t 
C 
o 
X 

720 (Q 
) cRtCt 

2 
V= 

cR C X 
t o 

so that 

V 

(e) 

(f) 

01 
+ 

0 
2 

(g) 
sin2 9 cos2 O 

1 2 

length of cable. 

Z - 

Since 

X 9 
1 

If Q, w, Rt, Ct, and Co are all 

given in the problem, V can be cal- 
360 

1 culated by Eq. (f). Then Eq. (g) 

and (c) gives a rather complicated relation - 

9 
ship between 91, 92, and V. Just 

l = 2 as in the case of the quantity K, 
360 2 

for any given value of V there are 

these values may be substituted in an infinite set of pairs of values 
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of 61, and 62 that satisfy Eq. (g), 

so that the determination of V in 

any given problem does not uniquely 

determine and O. 

However, if in the problem all 

quantities are given to determine 

both V and K, then there are obtain- 

ed two equations in el and ea, 

namely Eqs. (b) and 40. Tiao equa- 

tions in two unknowns can determine 

the unknowns uniquely; the simulta- 

neous solution of Eqs. (b) and (g) 

will give a unique value for 01 and 

for 02, on the assumption that V 

ana K are determined by the data 

in the problem. 

Unfortunately, there is no 

simple, algebraic method for solving 

Eqs. (b) and (g) because these in- 

volve trigonometric functions. It 

can be shown by the methods of the 

calculus that a trigonometric func- 

tion corresponds to an algebraic 

equation of infinite degree, and is 

therefore called a transcendental 

function; i.e., it transcends or 

is beyond the ordinary algebraic 

equation of finite degree. 

Hence, some other means of 

solving these equations is neces- 

sary. A practical method is a 

graphical solution. Various values 

of K are chosen, such as K = 0, 

0.1, 0.2, etc. For each value of 

K, a value of 02 is chosen, substi- 

stuted together with the value of K 

in Eq. (b) , and the value of 01 

found in conjunction with a set of 

trigonometric tables. (Or 01 can be 

chosen, and determined.) 

For example, for K = 0.1, if 

92 is chosen as 5 °, 6 is , found to 

equal 79.4 °. If 62 is chosen as 

10 °, 01 = 74.6 °, and so on. The 

pairs of values of 01 and 02 are 

plotted, and give rise to a curve 

labelled K = 0.1 in Fig. 32. Simi- 

lar curves for K = 0.2, etc. are 

plotted, and give rise to the fami- 

ly of K- curves shown in the fig- 

ure. 

A similar procedure is employed 

with regard to Eq. (g). Values of 

V = 0.9, 1.0, 1.1, 1.2, etc., are 

chosen. For each value of V, a 

value say, of 01 is chosen, and 

02 solved for from Eq. (g) . A whole 

series of pairs of values of 01 and 

8 
2 
are obtained for each value of V; 

these are then plotted as shown in 

Fig. 32. A whole family of such 

curves are obtained for successive 

values of V. 

If a given pair of values for 

61 and 02 are to satisfy both equa- 

tions, they must lie both on the 

given V -curve and on the given 

K- curve. This can only occur 

where the two curves intersect, 

since the intersection is clearly 

such a common point. Hence the pro- 

cedure described in the text; after 

the values of V and K have been 

independently determined by the data 

given in the problem, the corre- 

sponding curves are chosen, and 

where they intersect is the point 

determining both and 62. 

It is thus apparent that the 

graphical method is just as easy to 

apply to complicated equations as to 

simple equations, and is therefore a 

valuable aid in the simultaneous 

solution of complicated equations. 

It is true that the range is limited 

by the number of curves drawn, and 

the accuracy by such mechanical 

factors as the accuracy of the draw- 

ing of the curves, the thickness of 

the lines, the scale used, and the 

accuracy of interpolation. However, 

for most practical purposes, the 

accuracy is sufficient for an en- 

gineering solution. 
Refer once more to Eq. (f) . 

This can be multiplied out to give 
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720Q - 360 wRtC 
V 

= 

h 
wR C ( ) 

t o 

Since the velocity of propaga- 

tion on a low -loss transmission line 

is practically that of light: C = 

3 x 1010 cm/sec., and since further 

C 

that 

c,k = 27rC =67T x 1010 cm/sec . 

This numerical quantity can be sub- 

stituted for ak in the denominator 

of Eq. (h), so that there is ob- 

tained: 

3820 Q 1910 
V = - - - c..Ct (i) 

C R C 
o t o 

where Co is in /pf/cm. 

Ftom Eq. (36) in the text, we 

have 

c = 33.3 (36) 

o 

This can be substituted in Eq. (i) 

to yield 

V = 114.5 CliZo - 57.3 aCtZo (j) 
c 

Note that V is now expressed in 

terms of Z instead of C. This is 

desirable, since a transmission line 

is more usually specified in terms 

of its characteristic impedance Zo 

than in terms of its capacitance Co 

per unit length. 

A further detail (or possibly 

refinement) is to divide Eq. (j) 

by 100 to yield smaller numbers. 

This is usually more satisfying from 

a psychological viewpoint, but is 

of no mathematical significance. 

When this division is performed, 

there is obtained 

V = 1.145 
Q 

- 3.6 fCtZo 

t 

(47) 

which is Eq. (47) of the text. It 

is to be noted that f is in cycles 

per sec. and Ct is in farads in this 

formula. 

Eq. (b) for K can be expressed 

in terms of f instead of a: 

K = 6.28 fC tZo (48) 

which is Eq. (48) of the text. 

However, in calculating the points 

for the curves of Fig. 32, the 

actual values for V are employed. 

In labelling the curves, on the 

other hand, these values of V are 

divided by 100 to furnish values 

that conform with Eq. (47) . 

If Z = 76.8 is substituted in 

Eqs. (47) and WO, there are ob- 
tained 

87.9 Q 
V = 276.5 fC 

K = 482 fCt 

(49) 

(50) 

where the equation numbers here 

again correspond to these in the 

text. It will be observed that even 

after division by 100, numbers such 

as 87.9, 276.5, and 482 are obtained. 

Had the division not been initially 

performed, numbers 100 times greater 

would have been obtained, with the 

greater possibility of producing 

arithmetical errors. 

In summary, the curves of 

Eq. (32) are based on the idea of 

separating the functions of 01 and 

02 from the rest of the variables, 

and setting the combinations of the 

latter equal to V and K, respective- 

ly. Then curves are drawn in which, 

fbr each value of V and K, values of 

01 and 02 are found satisfying the 
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respective equations. The inter- 

section of a given curve of one 
family with the corresponding one 

of the other family, gives a unique 

value for O and O that satisfies 

the initial conditions of the prob- 

lem. This is so bebause the initial 

conditions determine the value of V 

and K to be used in choosing the 

proper curve of each family. 



ULTRA -HIGH FREQUENCY TECHNIQUE 

EXAMINATION 

i. (A) What becomes of the ground wave at ultra -high fre- 

quencies? 

(B) What wave is effective at ultra -high frequencies? 

2. (A) Give two reasons for the value of a high transmitting 

and /or receiving antenna at the low end of the u.h.f. 

spectrum. 

(B) Why is one of the above reasons eliminated when one 

gets into the microwave range? 



ULTRA -HIGH FREQUENCY TECHNIQUE 

EXAMINATION, Page 2. 

2. (Continued) 

3. A transmitter feeds 100 watts at a frequency of 150 me 

into an antenna array at a height of 225 feet. The an- 

tenna array is similar to that shown in Fig. 7. A similar 

array is used for the receiver. The latter is 100 feet 

high, and is located at the limit of the line -of -sight 
distance from the transmitter. 

(A) What is the distance between receiver and trans- 

mitter? 

(B) What is the value of the received power? 
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ULTRA -HIGH FREQUENCY TECHNIQUE 

EXAMINATION, Page 3. 

3. (C) What is the field strength in y.-volts/meter at the 

receiving location? 

(D) What voltage would be induced in the receiving an- 

tenna if it were a dipole instead of an array, while the 

transmitting conditions were unchanged? 
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EXAMINATION, Page 4. 

4. A quarter -wave coaxial line, shorted at one end, has a Q 

of 10,000. Suppose another line exactly the same as the 

above, except that it is twice as long and shorted at both 

ends, is used. What will be its Q? Explain. 

HINT: Consider the half -wave line as consisting of two 

quarter -wave lines, connected to one another at their 

adjacent ends, and shorted at their far ends. Such two 

quarter -wave lines appear to be in parallel to the gener- 

ator. Consider how this affects the ratio of stored to 

dissipated energy as compared to one quarter -wave line 

alone. 

5. What would be the advantage of the second line in Question 

4 over the quarter -wave line, as regards radiation in the 

microwave range if either line is driven by a generator 

through a coupling loop at a shorted end? 



ULTRA -HIGH FREQUENCY TECHNIQUE 

EXAMINATION, Page 5. 

5. (Continued) 

6. A quarter -wave resonant line oscillator is to be built to 

operate at 300 mc. The input resistance of the tube is 3,000 

ohms. It is desired to have a net Q of 2,500, and for the 

line to present to the grid of the tube a resistance of 

3,000 ohms. Design the line and calculate the tap position. 

HINT: Note that the impedance looking into the line at the 

grid tap is equal to the input resistance of the tube. This 

means that the damping of the line is due in equal parts to 

the line losses and input resistance of the tube; i.e., the 

line Q alone is double the net Q. Hence, the line must be 

designed to have the proper Q. In calculating its dimensions 

for the desired Q, use the optimum value of Z. for which 

b/a = a.6. This means that either a or b has to be found; 

for example, a, then b is simple 3.6a. 
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EXAMINATION, Page 6. 

6. (Continued) 

7. (A) Calculate the depth of penetration in inches for copper 

of a current whose frequency is 30,000 mc. 
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EXAMINATION, Page 7. 

7. (B) How would the resistances of two copper rods of equal 

length and solid circular cross -section, but ine having four 

times the cross -sectional area of the other, compare at this 

frequency? At d.c.? 

8. Calculate the attenuation of 100 feet of a two -wire line 

whose radii are each 2 mm, and whose separation between 

conductor centers is 2 cm, operated at 900 mc. 

9. A communication system is to operate at 500 mc. It is de- 

sired to have an image attenuation of 40 db, and the Q of 

the antenna system is 200. What must be the intermediate 

frequency? 



ULTRA -HIGH FREQUENCY TECHNIQUE 

EXAMINATION, Page 8. 

9. (Continued) 

10. Given a converter tube whose input resistance is 2,300 ohms 
and whose input capacitance is 4 µµf. The operating fre- 
quency is 350 mc, and the desired half -band width is 3.5 

Assume a quarter -wave shorted concentric line is to be 

p]oyed as the step -up device, whose inner conductor is 

mc. 

em- 

0.1 
inch diameter, and whose outer conductor is 3.6 X 0.1 = .36 

inches. The characteristic impedance of the line is there- 
fore 76.8 ohms. The non -resonant antenna line to be con- 
nected to the above resonant line has a characteristic 
impedance of 75 ohms. The intermediate frequency is to be 
30 mc. 

(A) Calculate the Q of the resonant line, loaded with the 
tube and antenna, required to give the desired band width. 
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10. (B) Calculate the position of the grid tap O in electrical 
degrees from the shorted end of the resonant line; also find 
the position in inches. First calculate V and K, then find 

O 1 
and O2. 

(C) Calculate the position of the antenna tap OA in degrees 
from the end of the resonant line; also the position in inches. 

(D) Calculate the actual length of the line in degrees and 
in inches, 01 + 62. 
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10. (D) continued. 

(E) Calculate the image rejection in db. 

(F) Check your calculations by computing the Q of the 

actual line using the equation (46) for this check. 




