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Transmission Lines 
A transmission line is a means of transferring r-f 
energy from a source to a load in an efficient 
manner. 

For simplicity, most of the illustrations in this 
booklet show parallel-wire transmission lines, but 
the information also applies to coaxial lines. The 
similarity between a section of parallel-wire line 
and a coaxial section may be seen by rotating a 
parallel-wire section about one wire so the outer 

arm forms a cylinder as shown. 

The r-f voltmeter, referred to in the text, usually 
consists of an r-f rectifier and meter which indi¬ 
cates the rectified peak amplitude of the r-f volt¬ 
age at any point along the line. 

Standing Waves on Lines 

O R. F 
VOLTMETER 

R. F. I-ï_ -
SOURCE 1_ _ 
-J INFINITELY LONG TRANSMISSION LINE ' 

<01-—--- ---

E f j MEASURED VOLTAGE A 
oL— -- -

DISTANCE -► 

In this illustration, an r-f source is feeding r-f 
energy into a transmission line. If the line is in¬ 
finitely long, the signal never reaches the end, and 
therefore cannot be reflected, so there are no 
“standing waves.” The r-f voltage measured along 
the line gradually decreases due to losses in the 
line. 

R. F. f 
(SOURCE L 

ANY LENGTH 
OF LINE 

R.F 
VOLTMETER 

RESISTIVE LOAD, MATCHING 
THE LINE IMPEDANCE 

If the line is terminated in a resistive load that 
matches the line impedance (also termed “surge” 
or “characteristic” impedance), the outgoing sig¬ 
nal is completely absorbed by the load. As a re¬ 
sult, there are no reflections and no standing waves, 

and the voltage is essentially the same at all points 
along the line. 

If the load is not resistive and matched to the line 
impedance, it reflects signal back into the line. 
I he combination of the outgoing and reflected sig¬ 
nal produces a standing leave on the line. 

ROPE REMAINS STATIONARY 
AT THESE POINTS ( NODES) 

WAVE MOTION 
IS REFLECTED 
FROM THIS ENO, 
PRODUCING A 
STANDING 

ROPE MOVES UP ANO DOWN 
BETWEEN THE NODES 

This analogy shows standing waves produced bv 
wave motion and reflection on a rope. A similar 
analogy can he made to standing waves of sound 
along a pipe. 

Standing Wave Ratio 
Minimum Voltage 

1 he standing-wave ratio — ---
Maximum Voltage 

This ratio indicates the ratio of mismatch of the 
load impedance. 
In the example shown below, the voltage at mini¬ 
mum s is 5, and the voltage at maximum’s is 15. 

5 
The ratio is — or 1 to 3. 

15 
Hence, the load impedance is either 3 times larger 

than the line impedance, or one-third of the line 
impedance. (In the foregoing example, the volt¬ 
age at the load is maximum, so the load impedance 
is higher than the line impedance.) 

If the load has an appreciable reactive compo¬ 
nent the standing-wave ratio is only a rough 
indication of the impedance mismatch. This 
can he seen from the curves in the appendix. 

RESISTIVE LOAD 
LOWER THAN 
CHARACTERISTIC 
IMPEDANCE (Z ) 

In the example shown above, the voltage at the 
load is minimum, so the load impedance is lower 
than the line impedance. 
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Position of Voltage Minimums and Maximums 

If the end of the line is shorted, the voltage at the 
short is low and the current is high. The first volt¬ 
age minimum occurs a half-wave back from the 
end of the line. 

If the end of the line is open, the voltage at the 
end is high, and the current is low. The first volt¬ 
age minimum occurs a quarter-wave back from the 
end of the line. 

REDUCE VALUE OF C AND NULL 
MOVES BACK FROM END OF UNE 
(APPROACHES AN OPEN CIRCUIT) 

REDUCE VALUE OF "l"anD NULL 
MOVES BACK. FROM END OF LINE 

For loads containing reactance, the standing-wave 
will be shifted, depending on the nature of the 
load. 

Often it is desirable to speak of electrical degrees 
rather than fractions of a wave-length: 

= 45' X = I0O* 7^ =315" 

¿-X= 90* ^-X = Z25' X= 360" 

^A = I35‘ ¿-À=^70• 

Impedance at Different Points Along the Line 

Tho impedance at any point along the line is de¬ 
termined by the ratio of voltage to current at 
that point: If the voltage is high, the current at 
the same point is low, and therefore the impedance 
at that point is high. 

If the line has low losses, and no energy is absorbed 
by the termination, the lowdmpedance points are 
equivalent to short-circuits, and the high-imped-
ance points are equivalent to open circuits. If 
there is energy loss in the line or termination, the 
impedance tends to become more uniform along 
the line. When the load matches the line, the 
impedance becomes uniform along the line, and is 
equal to the “characteristic” impedance. 

It should be noted that an open circuit, a short-

circuit or a pure reactance at the end of the line 
will not absorb power. Standing-waves will there¬ 
fore exist with such loads. 

Summary — Effect of Line Termination 
(1) If a line of any length is correctly terminated 

with a resistive load that matches the line 
impedance, there are no reflections, and no 
standing-waves. 

(2) If a line is not correctly terminated, the sig¬ 
nal is reflected back from the load and this 
results in standing-waves. 

(3) The value and nature of the load determines 
the ratio of voltage at maximum and minimum 
points along the line, anti also the position 
of these maximum and minimum points. 

In most applications where a line is used to con¬ 
nect a signal source to a load (for instance, to 
connect a transmitter to an antenna) it is gener¬ 
ally desirable to make the load match the line. 
If the load is not matched, the length of the line 
becomes critical, and incorrect length may affect 
the power output and frequency of the source. 
When the load is matched to the line, the length 
of the line is not critical. (“Matching" means 
that the load must be resistive and equal to the 

line impedance.) 
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Resonant Sections 
Quarter-wave and half-wave sections and their 
action as tuned circuits will now be considered. 
This action will be explained on the basis of 
change in impedance produced by standing waves 
along an opened or shorted line. 
When sections of line are used as tuned circuits, 
their action depends on the existence of reflections 
and standing-waves to produce the effect of high-

impedance and low-impedance tuned circuits. 
Therefore, sections of lines, when used as tuned 
circuits or transformers are either effectively 
shorted or opened at the end to produce the maxi¬ 
mum standing-wave ratio and the highest or lowest 
possible input impedance, as desired in the ap¬ 
plication. 

Quarter-Wave Shorted Section 

LOOKS LIKE A 
HIGH RESISTIVE 
IMPEDANCE, OR 
"OPEN CIRCUIT" 

SHORTED 

PARALLEL 
TUNED 
CIRCUIT 

The quarter-wave shorted section at the end of 
the line looks like a high-impedance to the input 
signal, and being tuned, it is resistive. The equiva¬ 
lent conventional circuit is a parallel-tuned cir¬ 
cuit, for it also has high resistive impedance at the 
resonant frequency. 
The action of a quarter-wave section may also be 
explained as follows: 

LESS THAN 

r X/4 

LOOKS LIKE 
A CAPACITY - _ 

A section of line open at each end and less than 
a quarter-wave long acts like a capacity. 

LESS THAN 

LOOKS LIKE -, 
AN INDUCTANCE 

A section of line shorted at one end and less than 
a quarter-wave long acts like an inductance. 
The capacitive reactance of a section of line one-
eighth wave-long, open at the ends, is equal to the 
inductive reactance of a section of line one-eighth 
wave long, shorted at one end: The values of 

capacitive _ 
REACTANCE — 

INDUCTIVE 
REACTANCE 

PARALLEL 
TUNED 
CIRCUIT 

LOOKS LIKE A HIGH 
RESISTIVE impedance, 
OR "OPEN CIRCUIT" 

these reactances are equal to the “characteris¬ 
tic” impedance. (The “characteristic” or “surge” 
impedance depends on the size and spacing of the 
conductors.) 
If the two sections are combined, the result is a 
resonant circuit that has high-resistive impedance, 
like a parallel-tuned circuit. 
(This example is given because it is simple to 
visualize. Naturally, any two sections that add in 
length to equal one-quarter-wave electrically will 
have equal reactance and will produce the same 
result.) 
The voltage, current, and impedance relations for 
a quarter-wave section are shown below: 

VOLTAGE 
CURRENT 
IMPEDANCE 

Quarter-Wave Open Section 

LOOKS 
LIKE A 
SHORT 

SERIES 
TUNED 
CIRCUIT 

The quarter-wave section at the end of the line 
has very low input impedance, and, being tuned, it 
is resistive. It is equivalent to a conventional 
series-tuned circuit. 
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Half-Wave Shorted Section 

SERIES 
TUNED 
CIRCUIT 

The half-wave shorted section at the end of the 
line also has low resistive input impedance. It 
corresponds to a series-tuned circuit. 

Half-Wave Open Section 

PARALLEL 
TUNED 
CIRCUIT 

The half-wave open section at the end of the line 
has high input impedance. This section corre¬ 
sponds to a parallel-tuned circuit. 

Tuning Characteristics of Resonant Sections 

We have seen the four principal resonant sections: 

1. Quarter-wave, shorted 
2. Half-wave, open 
3. Quarter-wave, open 
4. Half-wave, shorted 

Equivalent to a par¬ 
allel-tuned circuit 
Equivalent to a series-
tuned circuit 

If a section of line is tuned above or helow the 
resonant input frequency (by making the line 
shorter or longer) the effect is the same as in a 
conventional tuned circuit. The section will no 
longer look resistive. Either capacitive or induc¬ 
tive reactance will predominate. This is shown 
further in the tables on page 6 and in the graphs 
at right. 

( SHORTED) OPEN) 

Quarter-Wave Line 'Inverts” the Load 

A SHORT 

AN OPEN 
CIRCUIT 

A LOW i 
RESISTANCE ' 

E -_ 

A HIGH r-_ 
RESISTANCE \_ 

LOOKS LIKE A 
HIGH RESISTANCE 

LOOKS LIKE A 
LOW RESISTANCE 

= \/ilN ZouT 

A quarter-wave line “inverts” the load as seen 
by source. 

The input impedance in the above cases can be 

determined as follows: 
(Line impedance) " 

Input impedance = -— — 
Load impedance 



Characteristics of Line Sections 

CHARACTERISTICS REPEAT WHEN MULTIPLES OF AN ELECTRICAL HALF WAVE 
ARE ADDED. 

Tuning Characteristics of 
Resonant Sections and Conventional Circuits 

TUNED LINE CHARACTERISTICS REPEAT WHEN MULTIPLES OF AN ELECTRICAL 
HALF WAVE ARE ADDED 

WHEN INPI 
IS CONSTAN 
CIRCUIT IS 

ABOVE 
RESONANCE 
(SECTION MADE 
SHORTER) 
LOOKS LIKE 

JT FREQUENCY 
T, AND THE 
ADJUSTED 

BELOW 
RESONANCE 
(SECTION MADE 
LONGER) 
LOOKS LIKE 

CONVENTIONAL 
CURCUIT 

RESONANT 
SECTION 

WHEN THE 
CONSTANT, 
INPUT FREC 
ADJUSTED. 
ABOVE 

RESONANCE 

LOOKS LIKE 

CIRCUIT IS 
AND THE 
ÍUENCY IS 

BELOW 
RESONANCE 

LOOKS LIKE 

INDUCTANCE 

(*c > XU) 

CAPACITY 

(X L > Xc) 

£ E 

AT RESONANCE THESE E

CIRCUITS LOOK LIKE 
A HIGH RESISTIVE 
IMPEDANCE. OR 
“OPEN CIRCUIT" H- >2 -

CAPACITY 

CxL>x c) 

INDUCTANCE 

(Xc > Xu) 

CAPACITY 

(XC>XL) 

INDUCTANCE 

(xL>x c) 

j_ ^ - E 

? 
AT RESONANCE THESE -
CIRCUITS LOOK LIKE | 
A LOW RESISTIVE J 
IMPEDANCE, OR L,_ X/_J 
"SHORT CIRCUIT” /2

INDUCTANCE 

Cxl>xc) 
CAPACITY 

(x c>xO 
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QUARTER-WAVE MATCHING SECTION 

The “inverting” property of a quarter-wave sec¬ 
tion can be put to practical use when it is neces¬ 
sary to match a line of one impedance to a load 
of a different impedance. To do this, the section 
must have an impedance calculated as follows: 

Zmatching section = X/Zline X Zload 

For example: A 500-ohm line can he matched to 
a 72-ohm dipole through a quarter-wave section 
of 190 ohms. 

500 OHM LINE. 
ANY LENGTH 190 OHM 

MATCHING 
SECTION 

72 OHM 
DIPOLE 

The line looks into a load of 

(Z of matching section) 2

Z of load 
or 500 ohms. 

The antenna looks into a source of 

(Z of matching section) 2 
- or 72 ohms. 

Z of line 

“INVERSION” OF CAPACITY AND 
INDUCTANCE 

Inversion of capacity and inductance can he ex¬ 
plained as follows: 

LOOKS LIKE AN 
INDUCTANCE 

An open section of line between one-quarter and 
one-half wave long looks like an inductance to the 
source. 

LOOKS LIKE AN 
INDUCTANCE 

LESS THAN 

T V* H 

If a part (less than one-quarter wave) is replaced 
by a capacity (an open section less than one-
quarter wave looks like a capacity), the section 
still looks like an inductance to the source. 

; LESS THAN 

| X/4 *1 
L BETWEEN % i 

A shorted section between one-quarter and one-
half wave looks like a capacity. If part (less than 
one-quarter wave) of the shorted end is replaced 
by an inductance, the section will still look like a 
capacity to the source. 

SECTIONS LESS THAN QUARTER-WAVE 

IF RESISTANCE 
IS EQUAL TO LINE 
IMPEDANCE 

AN OPEN 
SECTION LESS 
THAN A,/. 

IF RESISTANCE 
IS HIGHER THAN 
LINE IMPEDANCE 

IF RESISTANCE 
IS ZERO 

IF RESISTANCE 
IS LESS TRAN 
LINE IMPEDANCE 

. LESS THAN , 

looks like the 
LINE IMPEDANCE 
(MATCHED) 

Í, < LOOKS LIKE -L-
g A CAPACITY T 

LOOKS LIKE A 
CAPACITY WITH 
SERIES RESISTANCE 

LOOKS LIKE AN 
_ INDUCTANCE 

P- LOOKS LIKE AN 
£_ INDUCTANCE WITH 
k- SERIES RESISTANCE 

? 
é 

SECTIONS BETWEEN ONE-QUARTER AND 
ONE-HALF WAVE 

IF RESISTANCE 
15 HIGHER. THAN 
LINE IMPEDANCE 

LOOKS LIKE AN 
INDUCTANCE 

looks like the 
LINE IMPEDANCE 
(MATCHED) 

IF RESISTANCE 
IS EQUAL TO LINE 
IMPEDANCE 

LOOKS LIKE AN 
INDUCTANCE WITH 
SERIES RESISTANCE 

IF RESISTANCE 
IS ZERO 

LOOKS LIKE 
A CAPACITY 

IF RESISTANCE 
IS LESS THAN 
LINE IMPEDANCE 

- LOOKS LIKE A 
■<-Capacity with 
- SERIES RESISTANCE 

HALF-WAVE LINE “REPEATS” THE LOAD 

A half-wave line acts as a “double inverter” and 
hence will “repeat” whatever appears on the far 
end : 

LOOKS LIKE AN 
OPEN CIRCUIT 

LOOKS LIKE A 
SHORT CIRCUIT 

LOOKS LIKE A 
LOW RESISTANCE 

LOOKS LIKE A 
HIGH RESISTANCE 

LOOKS LIKE A 
CAPACITY 

LOOKS LIKE AN 
INDUCTANCE 

LOOKS LIKE THE 
SAME LOAD 

A line that is any multiple oj one-half leave has 
the same characteristics. 
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The action of a half-wave section, or a line cut 
to a multiple of a half-wave, is used extensively 
in practical applications. For example, if a dipole 
antenna with an impedance of 73 ohms is to be 
coupled to the output of a transmitter, through an 
open-wire line (spaced pair) with a characteristic 
impedance of several hundred ohms, the line can 
be cut to a multiple of an electrical half wave. 

75 OHM 
DIPOLE 
ANTENNA 

STANDING WAVE ON *TUNED 

TRANSMITTER 
LINE OF ANY IMPEDANCE 
CUT TO MULTIPLE OF 

looks 
♦ LIKE 

73 OHMS 

The transmitter will look into a load of 73 ohms, 
regardless of the impedance of the line. 

' Tuning Out" the Reactance of a Load 
One of the important applications of tuned-line 
sections is to “tune out” the effects of residual 
capacitive or inductive reactance in a load, so the 
load will look like a pure resistance. 

For example, assume that a 70-ohm resistor is used 
to terminate a 70-ohm line. If this line, with its 
resistor termination is connected to a slotted line 
and checked for match over a wide range of fre¬ 
quencies, it will be found that at some frequency 
the termination looks resistive. This is the resonant 
frequency of the resistor. Above and below this 
frequency the resistor has capacitive or inductive 
reactance and no longer matches the line. In 
other words, the resistor is not a “pure resistance” 
at most frequencies. 

At the required operating frequency, the resistor 
may look like a resistance with shunt capacity as 
shown in “A.” If an inductive section of line is 
connected to the termination as shown in “B,” it 
may be adjusted to resonate with the capacity, to 
look like a parallel-tuned circuit. 

The line, therefore, instead of seeing a resistance 
with shunt capacity, now sees a resistance with a 
shunt parallel-tuned circuit, as shown in “C.” 

The parallel-tuned circuit looks like a high re¬ 
sistive impedance as shown in “D,” and, therefore, 

has little effect on the total resistance. If the com¬ 
bined resistance is correct, the line will be 
“matched.” 

70 OHM 
LINE 

A"- RESISTOR WITH RESIDUAL 
CAPACITIVE REACTANCE. 

LESS THAN 

70 OHM 
LINE 

B - INDUCTIVE SECTION ADDED AND RESONATED 
WITH CAPACITY TO THE INPUT FREQUENCY. 

INVARIABLE 
SHORT 

70 IL 

C"- EQUIVALENT CIRCUIT OF 'ß 

70 OHM 
LINE 

■ T n HIGH 
70 OHM t RESISTANCE 
LINE 7Ojl< OF TUNED 
_ j 5* CIRCUIT 

DL LINE NOW LOOKS INTO 70 OHM 
SHUNTED BY HIGH RESISTANCE. 

Tuned-Line Sections — Types of Construction 
The characteristics of tuned lines are used to good 
advantage in UHF equipments. Quarter-wave and 
half-wave sections are used as parallel- and series-
tuned circuits, as step-up and step-down trans-

TELESCOPING SLIDING OI5K SLIDING BAR 
INNER CONDUCTOR 

CO-AX SECTION CO-AX SECTION OPEN LINE SECTION 

formers, as impedance and phase inverters, and 
even as insulators. Such sections of line take the 
place of conventional tuned circuits which become 
too small and inefficient at ultra-high frequencies. 
The tuned-line sections are made in both co-axial 
form, and in open-line type, from metal tubes and 
rods; generally silver-plated to reduce r-f losses. 
Some representative types of construction are 
sketched at left. Methods of adjustment to reso¬ 
nate the sections are indicated. 

Some sections are cut short, and resonated with 
an adjustable capacitor (indicated by dotted lines) 
instead of being resonated with a sliding disc or 
bar. 

Quarter-Wave Sections as Transformers 
A quarter-wave section (co-ax or “open-line” type) 
shorted at the end, may be used as a step-up trans¬ 
former, similar to a parallel-tuned auto-trans¬ 
former. \\ hen a resonant section is “loaded” with 
reactance, for example, connected to the grid of 
a tube, the section must be readjusted to obtain 
electrical resonance). 
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A quarter-wave shorted section may be used as a 
step-down transformer. 

Inductive coupling to tuned sections is sometimes 

done as shown in 
examples: 

the following two different 

Co-Ax Arms on Tuned Sections 
In push-pull UHF circuits, lengths of co-ax are 
frequently used to form the arms of one-quarter 
or one-half wave shorted sections. This is done 
for several reasons, including: 
(1) The inner conductors may he used to carry 

d-c and a-c supply voltages, or low-frequency 
signals, to the tube elements. 

(2) The outer conductors can be grounded. 
(3) A sliding bar on the outer conductors can be 

used to adjust the electrical lengths of the 
section mentioned in (1) above. 

In such applications, capacitors are used at the 
end of the co-ax to place the inner and outer con¬ 
ductors at the same r-f voltage. 
An example of co-ax arms forming tuned sections 
is shown in the illustration. 
“A” is the quarter-wave shorted section required 
for input tuning. But it is necessary to take the 
diode currents to external circuits, and (for con-

To external circuits 

structional reasons) the arms of the section must 
be grounded. "B” shows how “A” is rearranged 
to do this. The co-ax lines do not act as tuned sec¬ 
tions by themselves, but form the arms of the 
quarter-wave shorted section shown in “A." 

Miscellaneous Application of Tuned Sections 
Tuned sections are put to many uses in addition 
to that of replacing conventional tuned circuits. 
Some miscellaneous uses are described to indicate 
several of the many applications. 

(1) Use of Sections in Switching Circuits 
In some equipments it is necessary at times to pre¬ 
vent signals from “A” getting to “B.” This is ac-

MATCHED 
LOAD 

complished by shorting the end of the one-half 
wave section. By virtue of the action of one-half 
wave sections, this short appears as a short across 
“B” input line at “X.’’ The one-quarter-wave line, 
being thus shorted at “X,” looks like a high im¬ 
pedance to the signal from ‘"A.” 
When it is desired to leave signals through to “B,” 
the switch is opened at the end of the one-half¬ 
wave line. At “X,” the one-half-wrave resonant 
line now looks like an open circuit. With no short 
at “X,” the one-quarter-wave section is simply 
an ordinary part of the line, and signals can pass 
to “B.” 

(2) Quarter-Wave Shorted Section Used as an 
Insulator 

(a) A quarter-wave shorted section looks like a 
high resistive impedance. This fact is utilized in 
some antenna systems by employing one-quarter¬ 
wave shorted sections as metallic stand-off insula¬ 
tors to support and space a dipole antenna one-
quarter wave from a reflecting surface, as shown 
below : 

DIPOLE 
ANTENNA 

%. WAVE SHORTED <r 
SECTION USED AS 7 
METALLIC STAND-OFF 
INSULATOR 

FEED LINE 

DIPOLE 
ANTENNA 

REFLECTING 
SURFACE 

The quarter-wave section looks like a high im¬ 
pedance to the antenna feed line. (The feed line 
can be run inside one arm of the quarter-wave 
section.) 
(b) Another example of a quarter-wave “insula¬ 
tor” is shown below, together with an analogy of 
a conventional parallel-tuned circuit. 

INSULATING section 
ACTS LIFE A HIGH Z 
Shunt across the low 
IMPEDANCE LINE. 

EQUIVALENT 
CIRCUIT 

9 



(3) Line Balance Converter (Bazooka) 

In some applications, it is necessary to change 
from a co-axial transmission line (unbalanced, 
since outer conductor is grounded) to a balanced 
transmission line or load (both conductors ap¬ 
proximately the same impedance above ground). 

A “bazooka" is used for this purpose. The action 
is shown in the sketches, and may be explained 
as follows: 

UNBALANCED BALANCED 

PRINCIPLE of converter 
BAZOOKA FORMS SHoRTeO 
QUARTER WAVE SECTION 
PLACING ’A"AT HIGH Z 
TO GROUND. 

unbalanced 
INPUT 

_— 
—- zA E T raT—I 
CLOSED 
SOLDERED \ 
TO CO-AX 4

BALANCED OUTPUT 
TO ANTENNA array, 
IMPEDANCE MATCHING 
TRANSFORMER , OR 
TWO WIRE LINE. 

1. The quarter-wave shorted section effectively re¬ 
moves the r-f ground from the end of the 
outer conductor of the co-axial line. 

2. Both the inner and outer conductors of the 
co-axial line are now at a relatively high im¬ 
pedance above ground, and effectively balanced 
to ground. 

3. The bazooka may be used in reverse manner 
to feed from a balanced circuit to an unbal¬ 
anced circuit. 

(4) Half-Wave Phase and Impedance Con¬ 
verter 

The following arrangement is used in some ap¬ 
plications. The action may be reversed, to feed 
from high-impedance balanced input to low-im¬ 
pedance unbalanced output. 

5O OHM 
UNBALANCED — 
INPUT -

T 
o 50 A 

50a e_7 

~1 
200 A. 
BALANCED 
OUTPUT 

—i 

(5) “Folded” Resonant Section 

At relatively low frequencies, the physical length 
of a resonant section may be too long for con¬ 
venient use, and a “folded ” section may be used. 
The effective length of the folded section is indi¬ 
cated by the dotted line. More than one “fold” 
may be used for further reduction of the physical 
length. 

Characteristic Line Impedance 

I he impedance of a line (also termed “surge” or 
characteristic impedance) depends on the di¬ 

mensions and spacing of the conductors, and the 
dielectric constant of the insulating material. 

Neglecting Losses— 

CLARAOS 

In solid dielectric lines (as compared with air 
dielectric) the impedance is reduced by the factor 
N^l/k, where “K ’ equals the dielectric constant 
of the insulating material (and has the effect of 

increasing “C” per unit length in the general 
formula). 

Aircraft Antenna Gable, using solid dielectric is 
frequently 70 or 50 ohms. Seventy (70)-ohm cable 
is convenient for use with quarter-wave dipoles 
and other antennas that have a radiation resist¬ 
ance of 70 ohms. Fifty (50)-ohm cable is used ex¬ 
tensively in conjunction with suitable matching 
on low-impedance array-type antennas. 

The two charts on the following page show how 
the impedance of co-axial and parallel-wire lines 
varies with the dimensions and spacing of the 
conductors. 
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Impedance chart for air¬ 
dielectric co-axial lines. 

Example: For a 50-ohm 
line, "D” is 2.3 times larger 
than “d”. For a 70-ohm 
line, ‘D” is 3.2 times larger 
than “d”. 

Impedance chart for paral¬ 

lel-wire lines. 

Example: To obtain a line 
impedance of 500 ohms, 
using No. 14 wire, the spac¬ 
ing (S) must be approxi¬ 
mately 2 inches. 

Velocity Constant of Lines 

Radio waves travel at a speed of 300 million 
meters per second in air. The speed is reduced 
in lines that have spacing insulators or solid di¬ 
electric. In a slotted measuring line, with no 
spacing insulators, the speed is essentially the same 
as in air. 

The speed in solid-dielectric lines of high quality, 
such as UHF aircraft antenna cable, is about 60-
70 per cent of speed in air. Reels of such cable 
are tagged with the measured velocity constant 
of a sample cut from the reel. 

The fact that the velocity is less in the cable than 
in air means that a wavelength in the cable will 
be shorter than in air; since the wavelength equals 
velocity divided by frequency. For example, a 
wavelength in air at 100 me. is 3 meters, but in a 
solid-dielectric cable with a velocity constant of 
65 per cent, a wavelength at 100 me. is only 3 x .65, 
or 1.95 meters. 

The lower velocity in solid-dielectric lines is illus¬ 
trated below. A 100 me. signal is fed through a 

soSrcI ^1 slotted line 

AIR - DIELECRIC LINE, 
VELOCITY CONSTANT =1.0 

3) 

SOLID DIELECTRIC LINE 
OF VELOCITY CONSTANT 
= o.es 

slotted line (air dielectric) and into a solid di¬ 
electric line that has a velocity constant of 0.65 
(65 per cent of that in air). 
A slotted line can be used to check the velocity 
constant of a co-ax cable. 
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The equipment is set up as shown: 

R. F 
SOURCE z| SLOTTED LINE 

POSITION 

[probe] 

FIRST 
POSITION 

ORIGINAL LENGTH 
OF CABLE 

I PR°Se) FINAL LENGTH 
_ of cable 

FINAL POSITION 
OF SAME 
VOLTAGE MIN. 

ORIGINAL POSITION 
OF VOLTAGE MIN 

I he end of the cable is left open. Standing waves 
are therefore set up along the cable and slotted 
line. The probe is set accurately at the first point 
of minimum voltage at the cable-side of slotted 

line. A piece of cable is cut off at the end of the 
line. This shifts the voltage minimum point to 
the left, and the probe is reset accurately to the 
new position of the voltage minimum. 

The ratio of the length of the piece of cable cut 
off to the distance that the probe is moved is the 
velocity constant of the cable. (In practice, small 
increments of cable are cut off until nearly the 
entire length of the slotted line has been traversed 
by the probe. Each step is plotted, and the slope 
of the line indicates the velocity constant). 

As ;ui example, if the length of cable cut-off is 1 
foot, and the probe has been moved 2 feet, the 
velocity constant is .5, or 50 per cent. 

Standing-Wave Indicators for Open-Wire Lines 
A small neon bulb may be used to show existence 
of standing waves on open-wire lines. If the line 
is correctly terminated (no standing waves) the 
bulb will have constant brilliance as it is moved 
along the line. 

Better indication can be obtained by using a crys¬ 
tal or diode rectifier and a meter, capacitively 
coupled to the line as shown. 

NEON CAPACITY —WM-1 CRYSTAL 
BULB COUPLING OR DIODE DET 

OH HIGH AND METER 
Power 

Slotted Measuring Line 
A slotted line is a section of co-axial line with 
a slot along the outer tube to permit loosely 
coupling an r-f voltmeter probe to the inner con¬ 
ductor. 

! he slotted line is used to determine: 

11) Ratio of voltages at maximum and minimum 
voltage points of standing waves along the 
line. 

(2) Position of these points with respect to a 
“Reference'' point. 

From this data it is possible to determine the re¬ 
sistive and reactive nature of a load at a specified 
frequency. 

STANDARD TYPE INVERTED TYPE 

Some Principal Applications Are 

(1) To adjust antennas for correct match to a 
line at a specified frequency. 

(2) To determine the resistive and reactive com¬ 
ponents of a load at a specified frequency, or 
over a range of frequencies; i. e., impedance 
and phase angle. 

(3) Io adjust input systems of receivers, dummy 
loads, etc., for correct match to a line. 

Considerable care is taken in the design and con¬ 
struction of slotted lines to secure: 

(1) Uniform impedance throughout the length. 

(2) Uniform spacing of the probe in its travel 
along the inner conductor. 

(3) Good grounding of the probe box to the outer 
conductor. 

(4) Rigidity of the co-ax assembly, and minimum 
slop in travel of the voltmeter probe. 

I he impedance of the slotted line should equal 
the impedance of the associated co-ax line. Some 
slotted lines are equipped with two or more me¬ 
chanically interchangeable inner conductors of 
different diameters so the impedance can be 
changed to match the impedance of commonly 
used co-ax lines (70 and 50 ohms, and some 63 and 
40 ohms). 

I he r-f voltmeter used in conjunction with the 
slotted line is usually a diode or crystal detector 
with a current meter and tuned input, capacitively 
coupled to the inner conductor. 

Diode and crystal detectors are insensitive and re¬ 
quire a high-output UHF oscillator to excite the 
line. It is sometimes possible to use the UHF re¬ 
ceiver (from an equipment) as an indicator, fitting 
the input of the receiver with a suitable probe. In 
this case, owing to the high sensitivity of the re¬ 
ceiver, a low-powered UHF generator may be used 
for the source. 

IT hen adjusting antennas, the object in most 
cases is to “match” the antenna to the line. This 
is usually done by changing the antenna length 
and/or the antenna matching stub for minimum 
standing-wave ratio. 

For some antennas, and in other applications of 
the slotted line, it is necessary to determine the 
resistive and reactive components and phase angle. 

This requires checking both the standing-wave 
ratio and the distance from a minimum (or maxi¬ 
mum) voltage point with respect to a “reference” 
point. This subject is covered in the appendix. 
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Additional Data on Standing Waves 

An a-c wave may be drawn as a change in voltage 
during a period of time, as shown below. 

AC WAVE 

A standing wave is not as easy to show, because it 
involves changes in voltage with time, and with dis¬ 
tance along the line. 

The voltages between node points of a standing 
wave changes from positive to negative values and 
back during the time equivalent to one cycle of 
the r-f source. This r-f change in voltage is roughly 
indicated by curves 1 to 5 and back in the follow¬ 
ing sketch. 

DISTANCE ALONG LINE — — 
STANDING WAVE 

At some instant, the voltage along the line may be 
shown by one of these curves. It will be noted 
that the term “standing” wave can be misinter¬ 
preted. In a standing wave the position of max. 
and min. ¡joints does stand still, but the voltage 
changes at the r-f rate. 

When an r-f voltmeter is moved along the line, 
it indicates the relative amplitude of the r-f volt¬ 
age variation at each point along the line. The 
rectified r-f current in the meter circuit may be 
zero at nodes, and increases to a max. when the r-f 
voltmeter is moved to each voltage max. point. 
Thus the measured standing wave appears as 
shown below. (This is a sine wave with the nega¬ 
tive half-cycles “flopped up.”) 

By turning one of the half-cycles down, as shown 
in dotted lines, it will be seen that the curve is a 
sine wave. 

The standing leave that exists on the line is a sine 
leave, providing the r-f source is sine leave; that is, 
a fundamental frequency with no harmonics. For 
slotted-line measurements, the generator must fur¬ 
nish sine wave output. If harmonics are present, 
some of the min. points, with the line open or 
shorted will not be zero. 

If the standing wave on the line is sine wave, the 
measured standing wave will be sine wave, provid¬ 
ing the r-f voltmeter is linear. 

If the rectifier in the r-f voltmeter is not linear, 
the measured standing wave will not be sine wave, 
but will appear as shown. 

u ï i \ 
z 1 DISTANCE ALONG LINE-— 

By turning one of the half-cycles down, as shown 
in dotted lines, it will be seen that the standing 
wave, as measured with a non-linear detector, is 
far from being a sine wave. 

It will be noted that with a non-linear detector, 
the voltage min. points are not as “sharp” as indi¬ 
cated in the preceding illustration, which shows a 
standing wave measured with a linear detector. 

I he graph on page 24 shows how a non-linear de¬ 
tector introduces distortion in measuring a sine 
wave standing wave. 

This non-linearity causes error in measuring 
standing wave ratios. In some applications of the 
slotted line, as for example when adjusting an 
antenna to “match the line, this error may be 
ignored. 

In other applications where it is necessary to de¬ 
termine the standing wave ratio accurately, cor¬ 
rection can be determined in this way: 

1. Plot the standing wave as measured with the 
[/articular detector at the desired frequency, 
with the line open or shorted, and with the 
generator output adjusted for exactlv full-scale 
deflection at the max. voltage points. 

2. Construct a sine wave (half-cycle) on top of 
the measured standing wave, with zero and 
max. points coinciding as shown in the graph 
on page 24. The sine wave indicates the cur¬ 
rent that would flow if the detector were 
linear. 

Assume that a particular load produces a standing 
wave with a measured ratio of 

VOLTAGE MIN. 0.21 
- = 0.35 

VOLTAGE MAX. 0.6 

Reference to the curve shows that the value of 0.21 
on the measured curve corresponds to 0.39 on the 
sine wave curve. 

Also the value of 0.6 on the measured curve corre¬ 
sponds to 0.71 on the sine wave curve. The cor¬ 
rected standing wave ratio is therefore 

0.39 
0.55 (instead of 0.35). 

0.71 
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Wave Cuides 
A wave guide is a simple hollow metal tube hav¬ 
ing no central conductor. The losses are relatively 
low, since they will be produced mainly by the 
“inner skin” of the tube (which is of large perim¬ 
eter and hence gives low loss). The inner surface 
should be clean and smooth. The outer surface can 
be grounded at any point since the r-f penetrates 
only a thin skin of the inner surface. Sharp bends 
are usually avoided, and all bends and twists are 
arranged to prevent a change in “mode” of propa¬ 
gation, or reflections. Instead of a hollow metal 
guide, a solid dielectric may be used as a wave 
guide. The action in this case is comparable to 
light waves traveling inside a lucite rod. In gen¬ 
eral, the loss in a solid dielectric wave guide is 
greater than in a hollow wave guide. 

A wave guide cannot be conveniently treated like 
an ordinary transmission line. Wave guides must 
be approached from the viewpoint of an electro¬ 
magnetic wave in a dielectric, using the same basis 
of treatment as that of radiation. 

Wave guides may be rectangular, round, or oval. 
At the present time, rectangular wave guides are 
most simple and common; this discussion will refer 
to rectangular wave guides for the most part, but 
much of this information can be extended to guides 
of other shapes. 

The following development of a simple type wave 
guide is intended to serve as a means of bridging 
the gap between transmission lines and wave 
guides, although they operate on different 
principles. 

Above at left is shown a section of two wire trans¬ 
mission line. A quarter-wave resonant stub has 
been added across the line. The ends of the stub 
where connected to the transmission line, will rep¬ 
resent a high impedance many times higher than 
the impedance of any practical two wire transmis¬ 
sion line. As a result the stub will have a negligible 
effect. 

Suppose an infinite number of quarter-wave 
shorted stubs are added, resulting in a continuous 
pipe of rectangular cross section, or one type of 
wave guide. See illustration above. 

"a”—Has a minimum dimension of half a wave¬ 
length (in order to propagate a signal) but 
it may be greater. The “cut-off” frequency 
depends on dimension “a”. 

“b”—Is not critical except for voltage breakdown 
or the possibility of operation in a wrong 
“mode”. 

X (MAGNETIC5 

& (ELECROSTATIC) 

M miiu i i END VIEW OF 
SIMPLE WAVE GUIDE 

PROPAGATION -> 

SIDE VIEW OF A SIMPLE 
WAVE GUIDE . SHOWING 
ELECROSTATIC FIELD. 

TOP VIEW OF A SIMPLE WAVE 
GUI DE , SHOWING MAGNETIC FIELD. 

WAVE-GUIDE FIELDS 

For a simple rectangular wave-guide, the electro¬ 
static lines of force and density of distribution of 
the E & H fields are shown in the illustration. The 
electro-magnetic lines of force may be thought of 
as “whirlpools” in a plane, perpendicular to the 
electro-static lines of force, traveling down the tube 
in the direction of propagation. A rectangular 
wave guide will transmit satisfactorily if the com¬ 
ponent of the electric field tangent to the side sur¬ 
face is zero at every point on the surface. 

A two-wire and a co-axial transmission line are 
shown with the magnetic and electrostatic fields 
indicated. A transmission line may be thought of 
as a guide for magnetic and electrostatic fields. 
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FIELDS ABOUT TWO-WIRE LINE 

FIELDS IN A CO-AXIAL LINE 

-H OR MAGNETIC FIELD DUE TO 
CURRENT IN CONDUCTOR. 

- £ OR ELECTROSTATIC FIELD DUE 
TO VOLTAGE BETWEEN CONDUCTORS. 

transmission line fields 

TYPES OF PROPAGATION 

“TM” propagation refers to transverse-magnetic, 
and is applied to the fact there is no magnetic field 
(H) in the direction of propagation down the tuhe. 
The electric field (E) does have a longitudinal 
component in the direction of propagation. There 
are numerous modes of operation (or oscillation) 
depending upon the cross section of the hollow 
metal tube and how it is excited from the r-f 
source. Different modes of operation are identified 
by sub-numerals after the letters “TM.” 

“TE” propagation refers to transverse-electro-
static, and is applied to the fact that the magnetic 
(H) field is in the direction of propagation and the 
electric (E) field is transverse. There are numer¬ 
ous modes of operation; identified as mentioned in 
the paragraph above. It may be of interest to note 
that “TEo” mode has the lowest “cut off’’ fre¬ 
quency of any that can be transmitted through a 
given tube. The fields shown in this booklet are 
TEo-1. 

TRANSMISSION OF R-F ENERGY IN 
WAVE GUIDES 

Electro-magnetic fields may be propagated down a 
hollow metal tube provided: 

1. The frequency is high enough. 

2. The fields have certain definite distributions. 

Have Guides are essentially ultra-high frequency 
devices since the frequency must be high before a 
field can be transmitted (from a practical point of 
view) through a wave guide. A wave guide has a 
definite cut-off frequency, as determined by the cross 
section of the hollow tube, and will not operate at 
a frequency lower than the cut-off frequency. 
When the guide is half a wavelength in width 
(dimension “a”) the wave reflects back and forth 
across the guide making no progress at all (hence 
cut-off frequency). It may be considered that the 
wavelength of the r-f energy must be short enough 
to fit into the cross-sectional dimensions of the 
wave guide. 

The velocity of propagation (group velocity) of 
r-f energy in a wave guide is slower than the speed 
in air. This is due to the fact that the wave does 
not travel straight through the guide, but is re¬ 
flected from wall to wall. The length of the path 
that the wave travels is longer than the actual 
length of the guide. This action is comparable to 
the reflection of radio waves by ionized layers 
above the earth as illustrated. 

The group velocity is dependent on the frequency 
and the tube dimensions (dimension “a’’ in a 
rectangular guide). For a given size of rectangular 
guide, the group velocity— 

(1) Increases as the wavelength becomes shorter 
since there are fewer reflections from the 
wave-guide walls for a given amount of for¬ 
ward travel (see illustration “1”) but is al¬ 
ways less than the speed of light. 

(2) Decreases as the wavelength becomes longer 
(up to the cut-off frequency) since there are 
more reflections from the wave-guide walls for 
a given amount of forward travel (see illustra¬ 
tion “2”). 

direction of propagation* direction of propagation —» 

I-SHORTER WAVELENGTHS 2-LONGER WAVELENGTHS 
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Phase Velocity (apparent speed) is greater than 
the speed of propagation; or the speed of travel 
in an unrestricted medium. 

Apparent speed 
(true speed) 

(cos (X between wall and 
direction of travel.) 

Thus the apparent speed is greater since the waves 
are striking the wall at an angle. 

DIRECTION OF 
WAVE FRON T 
TRAVEL 

DIRECTION OF 
PROPAGATION 

WALL OF ' 
WAVE GUIDE 

In the time required for the wave front to move 
the distance “L”, the point of reflection has moved 
the greater distance “P”. Thus the apparent speed 
(j)hase velocity) is greater than the true velocity 
of propagation. 

The wavelength in a hollow wave guide (as meas¬ 
ured on a slotted wave guide) is always greater 
than, or at the limit equal to, the wavelength in air. 

Attenuation in a rectangular wave guide of given 
size varies as follows: 

(1) As the wavelength of the signal increases to¬ 
ward the cut-off value, the attenuation in¬ 
creases since there are more reflections result¬ 
ing in higher losses due to r-f currents in the 
“skin” of the inside wall. 

(2) At a much shorter wavelength, attenuation 
again increases due to increased “skin effect” 
at higher frequencies (except in a special case 
where the electrostatic field does not terminate 
on the wall of the guide). 

(3) There is an optimum frequency of least 
attenuation; however, this is usually not used 
because of economy reasons. 

The characteristic impedance is different for 
every mode of operation. In a round wave guide 
the lowest characteristic impedance is about 350 
ohms. In a rectangular wave guide the characteris¬ 
tic impedance may be any value as both dimen¬ 
sions are varied. The impedance is directly propor¬ 
tional to the narrow dimension “b” and if the other 
dimension “a” and the frequency are fixed, the im¬ 
pedance may hé any value between approximately 
0 and 465 ohms. The impedance approaches zero 
as the narrow dimension “b” is reduced. 

The “Q” of a wave guide is a function of fre¬ 
quency. It is also directly proportional to the 
ratio of volume to inside area of the guide. “Q” 
may be of the order of 25,000. 

Practical Facts About Wave Guides 

1. An electrical quarter-wave length or odd mul¬ 
tiples of a quarter-wave length, wave guide 
shorted, reflects an “opening” where it joins 
another wave guide. 

2. An electrical half-wave or multiples of a half¬ 
wave shorted reflects a “solid wall” where it 
joins another wave guide. 

3. A quarter-wave section of wave guide inverts 
the impedance as w ith ordinary forms of trans¬ 
mission line. 

4. A wave guide has a “characteristic imped¬ 
ance” which is usually rather high compared 
with the impedance of co-axial lines. 

METAL STUBS 
FOR’Z" 
MATCHING 

5. Impedance matching may be accomplished by 
using “shorting stubs.” For instance, in 
matching to a dipole radiator. The stubs con¬ 
strict the opening; may be used to “filter” out 
certain modes of operation. 

6. Usually where two wave-guide sections are 
joined in such a fashion, as to be quickly re¬ 
movable, an r-f choke is used. 

BOTTOM) ACTS AS R.F. CHOKE 
FOR R.F. SIGNAL WHICH MIGHT 
TRY TO "GET OUT" IN A DIRECTION 
PERPENDICULAR TO THE AXIS 

MILLED IN CIRCULAR 
PIECE OF METAL 
BRAZED Tb WAVE 
GUIDE . 

OF WAVE GUIDE . 

ACOUSTIC 
ANALOGY 

An acoustic analogy (RCA “Tone Guard”) is 
shown above. The slots around the inside of the 
cabinet act as chokes to prevent undesired high-
frequency sound (that is radiated by the vibrating 
parts of the phonograph pickup) from “getting 
out" through the normal gap between the lid and 
the cabinet. 
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7. For some purposes, usually test, a wave guide 
may be matched to air by increasing the in¬ 
ternal cross section of the guide slightly at 
the “air” end; normally an r-f choke, as shown 
above, is also used. 

The end of the wave guide may also be flared 
outward (increasing the cross section) and 
used for radiation. 

8. A wave-guide attenuator may consist of a 
movable metal partition as shown below; the 
attenuation increasing as the partition is 
moved in. 

metal partition attenuator 
MOVED IN TO Z_, 
INCREASE --;-. 
ATTENUATION I-1 / 

9. Standing-wave ratios are checked in a manner 
similar to that used for a co-axial line. A 
section of wave guide with a narrow slot 
parallel to the axis of the wave guide (located 
in the maximum of the electro-static field) is 
used. A probe with a “crystal detector” or 
an instrument fuse (1/200A heated to almost 
the blowing point by d-c) is used to detect 
the presence of standing waves, as with a 
slotted co-axial measuring line. Duc to the 
much higher frequency, measurements are 
considerably more delicate. 

10. A section of wave guide may be used as a 
tuned circuit or as a transformer. In the ac¬ 
companying illustration, if r-f energy is in¬ 
troduced at “X,” reflection will occur at the 
closed ends. If dimension “C” is correct, the 
r-f voltage will be reinforced at “X.” In this 
example “C” is a quarter of a (guide) wave¬ 
length, however other lengths may be used as 
long as the reflected voltage arrives back at 
“X” in phase with the r-f source. 

The resonant effect is due to reflections (from 
the closed ends) setting up standing waves in 
the guide. The action is similar to that of a 
“cavity resonator.” 

The r-f energy may be introduced inductively, 
capacitively, or by radiation. Output may 
be obtained in a similar manner. 

11. Sections of open and closed wave guides may 
be used in switching circuits, etc. In the fol¬ 
lowing examples where a quarter or three-
quarters wavelength is indicated, any odd 
multiple of a quarter wavelength may be used. 
Where a half wavelength is indicated, any 
multiple of a half wavelength may be used. 
(Electrical wavelength in the guide is re¬ 
ferred to, not physical length). 

In the illustration below an intermittent short 
at “D (mechanical or by means of a special 
tube) is used. A short at “D” will result in 
effectively a “solid wall” looking in at point 
“X” when “D” is shorted. 

load 
END 

CLOSED OFF HERE 

RECTANGULAR 
WAVE GUIDE 

D-GUIDE 
INTERMITTENTLY 

R. F 
SOURCE 

In the following illustration an intermittent 
short at “D ' (mechanical or by means of a 
special tube) is used. 

CLOSED END 

SOURCE 

MAIN RECTANGULAR 
WAVE GUIDE 

D - INTERMITTENTLY 
SHORTED 

When “D” is shorted, effectively a “solid wall” 
will result at the junction of the closed stub 
to the main wave guide. Paths “Y” and “U” 
may receive energy. 

When “D" is not shorted, effectively a “solid 
wall” will result looking in at point “X” which 
is two half waves (a full wave) from the 
closed end. There will be no transmission in 
the direction “U” but there will be transmis¬ 
sion in direction “ï .” 

12. A typical wave guide in practical use now, 
which happened to be a standard size of rec¬ 
tangular tubing: 

Width—about 1.5% greater than a half wave¬ 
length (about as small as can be used). 

Thickness—about 44% of the width. 

Wavelength—about 40% longer than in air 
(standing-wave measurement). 

Loss—about 1/10 db per meter correctly 
matched). 

Standing Wave Ratio—of as high as 3 to 1 
may be tolerated. 
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Cavity Resonators 
Cavity resonators are tuned resonant circuits for 
extremely high frequencies where it becomes im¬ 
possible or impractical to use tuned lines or 
lumped circuits. 

No unique definition of L, C and R can be found 
in a cavity resonator. A cavity resonator is similar 
to a wave guide in that electro-magnetic lines of 
force oscillate back and forth within the cavity 
in some particular mode, depending upon the 
shape and method of excitation of the cavity. 

UHF cavity resonators may be compared to con¬ 
ventional acoustic resonators. An example is the 
boomy sound in a room with smooth hard surfaces 
(good acoustic reflectors). Sound from a source 
will be reflected from wall to wall with only slight 
absorption of energy at each reflection. If the 
frequency of the sound is such as to produce stand¬ 
ing waves between two surfaces, or combination of 
surfaces, the sound is reinforced. The resonant 
frequency depends on the room dimensions. The 
“Q” depends on the reflectivity of the walls and 
other losses. 

Developing a Simple Resonant Cavity 

if it is desired to increase the resonant frequency, 
we can parallel the inductances “L,” thus making 
the equivalent “L” quite small. There are limits 
as to how small “C” may be made practically, so 
the only thing left to do is to decrease the effective 
“L” of the circuit in order to tune to a higher 
frequency. See diagram at right. 

REDUCING 
EFFECTIVE *L‘ 

ADDING MORE (.'s 
IN PARALLEL 
THUS INCREASING 
RESONANT 
FREGLUENCY. 

As shown at the right above, more and more in¬ 
ductive stubs may be added, thus decreasing the 
effective “L” and increasing the resonant fre¬ 
quency. If this is carried on to the extreme, a 
closed chamber or resonant cavity results. (Strictly 
speaking, it is not proper to talk of the inductance 
of a cavity resonator.) 

Modes of Operation of Cavity Resonators 

Consider a rectangular section. The description of 
the “Mode” would be given in terms of electro¬ 
magnetic fields and various frequencies. Various 
frequencies of oscillation (different modes) are 
possible, because wave energy may be propagated 
and reflected from various surfaces. There is also 
the possibility of an oscillation that is a harmonic 
of the basic wave. Two important points in cavity 
resonators are (1) how oscillations arc forced and 
(2) how energy is removed. They will effect the 
mode of operation. 
The r-f energy may be introduced to or removed 
from the resonant cavity, inductively, capacitively, 
or by radiation. 

The energy is in the electrostatic field at one in¬ 
stant and in the magnetic field an instant later, 

oscillating from one field to the other at the fre¬ 
quency of the applied energy. 

In referring to cavity resonators the idea that a 
conductor is always an “equipotential surface” is 
untrue; voltages and currents reverse themselves 
in a space measured in centimeters. An electro¬ 
static field can terminate only on electrical charge, 
hence there must be appropriate distribution of 
charge on the surface. A magnetic field can cease 
suddenly only on a surface carrying current, hence 
there must be current flowing in the inside sur¬ 
face of the resonator (only penetrates a very thin 
skin of the metal surface and cannot be detected 
on the outside of the resonator). 

A general statement, for simple resonators, can be 
made that it is necessary to have a dimension of 
an electrical half wave or multiples of a half wave 
since the electrostatic field is a maximum at the 
center and minimum at the sides of a simple 
resonator, otherwise the electrostatic field would 
be shorted out. (Refer to the data covering a sec¬ 
tion of wave guide used as a tuned circuit.) 
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Resonant Frequency "Q" and "Ro" 

The resonant frequency can be calculated from the 
shape of the cavity for very simple types of reso¬ 
nators possessing symmetry. 

The “Q” can be determined through knowledge of 
the rate at which energy is lost. A large “Q” may 

be obtained when the ratio of volume to surface 
is large. Approximate values of “Q” may be 28,000, 
31,000 and 26,000, for a cube, cylinder, and sphere, 
respectively, when not loaded. 

High “Q” docs not necessarily imply high shunt 
resistance (‘‘Ro”) in a resonant cavitv. 

Forms of Actual Cavity Resonators 

Cavity resonators may take various shapes such 
as, cube, sphere, cylinder, sphere dimpled on top 
and bottom, cylinder “dented” at one end (with 
ends forming grids as in an HF tube, for instance), 
etc. 

Several possible types of cavity resonators are 
shown below. The electrostatic lines of force are 
shown for one possible mode of operation: 

CUBE 

RECTANGULAR RECTANGULAR 

OUTPUT 

roir,, 1 ELECTRON 
GRIDS I cm r a » j 

RESONANT STREAM 
CAVITY; SIZE 
MAY BE VARIED 
BY A BELLOWS 
ARRANGEMENT, 

"E“ &*H" 
FIELDS 
SHOWN 

E & H 
FIELDS 
SHOWN 

— RESONANT CAVITY 

OUTPUT 
LINE 

INPUT 
LINE 

ENERGY PICKED UP 
FROM MAGNETIC 

FIELD 

EXCITES MAGNETIC 
FIELD 

The cavity (box) cannot resonate if it is too small 
for the wavelength concerned. If the r-f energy is 
the correct frequency for the cavity, high ampli¬ 
tude centimeter waves (fields) will propagate 
across and from top to bottom of the cavity. 

Tuning Slugs for Cavity Resonators 

For the purposes of explanation, a metal sphere 
is shown in a rectangular resonant cavity, with the 
“E lines ol force for this particular operation as 
shown below: 

BEFORE AFTER AFTER 

(1) The slug shortens electrostatic (E) lines of 
force, hence the capacity is said to increase. 

(2) The magnetic (H) lines of force are normally 
weak at the center and are not appreciably 
affected. 

(3 i The wavelength increases (frequency lower). 

If the slug is inserted at one side or the other, the 
result is as follows: 

(1) I he slug shortens the magnetic lines of force 
(Hl, hence the effective inductance is said to 
decrease. 

(2) The electrostatic lines of force (E) are nor¬ 
mally weak at the side and are not appreciably 
affected. 

(3) The wavelength decreases (frequenev higher). 

Since the two positions of the slug, namely, in the 
maximum (E) field, and maximum (H) field, 
change the resonant frequency in opposite direc¬ 
tions, it would be expected that a position where 
no change in wavelength would result might be 
found. 
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Appendix on Use of Slotted Line 
RESISTANCE | y I _ 
MORE THAN Zo -

LOAD IMPEDANCE IS 
CAPACITIVE 

RESISTANCE |y, |_ 7 RESISTANCE 
LESS THAN Zo 1 L|- ° MORE THAN Zo

LOAD IMPEDANCE IS 
INDUCTIVE 

R.F. 
SOURCE 1 

AND MORE THAN AND LESS THAN AND LESS THAN AND MORE THAN 
LINE Z LINE Z LINE Z LINE Z 

CAPACITIVE INDUCTIVE 

180° 
LOAD END 

0° 135° ' 90® 45° 
SCALE LENGTH = % 

MAKE SCALE LENGTH = J^ WAVE LENGTH AT OPERATING FREQ. 

/2 WAVE IN INCHES = 5908 
FREQ. IN MC 

(This length is based on the use of an air-dielectric slotted line with 
velocity constant practically the same as air.) 

By making a few simple measurements on the 
slotted line (at the desired frequency) it is pos¬ 
sible, with the aid of the charts at the end of this 
booklet, to determine the impedance and phase 
angle of any load. 

The equipment is set-up as shown: 

(SAME IMPEDANCE AS TRANSMISSION 
TRANSMISSION LINE) LINE 

Ihe procedure is as follows: 

1. Make a scale as shown at top of page. 

2. Locate a “reference point” as follows: 
(a) Short circuit the far end of the transmis¬ 

sion line, at the load. The short circuit 
must be as direct and effective as possible 
for accurate results. 

(b) Adjust the generator for correct fre¬ 
quency. Move the probe to a voltage max. 
point, and adjust generator output for 
exactly full-scale reading on probe volt¬ 
meter. 

(c) Move the probe along the slotted line and 
note the position of min. voltage points. 
Select a min. near the center of the 
slotted line and locate this point accu¬ 
rately. This min. will be referred to as 
the “reference point.” 

3. Fasten the prepared scale underneath the 
probe pointer so the 90 degree mark is at the 
“reference point.” 

4. Remove the short circuit. 

5. Check and if necessary readjust the generator 
for correct frequency. 

6. Move the probe along the scale and accurately 
locate the point of min. voltage. The reading 
in degrees on the scale at this min. voltage 
point is referred to as “KX°.” 

7. Note the voltmeter reading at the min. voltage 
. _ . min. voltage 

point. Determine the ratio of — 
max. voltage 

This is the standing-wave ratio, referred to as 

“R.” (If the rectifier in the r-f voltmeter is 
non-linear, the ratio may be corrected as de¬ 
scribed previously.) 

Having determined values of “KX°” and “R,” it 
is then necessary to use the correct chart to de¬ 
termine the impedance and phase angle of the 
load. 

There are four charts included in this booklet. 

Use #1 if KX° is between 0 and 45°, or 135° and 
180°. 

Use #2 if KX° is between 45° and 135°. 

(Charts *3 and *4 are enlargements of #1 and 
#2, respectively, for greater accuracy when the 
standing-wave ratio is between 0.7 and 1.0.) 

As an example, if— 
Min. voltage 

R, the standing wave ratio,-=0.5 
Max. voltage 

KX°, =60° 
Ze, the line impedance, =40 ohms 

As KX° is 60e, use chart #2. 

Locate R = 0.5 on top of #2 chart and follow 
this line around until it crosses the KX = 60° 
line. Mark this point and from it go straight 
across the chart to find that the ratio of the 

load impedance 
--;——-- = 0.75 
line impedance 

As the line impedance is 40 ohms, the load imped¬ 
ance is 40 X 0.75 or 30 ohms. 

From the marked point (where R crosses KX°), 
drop straight down and note that the angle of the 
load is 32° (inductive). 

The load impedance (Za) may be expressed in 
terms of resistive and reactive components: 

Za = 30 cos 32° + J 30 sin 32° 

= 25.4 = J 15.9 ohms. 

EXPRESSED VECTORIALLY 
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Position of Standing Waves for Various Loads 

With the load short circuited, any convenient point 
of minimum voltage on the slotted line may be 
used as the “reference point.” 

To determine KX° by the position of voltage maxi¬ 
mum, place the scale so 0° is at a reference point, 
as shown at top of following chart. 

To determine KXC by the position of voltage mini¬ 
mum, place the scale so 90° is at a reference point, 
as shown at bottom. 

The answer is the same in either case. 

Owing to the “sharper” indication, it is generally 
preferable to use a minimum voltage point to de¬ 
termine KX°. However, when using a relatively 
low frequency, a half-wavelength may be longer 
than the slotted line and the minimum voltage 
points may fall beyond the ends of the slotted line. 
In such cases, it is possible to use a maximum volt¬ 
age point in determining KX°. 

The procedure is to short circuit the load and lo¬ 
cate the minimum voltage point nearest the load 
end of the slotted line. Use this as the “reference 
point.” (If the minimum voltage reference point is 
not close to the load end of the slotted line, change 
the length of the transmission line so that the 
minimum voltage reference point is near the load 
end of the slotted line. Place the prepared scale 
(shown in previous sketch) so that the zero-degree 
mark is at the reference point. 

Remove the short-circuit and locate the first maxi¬ 
mum voltage point from the reference mark (on 

I CAPACITIVE I INDUCTIVE I KX” SCALE 
GEN. END | LOAD>Zo|lGA0<Zo| LQAD< LQAD>ZO| LOAD END 

I0O* 135* 90" 45* O* 

I CAPACITIVE I INDUCTIVE I 
| LOAD > Z, | LOAD < zj LOAD <Z«| LOAD > Z J KX SCALE

<35* 90* 45* O’ 

generator side of referenee mark). The reading on 
the degree scale at this maximum voltage point 
is KX°. 

Load Connected Directly at End of Slotted Line 

In some applications, the load is connected directly 
to the end of the slotted line, without using a 
transmission line. In this case the question of using 
the minimum or maximum voltage point in deter¬ 
mining KX° again depends on the required operat¬ 
ing frequency and the length of the slotted line. 

With relalively high frequencies, use the first pro¬ 

cedure I in which a voltage minimum is used in 
determining KX°). 

With relatively low frequencies, use the point 
where the load is connected to the slotted line as 
the “reference point.” Place the scale so the zero 
degree mark is at this reference point. The first 
maximum voltage point, from the reference point, 
is kX°. 

Note on Obtaining Maximum Voltage Point 

As an aid in obtaining accurate location of maxi¬ 
mum voltage points, it is suggested that two volt¬ 
age points of equal magnitude be selected, one on 
each side of the maximum point, then choose the 
distance half way between these two points as the 
maximum point. This same system may be used 
to determine the location of minimum voltage 
points. 
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Charts for Use with Slotted Line 

Zc = CHARACTERISTIC IMPEDANCE (SURGE IMP.) 
OF CONCENTRIC TRANSMISSION LINE OR 
PARALLEL WIRE LINE. 

Za= MAGNITUDE OF LOAD IMPEDANCE (TERM IMP) 
AT END OF TRANSMISSION LINE 

©a = ANGLE OF LOAD IMPEDANCE 

(DEGREES) ru . o  Z9a (DEGREES) 
-(CAPACITIVE) LHAkT (INDUCTIVE)-

22 



£2 

J¿/V J.èWH3 JO UVJ JO 1N3UJOJV1N3 - /r-V 1WHJ 

JJMJ JO JJt/J JO 1J3NJ9JVU3 ' õN 

auq pa^O|g ipiM asp joj s^jpiq 



Effect of Non-Linear Detector 

Ratio of Power Loss in Unmatched Line 
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