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Wave

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 preveni 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 dielectrie, using the same hasis
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 gnides
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. :

TWO - WIRE
TRANSMISSION

LINE l\ l\i
T § [t
jf; SHORTED \;bl\ J\qu

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 mmimum dimension of half a wave-
length (in order to propagate a signal) hut
it may be greater. The “cut-offi” frequency

[Ty}

depends on dimension “a

Guides

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

“mode”.

X

%/“‘(—7<<‘}( (MAGNETIC)
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i \v’ & (ELECROSTATIC)
Iy END VIEw OF
a T ”T”H T SIMPLE WAVE GUIDE
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SIDE VIEW OF & SIMPLE
| WAVE GUIDE » SHOWING
ELECROSTAT[Cl FIELD. |

]

I

TOP VIEW OF A SIMPLE WAVE
GUIDE , 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 ficlds are shown 1n the illustration. The
clectro-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 1o 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 thoughrof
as a guide for magnetic and electrostatic fields.
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N4 SHORTED
sSTuB

FIELDS IN A CO-AXIAL LINE

— —— — H OR MAGNETIC FIELD DUE TO
CURRENT IN CONDUCTOR

£ OR ELECTROSTATIC FIELD DUE
TO VOLTAGE BETWEEN CONDUCTORS

TRANSMISOION 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 tube.
The electric field (E) does have a longitudinal
componcent in the direction of propagation. There
are numerous modes of operatibn (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 1o 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 ahove. 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 hooklet are

TEo-1.

TRANSMISSION OF R-I' ENERGY IN
WAVE GUIDES

Electro-magnetic fields may be propagated down 4
hollow metal tube provided:

1. The frequency is high enough.
2. The fields have certain definite distributions.

Wave 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 he 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 duc 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.

REFLECTING LAYERS

ABOVE THE EARTH
DIRECTION OF —— _?
PROPAGATION
—

g

L N

R b L\ PATH OF WAVE
IN GUIDE

The group velocily 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 bhecomes 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 llustra-

tion “2”).
\W

DIRECTION OF PROPAGATION — DIRECTION OF PROPAGATION —

/e
i
Jaitec,

[

{- 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.

(true speed)

Apparent speed =
PP 5 (cos & hetween wall and

direction of travel.)

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

DIRECTION OF
WAVE FRONT

TRAVEL
< DIRECTION OF
o E y PROPAGATION
I L £ —

b-p ] WALL OF f

WAVE GUIDE

In the time required for the wave fronl to move
the distance “L”, the point of reflection has moved
the greater distance “P”. Thus the apparent speed
(phase 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 grealer
than, or at the limit equal to, the wavelength in air.

Attenuation in a rectangular wave guide of given
gize 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 diflerent 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 bé 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 with ordinary forms of trans-
mission line.

1. A wave guide has a “characterisic 1mped-
ance” which is usually rather high compared
with the impedance of co-axial lines.

METAL s-ruexsi/"é

FOR "Z”

MATCHING ?\*l__ :é%_

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 he used to “filter” oul
certain modes of operation.

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

WAVE
GUIDE
2
WAVE ~ #
GUIDE ¢
5
S
A‘/4 DEEP SLOT (CLOSED AT A’/a DEEP SLOT
BOTTOM) ACTS AS R.F. CHOKE MILLED IN CIRCULAR
FOR R.F.SIGNAL WHICH MIGHT PIECE OF METAL
TRY To “GET ouUT” IN A DIRECTION BRAZED TO WAVE
PERPENDICULAR TQ THE AXIS GUIDE .

OF WAVE GUIDE .

ACOUSTIC
ANALOGY

WALL

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 bhetween the lid_and
1 : =~
the cabinet,
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10.

For some purposes, usually test, a wave guide
may be matched 1o air by increasing the in-
ternal cross section of the guide slightly al
the “air” end; normally an r-f clioke, 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.

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 TQ ,_L]
INCREASE

ATTENUATION [ (= e i j

1 —]

L] /'\-___’_’_‘__’_\.

WAVE GUIDE

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-¢) is used to detect
the presence of standing waves, as with a
slotted co-axial measuring line. Due to the
much higher frequency, measurements are
considerably more delicate.

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.

~—a

C

The resonant eflect 1s 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

12.

he used in switching circuits, ete. 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 he used.
(Electrical wavelength in the guide is' re-
ferred to, not physical length).

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

X RECTANGULAR
4 | WAVE GUIDE
LOAD % R.F
EMD 4 ': 1 }, *'_é SOURCE
< .
4l _|# D-GuUIDE
= INTERMITTENTLY
Y‘ CLOSED OFF HERE

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

T =~ CLOSED END
5T « D~ INTERMITTENTLY

SHORTED
mig (<\N
et | !
F
‘—} i }"é‘d\. SOURCE
t \‘"x" {.MAIN RECTANGUL AR

WAVE GUIDE
i’

IV hen D™ is shorted, eflectively 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 dircction “Y.”

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

IVidth—ahout 1.5% greater than a half wave-
length (about as small as can be used}.

Thickness—abaut 44% of the width,

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

Loss—about 1710 db per meter correctly
matched).

Standing Wave Ratio—of as high as 3 10 1
may be tolerated.
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Cavity Resonators

Cavity resonators are tuned resonant circuits for
extremely high frequencies where it hecomes 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 clectro-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
hoomy 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 cach 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

L cl ~ Etc}: WHERE fp = 2_;r—'—\/L=c‘

If it is desired Lo 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.

L L ADDING MORE'L'S
IN PARALLEL
THUS INCREASING

L C L
T I RESONANT

REDUCING = L FREGUENCY,
EFFECTIVE “L"

As shown at the right above, more and more in-
ductive stubs may be added, thus decreasing the
eflective “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

=
_L\J

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 he 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
resonalors are (1) how oscillations are forced and
(2) lhow cnergy 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 cnergy is in the electrostatic field al one in-
stant and in the magnetic ficld 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 currenls 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 he 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 he
made that it is necessary to have a dimension of
an electrical half wave or multiples of a half wave
since the clectrostatic 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” doecs not nccessarily imply high shunt
resistance (“Ro”) in a resonant cavity.

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:

|11 ( j*HTHHWI

CUBE CYLINDER SPHERE

<4

RECTANGULAR

DIMPLED
SPHERE

RECTANGULAR

RESONANT

3
CAVITY; SIZE —\-'-—g e I
MAY BE VARIED | * ~B—OUTPUT s E"&H
BY A BELLOWS - =5 t FIELDS
ARRANGEMENT. N - SHOWN

ELECTRON
srios | BGTiRg

MOVING DISC . B
AND PLUNGER @ C ) e
OR PLUG. o FIELDS
o @ SHOWN

= _‘1._.‘;‘--—- — ==

— ==
INPUT QUTPUT
TR
I ‘,i/RESONANT CAVITY
INPUT = c'—_—.‘:T.'..QUTPUT
LINE I S e 117

EXCITES MAGNETIC ENERGY PICKED UP
FIELD. FROM MAGMNETIC
FIELD

The cavity (hox) 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 arid from top to hottom 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 of force for this particular operation as

shown below:
) % (1

I

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) The wavelength increases (frequency lower).

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

(1) The slug shortens the magnetic lines of force
(H), 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 (frequency higher).

Since the two positions of the slug, namely, in the
maximum (E) field, and maximam (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.

®

——— e e —
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Appendix on Use of Slotted Line

RESISTANCE

_ RESISTANCE - RESISTANCE
MORE THAN Z, |><CI|— Zo LESS THAN Zo (= 2o MORE THAN 2,
LOAD IMPEDANCE 15 LOAD IMPEDANCE IS
CAPACITIVE INDUCTIVE
AND MORE THAN|AND LESS THAN|AND LESS THAN | AND MORE THAN
LINE Z LINE 2 LINE Z LINE Z
RF [|o=— i
SOURCE | CA;PAFIT’IVI;: INDutl:'rl\I.fE LOAD END
————— [ 4 [ - | I I | al ———————
180° 135° 90° 45° 0°

SCALE LENGTH =%

MAKE SCALE LENGTH=‘/2 WAVE LENGTH AT OPERATING FREQ.

Y2 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:

RF PROBE
" VOLTMETER

e

WSLOTTED LINE
(SAME IMPEDANCE AS
TRANSMISSION LINE)

“KX°"SCALE

| TUHF I
GEMERATOR :i

LOAD

TRANSMISSION
LINE

The procedure is as follows:
. 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 eflective as possible
for accurate results.

Adjust the generator [or correct [re-
quency. Move the probe to a voltage max.
point, and adjust generator output for
exaclly full-scale reading on probe voli-
meter.

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 paint.”

(h)

(c)

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

1. Remove the short circuit.

5. Check and if necessary readjust the generator
for correet 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. Dctermine 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 he 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 hooklet.
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
slanding-wave ratio is between 0.7 and 1.0.)

As an example, if—

. . Min. voltage
R, the standing wave ratio,———
KXe,

Zc, the line impedance,

As KX° is 60°, 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

Max. voltage
=60°

=40 ohms

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 nate that the angle of the
load is 32° (inductive).

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

Za = 30 cos 32° 4+ ) 30 sin 32°
= 25.4 + J15.9 ohms.

REACTIVE
COMPCNENT
15.9 OHMS

25.4 OHMS
RESISTIVE COMPONENT

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 he
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 KX° by the position of voltage min-
mum, place the scale so 90° is at a reference point.
as shown at hottom.

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 heyond 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 [rom the reference mark (on

CAPACITIVE | INDUCTIVE KX° SCALE
LOAD>Z,[LOAD< Z,, LoAn<z.]|.mo>z,I LoAD END
180°  135° 90°  45° o*

LOAD IMPEDANCE

RESISTIVE,
LESS THAN X, OR
SHORTED

GEN END

RESISTIVE,
_MORE THAN Z,,0R
OPEM

INDUCTIVE REACTANCE
EQUAL TO Z,

INDUCTIVE,,
LESS THAN Z,

INDUCTIVE
MORE THAN Z,

CAPACITIVE REACTANCE,
EQUAL TO Z,

CAPACITIVE,
LESS THAN Z,

CAPACITIVE ,
MORE THAN Z,

CARPACITIVE INDUCTIVE -
[lMO)Z_ Loan<F I.MC“-IJLHO:‘Z.[ L33 =3
ot 1857 90° A5* o

generator side of reference 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 relatively high frequencies, use the first pro-

cedure (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 “refercnce 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

J: MAX. PQINT

DISTANCE — =

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.

L
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Charts for Use with Slotted Line

Zc =CHARACTERISTIC IMPEDANCE (SURGE IMP) 8q = ANGLE OF LOAD IMPEDANCE

OF CONCENTRIC TRANSMISSION LINE OR
PARALLEL WIRE LINE,

Z24m™ MAGNITUDE OF LOAD IMPEDANCE (TERM IMP.)

AT END OF TRANSMISSION LINE
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Charts for Use with Slotted Line
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Effect of Non-Linear Detector
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Intermodulation Measurements on
Radiotron Amplifier A515

By R. H. ASTON, AMIRE. (Aust.),

When the Radiotron high fidelity amplifier A515
was described in Radiotronics 128, intermodulation
tests were not included because suitable measuring
equipment was not available at that time. An Altec
Lansing signal generator type T1 401 and inter-
modulation analyzer T1 402 were subsequently
purchased and intermodulation measurements made
as published below.

As a guide to the amount of intermodulation
which is tolerable, Hilliard states that less than 2
per cent. cannot be detected by ear. It is further
claimed that this method of measuring distortion is
a very sensitive one and agrees well with the aural
impression of distortion. For those readers who
require additional information on the subject of inter-
modulation testing we publish below a bibliography
of some of the articles which have appeared in the
literature.

Measurements were made of intermodulation and
individual harmonics present for various output
powers both with and without feedback. These
results are published so that some indication of the
correlation between intermodulation and harmonic
analysis may be obtained.

It should be noted that the intermodulation tests
show overload conditions for a lower power output
than that indicated by the harmonic measurements
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of a single frequency input. This arises from the fact
that distortion occurs with high peak voltages rather
than high powers. When two input signals are
applied simultaneously and one of them is four times
the amplitude of the other, the smaller signal makes
a negligible contribution to the power output, but
adds directly to the peak voltage amplitude. As the
waveform of the signals encountered in practice is
generally of a complex nature, the overload indicated
by intermodulation tests is a more practical one.
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The only change in the amplifier was the replacing
of the output transformer by one designed and
manufactured for this amplifier by Fergusons Radio.
With the new transformer the amplifier was even
more stable than with the Goodmans transformer
used previously.

The input signal consisted of the simultaneous
application of a 60 ¢/s sine wave and a 2,000 c¢/s sine
wave. The 2,000 ¢/s signal was 12 db lower than
the 60 ¢/s input. The combined signals passed
through the amplifier and to the intermodulation
analyzer where the 60 ¢/s fundamental was filtered
out. The 60 ¢/s sideband components of the 2,000
¢/s, considered as a carrier, were then measured and
expressed as a percentage modulation factor.

o]
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The output power was calculated from a measure-
ment of the rms voltage, due to the two signals,
developed across a 10 ohm resistance.

So that a closer practical comparison can be made
between the intermodulation measurements and the
harmonic analysis, it is better to calculate the equiva-
lent power output which would result from a single
sine wave signal having the same peak amplitude
as the sum of the peak voltages of the two signals
used for the intermodulation tests. The intermodula-
tion distortion resulting with this equivalent power
output can then be compared with the harmonic
distortion resulting with the actual power output from
a single sine wave.

The equivalent power output may be derived as
follows:

let B, = 2,000 ¢/s output voltage
Es = 60 c¢/s output voltage
Etr = measured rms total of E; and Es
that is BT = 1/ E2 + Ej;?
E, = 4E; since E; is 12db below E,

SCEr=E vi1 4+ 16=E 1V 17

and E; =1/ 17

4ET
E: =v 17
5 Er
E; + E; ='|/17

Equivalent power output =

5 2
( 17 ET )
v 17 25 Er?

Ry 17 Ry,
MEASUREMENTS
Equivalent
Output Output Intermodulation per cent,

watts watts normal no feedback
1.0 1.47 0.10 0.27
2.0 2.94 0.11 0.37
3.0 4 .42 0.13 0.69
4.0 5.88 0.17 1.20
5.0 7.35 0.22 1.65

35
6.0 8.83 0.27 2.15
7.0 10.30 0.35 2.8
8.0 11.78 0.72 4.3
9.0 13.24 1.75 742
10.0 14.71 3.70 11.0
11.0 16.18 7.2 17.5
12.0 17.65 8.8 23.2
13.0 19.12 14.5 29.0
14.0 20.59 22.0 34.0
15.0 22.2 26.0 35.0

——

HARMONIC ANALYSIS

60 ¢/s output into 10 ohm resistive load. No
feedback.

Output Harmonics per cent.
watts Hz H3 H4 H5
1.0 0.52 0.17 — 0.025
3.0 0.44 0.22 0.02 —
5.0 0.41 0.24 — 0.025
6.0 0.42 0.29 — 0.02
7.0 0.42 0.40 — 0.04
8.0 0.42 0.54 0.02 0.05
9.0 0.42 0.65 — 0.05

10.0 0.40 0.72 0.04 0.055
11.0 0.43 0.88 0.07 0.07

12.0 0.62 1.48 0.06 0.35

Oscillator  0.66 0.06 — 0.025

60 ¢/s output into 10 ohm tesistive 1oad. Normal
feedback.

Output Harmonics per cent.
watts Hz H3 H4 H5
5.0 0.75 0.11 — 0.025
7.0 0.73 0.13 — 0.025
8.0 0.73 0.14 — 0.025
9.0 0.73 0.14 — 0.025
10.0 0.73 0.16 — 0.025
11.0 1.0 0.18 — _

12.0 1.0 0.30 0.04 0.05

Oscillator  0.73 0.07 — 0.025

.__’—__
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Compensation of Frequency Dirift

R.C.A. Application Note AN-122 reprinted by courtesy of Radio Corporation of America.

In local oscillator circuits of high-frequency
receivers, trouble may be encountered with frequency
drift during warm-up. This drift falls into two
general classes: The first is that due to the oscillator
tube and its socket and is characterized by a short-
time frequency drift as the tube warms up; the
second is that due to the other components of the
oscillator circuit and is characterized by a longer-time
drift as the chassis comes up to temperature. Both
types of drift generally tend to lower the oscillator
frequency.

This Note describes a method for substantially
compensating the drift due to the warm-up of the
tube and socket, and illustrates the application of the
method in a receiver. Compensation of the drift
attributable to other circuit components is not
discussed.

Short-Time Drift Considerations

The construction of a miniature tube lends itself
well to the compensation of that part of the fre-
quency drift due to the tube and socket. Heat is
conducted directly from the tube elements through
the base pins to the tube socket contacts. Because
the socket dielectric material is a poor heat conductor,
little heat is lost to the chassis. Consequently, the
changes in temperature at the socket terminals are
closely related both in time and in relative value to
the temperature changes of the tube elements to
which the terminals are connected. A capacitor with
a negative temperature coefficient mounted directly
across two appropriate socket terminals will have a
very appreciable temperature rise and, therefore, a
small value of capacitance can provide substantial
compensation for frequency drift due to the tube
and socket.

Tests Without Frequency-Drift
Compensation

A receiver using a 6BEG as a local oscillator was
used in the following tests. The oscillator was
operated with its fundamental frequency above the
signal in a conventional cathode-feedback circuit as
shown in Fig. 1. The oscillator tube socket was a
phenolic wafer socket. Tests were made at an
oscillator frequency of 110.7 Mc. Because the long-
time drift was not under consideration, the tests were
made with the receiver chassis out of the cabinet.
The observed results follow. For purposes of com-
parison, the frequency drift values reported are those
read from the curves at the ten-minute test point.

(1) The warm-up drift of the unmodified receiver
was about 200 kc as shown by curve 1 of
Fig. 2.

(2) When a cold 6BE6 was substituted for a hot
tube in the set after it was thoroughly warmed
up, the measured drift was about 140 kc as
shown by curve 2 of Fig. 2.

(3) After a mica-filled rubber socket was substi-
tuted for the phenolic socket, the drift was
again measured with a cold 6BEG inserted in
a hot chassis. The drift was reduced to about
100 kc as shown by curve 3 of Fig. 2.

(4) The changes in frequency produced by con-
necting small capacitors between the grid-
socket terminal and the chassis were measured
to determine the rate of change of frequency
with capacitance. In this manner it was
determined that a 100-kc frequency drift
corresponded to a change in effective tank
capacitance of 0.05 wef, '

Several conclusions may be drawn from the

data:

(1) Tests involving the insertion of a cold tube
in a hot socket do not necessarily give the
drift due to the tube alone. That this is true,
is shown by the difference between curves 2
and 3 of Fig. 2.

(2) Phenolic sockets may contribute a significant
part of the frequency drift,

(3) The mica-filled rubber socket tested gave
reduced drift.

(4) A capacitor having a negative temperature
coefficient and connected across the socket
terminals will receive heat from the tube in
the same manner as the socket. On the basis
that a compensation of 100 kc is required, a
3.3-muf capacitor with a negative temperature
coefficient of 0.00075 wuf/ruf/°C across the
tank circuit will suffice if its temperature can
be raised 20 degrees C during warm-up.

Tests With Frequency-Drift

Compensation

The actual compensation was accomplished by
soldering the compensating capacitor across the
terminals of a mica-filled rubber socket as shown in
Fig. 3. The capacitor is connected between socket
pins 3 and 6. This is equivalent electrically to con-
necting the capacitor between the cathode tap on the
coil and ground, as may be seen by reference to Fig. 1.
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Fig.l - Schematic diagram of
oscillator circuit.
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F1g.3 - Location of the compensating ca-
pacitor across the terminals of
the socket.

The capacitor leads should be as short as is feasible.
This connection was desirable for several reasons.
Since the capacitor is across only part of the tank
circuit, it can have a larger, more convenient value.
However, its effect can be made the same as that of
a smaller capacitor across the whole tank circuit.
Further, the capacitor receives more heat by being
connected to the heater terminal instead of the
oscillator-grid terminal because the heater terminal
runs hotter. An 8.2-#sf capacitor with a negative
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Fig.u - Frequency drift of recetver
after compensation.

temperature coefficient of 0.00075 wuf/#rf’C was
selected on a trial-and-error basis. The compensating
capacitor effectively added less than two #af across
the terminals of the tuning capacitor, a value within
the adjustment range of the trimmer capacitor. The
frequency drifc obtained with this compensating
capacitor was about 50 kc as shown in curve 1, Fig.
4 for a cold tube plugged into a hot socket. Curve
3, Fig. 2 gives results before compensation.

The overall frequency drift from a cold start
obtained with this compensation was 25 kc as shown
in curve 2, Fig. 4. The frequency drift after com-
pensation is greater when a cold tube is inserted in a
hot chassis than when both the tube and chassis have
a cold start. This difference in frequency drift occurs
because the compensating capacitor is not completely
cooled by insertion of the cold tube into the hot
socket.

Many of the devices and arrangements shown or described
herein use inventions of patents owned by RCA or others.
Information contained herein is furnished without assuming
any responsibility for its use. ™~
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Receiver Microphonics Caused by

Heater- Cathode Capacitance Variations

R.C.A. Application Note AN-123 reprinted by courtesy of Radio Corporation of America.

One of the sources of microphonics in conventional
superheterodyne receivers is small variations in the
heater-cathode capacitance of the oscillator tube which
are produced by vibration and which occur at an
audio frequency. When the vibration is caused by
the loudspeaker, acoustic feedback may take place
and an objectionable howl will result. In an FM
receiver, microphonics can be readily detected as
frequency modulation of the oscillator. In an AM
system, microphonics ate evident when the receiver
is slightly off tune. Under this condition, the centre
frequency is located on the side of the intermediate-
frequency response curve and frequency variations
cause changes in amplitude. In the 500-to-1600-
kilocycle standard broadcast band, microphonics
caused by variations of the heater-cathode capacitance
are negligible and, therefore, ordinarily require no
special design precautions.

This Note describes design and construction pre-
cautions for minimizing microphonics by eliminating
the effects of heater-cathode capacitance variations in
an oscillator tube of a receiver operating in the FM,
television, or other short-wave bands.

The heater-cathode capacitance for tube types
6SB7-Y and 6BEG is approximately three micro-
microfarads. If the oscillator of an FM receiver
operating at 100 megacycles has a total tank capaci-
tance of 25 micromicrofarads, a change as small as
0.00375 micromicrofarads causes a frequency devia-
tion of 7500 cycles. If this deviation is recurring, it
corresponds to a five-per cent. modulation of a
150,000-cycle FM bandwidth. If the deviation takes
place at an audio-frequency rate, such a capacitance
change, although small, is of sufficient magnitude to
cause a microphonic howl in a high-frequency
receiver.

A typical 100-megacycle converter circuit employ-
ing a Hartley-type oscillator is shown in Fig. 1. In
a pentagrid converter such as the 6SB7-Y or the
6BE6, grid No. 2 (screen) functions as the oscil-
lator anode and is at rf ground. The cathode is
connected to a tap on the tank coil and the heater-
cathode capacitance is, therefore, across part of the
tank circuit. If there is movement of the heater in
the cathode sleeve at an audio frequency due to vibra-
tion, the heater-cathode capacitance will vary at an
audio frequency and will in turn modulate the fre-
quency of the oscillator. Microphonics can be
minimized in this circuit if an arrangement is utilized

which limits the effect of heater-cathode capacitance
variations on the oscillator. This effect can be
eliminated almost entirely by tying one heater lead
to the cathode. The only other circuit change re-
quired is the insertion of an tf choke in the second
heater lead to prevent the heater from loading the
oscillator. See Fig. 2. A ground return for the
heater is provided through the cathode tap on the
oscillator.

Suggestions and considerations for utilizing this
method in various types of receivers follow.

a. In single-band ac FM receivers, use circuit of
Fig. 2. To prevent the heater from loading
the oscillator, the inductance of L; should be
large compared with the inductance of the
tapped section of the oscillator coil. In the FM
band, a value of one microhenty for L; is
adequate.

b. In short-wave multi-band (AM/FM) ac
receivers, use circuit of Fig. 2. The value of
L, should be sufficient to prevent the heater
from loading the oscillator at the lowest
frequency band.

¢. In ac/dc receivers in which the oscillator or
converter tube is at the ground end of the heater
string, use circuit of Fig. 2. To prevent the
heater from loading the oscillator, the induct-
ance of L; should be large compared with the
inductance of the tapped section of the
oscillator coil.

d. In ac/dc receivers in which the oscillator or
converter tube is not at the ground end of the
heater string, use circuit of Fig. 3. Representa-
tive values for an ac/dc receiver operating in
the FM band are:

L;, L. = 1 microhenry

Cy = 68 micromicrofarads
In this circuit, the value of C; is selected so
that the heater is effectively short-circuited to
the cathode throughout the FM band.

Because the oscillator coil in the AM broadcast
band is often made of very fine wire not capable
of carrying heater current, it may be desirable to use
a switching arrangement which ties the heater to
cathode when the receiver is operating in the FM
band but which disconnects the heater and cathode
in the AM band. A typical switching arrangement is
given in Fig. 4.
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Some precautions to observe in the design and
construction of these circuits follow.

1. When the circuit of either Fig. 2 or Fig. 4 is
used, the choke L; and the high-frequency oscillator
coil have to carry heater current and should be
designed accordingly.

2. The resistance of the chokes and coils in series
with the heater of the tube should be kept low in
order to avoid operating the tube at reduced heater
voltage. If the heaters are in parallel, it is generally
not difficult to keep the voltage drop across the choke
below 0.05 volts. If the heaters are in series, the
voltage drop is not important but the heat dissipation

New R.C.A. Releases

Radiotron types OA2, OB2 —are miniature
types of cold-cathode, glow discharge tubes. They
are intended for use as voltage regulators in applica-
tions where it is necessary to maintain across a load
a d.c. voltage substantially independent of load
current and moderate line-voltage variations. The
type OA2 maintains a d.c. operating voltage of
approximately 150 volts, while the type OB2 operates
at 108 volts.

Because of their miniature size, these tubes can
be utilized to provide regulated B and C voltages in
compact equipment where space previously precluded
use of the larger voltage regulator tubes.

Like other glow-discharge tubes types OA2 and
OB2 may also be used for spark-over protection.

Radiotron type 6BHG6 is a miniature type of r-f
pentode featuring high transconductance, a sharp cut-
off characteristic, and a 150 mA heater. It is parti-
cularly useful in ac/dc receivers and mobile
equipment where low heater drain is important.

Radiotron type 5651 — is a miniature, voltage-
reference tube of the cold-cathode, glow discharge
type designed for extreme voltage stability. Its ex-
ceptional  stability, not only initially but also
throughout life, makes the type 5651 particularly
useful as the voltage-reference tube in d.c. power
supplies incorporating electronic voltage regulation.

The voltage stability of the type 5651 is such that
voltage fluctuation at any current within the
operating-current range of 1.5 to 3.5 mA is less than
0.1 volt. Type 5651 maintains an operating voltage
of approximately 87 volts over its operating-current
range, and has an operating characteristic which is
essentially independent of ambient temperature.

Radiotron type 5671 is a forced air cooled power
triode designed to meet the exacting requirements of
high power broadcast stations. In unmodulated class
C telegraph service it has a maximum plate dissipa-
tion of 25 kilowatts. It can be used at maximum
rated plate voltage and plate input at frequencies as
high as 10 Mc/s.

in the choke and coil windings should be kept to a
safe wvalue.

3. The coils employed for one band should not
produce resonant effects in other bands of the
receiver.

4. Precautions against microphonics caused by
variations in heater-cathode capacitance should be
incorporated in the early stages of design. Later
adoption may result in tracking difficulties or loss of
sensitivity. \

Many of the devices and arrangements shown or described
herein use inventions of patents owned by RCA or others.

Information contained hetein is furnished without assuming
any responsibility for its use,
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TO-DAY
more than ever before, it is essential to keep fully
informed on electronic matters, and

RADIOTRON
offers a technical service on valve applications that
is unique in the radio world.

This service comprises:—

“Radiotronics”—quarto size—20 pages per issue-—
sections devoted to DESIGN, THEORY, CIR-
CUITS and VALVE DATA—published every
other month.

Handy filing covers are supplied with available
back issues to “Radiotronics”™ subscribers.

Data Book—octavo size—150 sheets in loose leaf
binder—comprehensive data on all Australian-
made receiving types—new and revised sheets
released periodically.

Valve Charts—quarto size—36 pages covering
characteristics, classification tables, socket connec-
tions—special section on Australian-made types—
comprehensive substitution directory.

PLUS

first-hand knowledge on power valves and allied
types, cathode ray tubes, the miniature range,
circuits and associated components, as released.
This information is just another service offered you
by Radiotron.

KEEP POSTED

on the latest developments in electronic research.
Arrange for Radiotron Technical publications to
reach you regularly through the mail by subscribing
to the Service at 7/6 per annum.




