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TECHNICAL MANUAL

C-W AND A-M RADIO TRANSMITTERS AND RECEIVERS

T™ 11-665 }

CHANGES No. 2

TM 11-665, 6 September 1952, is changed
as follows:

Page 81, paragraph 55a(1), line 1. (as
changed by C 1, 16 Apr 58) Change “trans-
mitted” to: transmitter.

Page 86, paragraph 57¢(1), line 5. (as
ccl:nzed by C 1, 16 Apr 58) Change “cc” to:

Page 111, paragraph 71a(1), line 41. (as
changed by C 1, 16 Apr 58) Change “5,000.5
ke” to: 5,005 ke.

Page 134, paragraph 79d(1) (a), .formula.
(as changed by C 1, 16 Apr 58) Change “R,”
to:r,

Page 144, paragraph 81c(2), first sentence.
(as changed by C 1, 16 Apr 58) Change “V1
and V2” to: V2 and V3.

Page 182, Paragraph 118b(8), last sentence.
(as changed by C 1, 16 Apr 58) Add “than
provided by” after ‘“voltage”.

Page 217. Add paragraphs 141.1 and 141.2
after paragraph 141:

141.1 Magnetostrictive Electromechanical
Filters

a. General (figs. 188.1-188.8). A magneto-
strictive electromechanical filter is a mechani-
cally resonant device that receives RF energy
at its input end, converts the RF energy into
corresponding mechanical vibrations, and then
converts the mechanical vibrations back into
RF energy at its output end. A high degree of
selectivity, far surpassing that obtained by the
use of if transformers, is possible by using a
magnetostrictive electromechanical filter. The

* These changes supersede C 1, 16 April 1968.
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filter is usually designed to have center fre-
quencies that range from 60 to 600 kc. Basic-
ally, the electromechanical filter consists of an
input and an output transducer (electrically
and physically identical) and a resonant me-
chanical device. The complete unit is hermeti-
cally sealed in a metal container.

b. Typical Construction. Figure 188.4 illus-
trates the typical construction of electrome-
chanical filters with disk, plate, and neck-
coupled mechanical resonators. All three types
use transducers to convert RF energy into
mechanical vibrations, and mechanical vibra-
tions back into electrical energy.

(1) A typical plate-type electromechanical
filter is shown in figure 188.1 and in
A, figure 188.4. This type of fllter con-
sists of an input and an output bias-
ing magnet, an input and an output
transducer coil, an input and an out-
put rectangular nickel transducer
plate, rectangular stainless-steel reso-
nators, and pairs of nonresonant me-
tal coupling rods. The transducer plate
is contained inside the coil windings.
Two nonresonant metal rods spot-
welded between the transducer plate
and the adjacent plate resonator, pro-
vide mechanical coupling between
these plates. Each plate resonator, in
turn, is connected by a pair of steel
rods to a following plate resonator.
The entire fliter structure is placed
between the linings of a soft sub-
stance, such as cloth or neoprene, and
hermetically sealed in a flat metal con-
tainer.
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Figure 1881, (Added) Typical plate-type electromechanical Alter.




(2) A neck-coupled, torsional-type electro-

mechanical filter is shown in figure
188.2 and in B, figure 188.4. It con-
sists of two identical transducer units,
cylindrical resonators, coupling rods,
and two biasing magnets. Each trans-
ducer cousists of two windings, and
two ferrite rods (magnetic ceramic
material having negligible eddy cur-
rent losses). One ferrite rod, contain-

ed inside one winding, is spot-welded
to one side of a resonator. The other
rod, contained inside the other wind-
ing, is spot-welded to the other side of
the same resonator. The resonators,
and the coupling rods between them,
are precision-machined from a solid
metal rod. In the assembled filter, the
resonator rod is securely held in place
by a clamp on each end.

TNees-C2-0

Figure 188.8. (Added) Typioal neck-coupled torsional-type electromechanioal filter.



(8) A disk-type electromechanical filter is

shown in figure 188.3 and also in C,
figure 188.4. Each transducer consists
of a biasing magnet, coil, and pure
nickel rod. The input transducer rod,
contained inside the transducer coil,
is spot-welded to the second disk of a

A nonresonant disk at each end pro-
vides support for the entire disk as-
sembly. All the disks are mechanically
coupled to each other by three metal
rods spot-welded to the edge of each
disk.

series of metal disk resonators. The ¢. Operating Principle of Typical Input
output transducer rod, contained in- Transducer. The operation of an input trans-
side the output transducer coil, is spot-  ducer (fig. 188.5) is based on the principle of
welded to a disk second from the end.  magnetostriction—the ability of a magnetic

THees-c2 -7

Figure 188.8. (Added) Typical disk-type electromechanical filter.

AGO §83A




DIAGING MAGNET

TRANSOUCER
PLATE PLATE

BIASING MAGNETY

RESONATORS
|ssaesd
TRANSOUCER ;R:"C%WC!R
con COUPLING RODS A L
TRANSOUCER ouTPUT
INpUY con S
A. PLATE TYPE
COUPLING RODS
RESONATORS
IASING, Ve OIABING
. A:ﬂ Ry~ TRANSOUCER MAGNE T

e cons

TRANSOUCER
RODS

ouTPUY

8. NECK-COUPLED TORSIONAL-TYPE

COUPLING RODS

B1ASING
AGNET

RUBBER GROMME

ouTPUT

C. 0ISK TYPE
Figure 188.4. (Added) Typical construction of various types of electromechanical filters.

substance, such as nickel, to elongate or shorten

when in the presence of a magnetic fleld.

Whether a magnetostrictive substance will

shorten or elongate from its normal position

when a magnetic fleld is applied will be deter-

mined by the type of material used and not by

the direction of the magnetic field. In the fol-

lowing discussion, it is assumed that in the

presence of a fixed magnetic fleld the magneto-

strictive substance will elongate from its nor-
mal position.

(1) When a permanent magnet is placed

near the magnetostrictive rod (A, fig.

188.5), the rod lengthens to a bias

point determined by the strength of

the magnetic field. The magnet exerts

a permanent force on the rod. If a

cofl is wound around the rod (B, fig.

188.5), and a positive half-cycle of

TMées-C2-9

current flows through the coil, the cur-
rent will produce a magnetic field that
adds to the magnetic field of the bias-
ing magnet. As the input current
varies from 0 to maximum and back
to 0, the strength of the magnetic field
varies from its original value to maxi-
mum and back to its original value. At
the same time, the length of the rod
varies from its bias point to maximum
and back to its bias point. As the cur-
rent through the coil (C, fig. 188.5)
varies from 0 to maximum in a direc-
tion opposite to that in B and back to
0 during the negative half-cycle, it
produces a magnetic field that opposes
the magnetic field of the biasing mag-
net. As the strength of the magnetic
field varies from its original value to



minimum and back to its original
value, the length of the rod varies
from its bias point to minimum and
back to its bias point. One complete
cycle is shown in D, figure 188.5. The

BIASING
MAGNET
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- - e

movement of the rod. which corre-
sponds to the amplitude and frequency
of the input current, is actually a sinu-
soidal displacement about a fixed bias
point.
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(2) Operation of the magnetostrictive rod

without a biasing magnet will cause a
frequency-doubling action that gener-
ates two mechanical eycles for each
electrical cycle. Therefore, the trans-
ducer output will have a fundamental
frequency twice that of the input cur-
rent and will also be distorted. Figure
188.6 illustrates the transducer with-
out its biasing magnet. In A, figure
188.6, there is no current flow in the
coil; therefore the magnetostrictive
rod remains at its normal length.
When a sinusodial current flows in
the coil during the positive half-cycle,
as in B, figure 188.6, a magnetic field

MAGNE TOSTRICTIVE
ROOD

TRANSOUCER
Con

NORMAL
POSITION

MAX

FLUX 0
OENSITY

of similar variations is produced. This
field causes the rod to lengthen to a
maximum ' length, and return to its
normal length. The polarity of the
magnetic fleld (C, fig. 188.6) is re-
versed during the negative half-cycle;
however, regardless of the polarity of
the magnetic fleld, the rod lengthens
as in B. The rod lengthens for both
half-cycles of current instead of alter-
nately lengthening and shortening as
described in (1) above. During the
complete input cycle (D, fig. 188.6),
a fundamental mechanical frequency
twice that of the input current is
produced.
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Figure 188.6 (Added) Operation of a magnetostrictive rod without a biasing magnet.



d. Disk-type Electromechanical Filter (figs.
188.2 and 188.4). If an RF signal is applied to
the transducer coil, the signal will be converted
into a corresponding mechanical vibration of
the transducer rod. The mechanical vibration
is then transferred to the disk resonators which
are coupled to each other by non-resonant coup-
ling rods. Each disk resonator is a sharply reso-
nant element and represents a series resonant
circuit with a Q between 1,000 and 5,000. The
disk resonators form a band-pass filter for the
mechanical vibrations. Width of the pass band,
which usually ranges from 500 cps to 86 ke, is
determined by the type of metal and the area of
the disk resonators. Bandwidth can also be
varied by making the total area of the coupling
rods larger or smaller, or by using more coup-
ling rods. Because the disks are all identical,
the bandwidth is not affected by the number of
disks used; however, increasing the number of
disks increases the skirt selectivity of the fliter.
That is, attenuation outside the pass band lim-
its is increased.

e. Plate-type Electromechanical Filter (fig.
188.4). Longitudinal vibrations, set up in the
input transducer plate by an input signal to
the transducer coil, are transferred to a series
of flat rectangular resonant plates. Each plate
is resonant to the center frequency of the input
signal and represents a series resonant circuit
with a Q between 2,000 and 4,000. Bandwidth
is not affected by the number of plates used;
however, additional plates cause sharper cut-
off outside the pass band limits. Operation and
characteristics of the plate-type mechanical
resonator are similar to those of the disk-type
mechanical resonator (d above).

f. Neck-Coupled Electromechanical Filter.
Illustrated in figure 188.4 is a neck-coupled tor-
sional-type fliter with eight resonant sections.
Each large cylindrical section is a resonator
tuned to the center pass band frequency of
the filter. The resonators are coupled by small-
er diameter necks. A slug at each end, securely
clamped to a supporting frame, supports the
entire assembly.

g. Operating Principle of a Torsional-Type
Input Transducer. Illustrated in figure 188.7 is
a torsional-type input transducer. Ferrite mag-
netostrictive rods, contained within the trans-
ducer coil are spot-welded to opposite sides of
the cylindrical resonator. The two coils are so

wound that they produce opposite magnetic
fields. These flelds interact with the common
magnetic fleld from the near-by permanent
magnet. A push-pull action of the transducer
rods takes place as the magnetic flelds of the
coils alternately change at a frequency deter-
mined by the input current. As the rods alter-
nately become shorter and longer, the resonator
twists first in one direction and then in the
other. This twisting action or mechanical vi-
bration is then coupled to each cylindrical reso-
nator in turn.

(1) A permanent magnet, placed near the
magnetostrictive rods (A, fig. 188.7),
will exert a permanent force on the
rods. Since the force on each rod is the
same, a balanced torque condition
exists and the resonator remains sta-
tionary.

(2) A positive input alternation of current
through coil ® (B, fig. 188.7) produces
a magnetic fleld that adds to the mag-
netic field of the biasing magnet. The
resultant magnetic fleld forces the
rod in the coil to lengthen. The same
current flows through coil ®; how-
ever, since coil ® is wound to produce
a magnetic fleld that opposes the mag-
netic fleld of the biasing magnet, the
resultant magnetic field decreases and
the rod in this coil shortens. A push-
pull action of the rods results and the
cylindrical resonator twists in the di-
rection shown.

(3) A negative alternation of input cur-
rent (C, fig. 188.7), will result in a
push-pull action of the rods opposite
to that shown in B, figure 188.7. The
end of the resonator attached to the
rods will twist in the direction shown
while the other end of the resonator
will continue to twist in the opposite
direction because of the force applied
by the initial push-pull action of the
rods. Both ends of the same resonator
are continuously out of phase.

A. Output Transducer. Mechanically and elec-
trically, the output transducer is identical with
the input transducer. However, their principles
of operation are entirely different. The input
transducer operates as a magnetostrictive de-
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vice, and the output transducer operates as a
small ac generator.
(1) Note that the transducer rod shown in
A, figure 188.8, provides a low reluc-
tance path for a number of lines of
force between the morth and south
poles of the fixed magnet. Other lines
of force cut the turns of the trans-
ducer coil. The rod and maguetic lines
of force are stationary and no output
voltage can be induced across the coil
at this time.

(2) Movement of the rod (B and C, fig.
188.8), causes the magnetic field to
move in unison with it and induces a
voltage across the coil. As the dis-
placement of the rod varies from its
starting position to a maximum point
on the right, then to a maximum point
on the left, and back to its starting
position, the magnetic fleld follows the

movement of the rod. The resultant

movement of the magnetic field in-

duces a voltage and current in the
coil that corresponds to the mechani-
cal vibrations of the disk resonators.

(3) Output from the torsional-type trans-
ducer is obtained by the same basic
principle as that described in (1) and
(2) above.

i. Peak-to-Valley Ratio. Illustrated in figure
188.9 is a typical selectivity curve for an elec-
tromechanical filter. The curve has a pass band
with steep skirts and a nearly flat top. Thes?
are the characteristics that make the filter so
highly selective. The ripple across the top of
the selectivity curve is an inherent character-
istic of all electromechanical filters and appears
as noise in the receiver output. The ratio of
maximum to minimum ripple is called the pe- .
to-valley ratio. Production techniques and filt:r
design are such that the peak-to-valley ratio
can be made less than 3 decibels (db), thus
minimizing the inherent noise output of the
filter.
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Figure 188.9. (Added) Typical selectivity curve for an electromechanical filter.



§. Shape Factor. Shape factor or skirt selec-
tivity is the ratio of bandwidth measured 60 db
down from the 0-db point on the selectivity
curve, to the bandwidth measured 6 db down
from the 0-db point. For the selectivity curve
fllustrated in figure 188.9, a center frequency
of 465 kc, a 8.5-kc bandwidth 60-db down, and
a 1.5-ke bandwidth 6-db down are given. The
shape factor of the filter represented by this
selectivity curve is 8.5 to 1.5 or a ratio of 2.3 to
1. As the shape factor decreases (that is, as
the ratio decreases), the attenuation of fre-
quencies outside the pass band limits increases.
In communication receivers, a filter with a low
shape factor provides high rejection of ad-
jacent-channel signals and the flat-top charaec-
teristic of the selectivity curve allows frequen-
cies to pass that would normally be attenuated
in a standard, rounded, if selectivity curve.
Full benefit of the selectivity characteristics of
the fllter can be realized only when adequate
shielding is provided between the external in-
put and output circuits. If coupling takes place
between the input and output circuits external
to the filter, the selectivity characteristics will
deteriorate.

k. Insertion Loss. Insertion loss is a power
loss measured in db, resulting from the inser-
tion of the electromechanical filter in a circuit.
When a fliter is inserted between an output
impedance and an input impedance (as between
two if stages in a receiver), the ratio of power
in the output impedance when the filter is out
of the circuit to the power in the output im-
pedance when the filter is present determines
the value of insertion loss. The insertion loss of
an electromechanical filter is generally about
10 to 12 db. For applications requiring lower
insertion losses, special filters can be produced
with losses as low as 6 db.

l. Input and Output Impedances. Depending
on its application, the filter may provide input
and output impedances that are either high or
low. When a filter is matched to circuits of high
impedance, external capacitors must be con-
nected in parallel with the transducer coils.
This forms a high-impedance parallel-resonant
circuit of 10,000 to 50,000 ochms, depending on
the individual filter design. In practice, an
external circuit source and load impedance of
approximately 10 times the resonant input and
output impedance of the filter is used. Filters

can also be matched to circuits of low imped-
ance, such as transistor circuits, by using a
series-resonant input and output termination
instead of the parallel-resonant condition. The
lowest value of impedance that can be matched
is determined by the stray capacity of the
series-resonant circuit. In some types of filter,
such as those used with balanced modulator
circuits, each set of terminals on the filter is
balanced to ground. This is a desirable feature
when the filter is used in circuits of this type
because the balanced-terminal condition elimi-
nates the need for isolation transformers.

m. Multiple Resonances. As with many me-
chanical resonant circuits, elements of the filter
have multiple resonances. These result in trans-
mission of spurious frequencies through the
filter. Proper design of the fliter, however,
places the spurious frequencies well outside the
pass band area and thereby reduces them to
a low level. In applications where increased
attenuation of spurious frequencies is required,
tuned circuits to provide additional selectivity
precede or follow the filter.

141.2 Crystal Lottice Filters
(fig. 188.10)

a. General, Crystal lattice filters are usually
composed of two to eight crystals in a lattice
or bridge network. The filters operate within
a narrow, well-defined band of frequencies
usually ranging from 1 cycle to several hundred
kilocycles. As a result, the crystal lattice filter,
when used between the if stages of am, ssb, or
fm receivers, will provide the same high selec-
tivity performances as a multiple frequency
conversion receiver. Bandwidth and selectivity
characteristics of a receiver may be changed
simply by switching in different filters having
the desired characteristics. In addition to inter-
mediate frequency application in receivers, the
crystal lattice filter is also used in fire control,
guided missile, and carrier telephone equip-
ment.

Note. A detailed discussion of the fundamental prop-
erties of quartzs crystals is given in paragraphs 40
through 43 and an analysis of basic crystal filter net-
works is given in paragraph 141b.

b. Lattioe Networks. A typical lattice net-
work configuration is illustrated in A, figure
188.12. Each arm of the network (Zal, Za2,
Zbl, and Zb2) is a resonant circuit consisting




Figure 188.10. (Added) Typical crystal lattice fiter.

of a quartz crystal and, in addition to the
quartz crystal, may also contain an inductor
and capacitor (fig. 188.11). The lattice network
is designed so that the impedance value of Zal
is equal to Za2 and the impedance value of Zbl
is equal to Zb2. Impedance values of Zal and
Za2 may be similar or may differ from imped-
ance values of Zbl and Zb2 depending upon the
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A. ACTUAL CIRCUIT

application of the lattice network as a band
rejection or bandpass filter. The typical con-
figuration in A, figure 188.12 is redrawn as a
bridge circuit in B to show that the lattice net-
work is essentially a balanced symmetric bridge
circuit. An input signal is applied to terminals
1 and 2 and the output signal is taken from
terminals 8 and 4.
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Figure 188.11. (Added) Typical lattics-arm oonfiguration.
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Band rejection filter. For operation
a8 a band rejection filter, the imped-
ance value of the Zal and Za2 arms
must be equal to the impedance value
of the Zbl and Zb2 arms. In addition,
the arms must be in phase and have a
high impedance for the frequency
that is to be attenuated. Under these
conditions, the lattice network will
have a high loss for the frequency that
is to be attenuated and will function
as a band rejection filter. For fre-
quencies above and below the attenu-
ated frequency, the arms of the lattice
network will present either capacitive
or inductive reactance, thus allowing
these frequencies to pass. If the ap-
plied frequency causes the arms of
Zal and Za2 to offer an impedance
opposite to the impedance offered by
the arms of Zbl and Zb2, the applied
frequency will pass through the lattice
network with minimum attenuation.
In the design of a lattice network, the
band rejection frequencies, upper and
lower cutoff frequencies, and band-
pass frequencies in a given band of
frequencies, such as those that are
normally present in the intermediate
frequency stage of a receiver, may be
positioned to different points by vary-
ing the impedance values of the Za
and Zb arms.

Bandpass fliter. The lattice network
filter may also be designed to permit
a band of frequencies, known as the
bandpass, to go through it with little
or no loss, but sttenuate all frequen-
cies outside the bandpass. To function
as a bandpass filter, the Zal and Za2
arms are designed to have maximum
attenuation for a given upper fre-
quency within the band of applied fre-
quencies, and the Zbl and Zb2 urms
are designed to have maximum at-

INPUT OUTPUT
2e2 D4
A.TYPICAL CONFIGURATION
03
ouTPuT

INPUT

A

X &

20=

B. REDRAWN AS A BRIDGE CIRCUIT

TMEGS-C2-I2

Figure 188.18. Typical lattice netwerk.

(3)

tenuation for a given lower frequency
within the same band of applied fre-
quencies. These two attenuated fre-
quencies are the upper and lower cut-
off-frequencies for the lattice network
and provide the frequency limits of
the Bandpass.

Attenuation characteristics and dband-
width. Figure 188.18 illustrates the
attenuation characteristics and band-
width for two types of crystal lattice
filters (cw and voics). The bandpass




in each type, determined by the upper
and lower frequency limits of the
bandpass, is usually designed to be
about 0.02 to 14 percent of the filter
center frequency. In addition, the fre-
quency difference between the upper
frequency limit and the center fre-
quency of the bandpass is the same
as the frequency difference between
the lower frequency limit and the cen-
ter frequency of the bandpass. Atten-
uation characteristics and bandwith,
for the filter used for cw reception in
a receiver shows that it is a narrow
band filter and provides very high se-
lectivity. Several fliters may be cas-
caded or several crystals may be con-
nected in parallel in any lattice arm to
provide greater selectivity than that
obtainable with a single filter. The
other type of filter (for voice recep-
tion) has the necessary wider band-
width for voice reception. To obtain
the wider bandwith, inductors are
usually placed either in series or in
parallel with each crystal.
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Figure 188.18. Attenuation characteristics and
bandwidth for typical erystal lattice filters.
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Figure 1. Radio communication is used in all phases of military operation.




CHAPTER 1
INTRODUCTION

1. Communication by Radio

a. A good communication system is one of the
prime requisites for a successful military opera-
tion. Because military aircraft and motor trans-
port have increased the length of military lines,
the importance of quick, reliable communication is
vital. Tactical information must be disseminated
immediately to widely separated places. The
fastest, most useful, and versatile means of com-
munication is radio. Many different types of
radio equipment are used by the military services
for specific purposes (fig. 1). Large fixed land
radio installations providing communication over
great distances include powerful radio transmit-
ters and sensitive receivers. Small portable radio
sets are used by troops in the field for short-dis-
tance communication. Specially constructed ra-
dio units are installed on aircraft to permit com-
munication between planes or from planes to
ground stations. Shipboard radio equipment en-
ables a ship to keep in constant touch with other
ships and land bases. The great advantage of a
radio communication system is that no connecting
wires are used between the point where the infor-
mation originates and the point to which the in-
formation is sent. Instead, the connecting link
takes the form of electromagnetic waves in space.

b. Modern radio has been developed by a large
number of men, some of whom contributed basic
ideas of theory and others practical circuits and
devices. Outstanding among the early workers
were such men as Faraday, Maxwell, Hertz, and
Marconi. In 1896, Marconi succeeded in trans-
mitting a signal over a distance of 2 miles with
no connecting wires between the transmitting de-
vice and the receiving apparatus. Wireless com-
munication was shown to be possible. Two years
later, the range of the crude equipment was ex-
tended to approximately 30 miles. In the year
1899, a regular wireless telegraph service was
established across the English Channel. Just 2

years later, Marconi’s crude apparatus, located: at
Poldhu, Wales, sent out a signal which was picked
up by a receiver at St. Johns, Newfoundland.
The Atlantic Ocean had been spanned by a device
which had been a mere laboratory -curiosity.
From this early equipment, modern radio com-
munication has emerged.

2. Electrical Background

a. Electrical circuits and principles form the
basis of operation of a radio system. To under-
stand radio, it is necessary to be familiar with
electrical fundamentals, which are reviewed in
chapter 2.

b. Electricity may be classified as power elec-
tricity in which the primary concern is to trans-
mit electrical power efficiently, and communica-
tions electricity, in which the main concern is to
transmit intelligence efficiently. Intelligence in
this sense is broadly defined as anything that con-
veys information. It may be in the form of tele-
graphic code, speech, music, or pictures. In the
study of communications electricity, very small
amounts of power usually are considered. Al-
though the output power from large fixed ground
transmitters can be appreciable, the actual re-
ceived power at some remote location usually is
measured in milliwatts, microwatts, or, frequent-
ly, even in micromicrowatts. The output power
of field transmitters usually does not exceed sev-
eral hundred watts, and a small portable unit may
radiate only a fraction of a watt of power. The
output delivered by most receivers rarely exceeds
several watts and, if headphones are used, the
output power is considerably less.

3. Frequencies Used

a. Speech and music fall within the a-f (audio-
frequency) range. We hear audio frequencies be-
cause our ear drums vibrate at a frequency that
corresponds to the frequency of the sound. The:



average human ear responds to frequencies from
about 16 cps (cycles per second) to about 16,000
cps. Deep bass tones produced by a pipe organ,
for example, may have a frequency which extends
down to the lower limit of this range. The sound
waves produced by a shrill high-pitched whistle
may have a frequency of 15,000 cps or even higher.
The most important frequencies used in human
speech range from about 200 to 2,600 cps. Com-
pared with radio frequencies, which extend from

approximately 20 kc (kilocycles) to well over

3,000 mc (megacycles), these audio frequencies
are low.

b. It is not possible to radiate audio-frequency
power efficiently nor to span great distances with
these low frequencies. Several hundred watts of
audio-frequency power, radiated by large loud-
speakers may span a distance of only a few miles.
If this method were used to transmit audio intel-
ligence, it would be useful for only short distances
and when the level of outside noises or sounds does
not obscure the information conveyed. In addi-
tion to these limitations, selectivity of informa-
tion is not possible. All persons within hearing
range would receive the information and the
listener could not tune his receiver to a different
band or frequency. Therefore, only one channel
would be available and the utility of radio com-
munications would be limited. ,

¢c. None of the these limitations apply when a
radio-frequency signal is used to carry the intel-
ligence. Tremendous distances can be covered;
many channels, each carrying information, can
be used; and selectivity of information is possi-
ble. Superimposing audio-frequency intelligence
on a radio-frequency carrier wave involves a proc-
ess called modulation. One type of modulation,
called a-m (amplitude modulation), requires that
the amplitude of the carrier -wave be varied in
accordance with the intelligence.

d. Radio frequencies extend over a wide range.
In a certain radio transmitter used today the op-
erating frequency is 22 ke. Another radio equip-
ment produces a radio-frequency output of 28,000
mec. The characteristics and circuits used at dif-
ferent radio frequencies vary widely, depending
on the specific frequency used. For convenience,
groups or bands of radio frequencies have been
set up. The accompanying chart shows some of
these bands that are used for military purposes.

The characteristics indicated are very general and
the chart gives only an over-all picture.

. Distance range
Band Frequency range
Day Night
vl (very low freq- | Below3b ke ..__...|.....
uency).
i (Jow frequenoy)...... 30to300ke....... Long......... Long.
m{ (medium freq- | 300 to 3,000 kc...... Medium._ ... Long.
uency.
hf (high frequency)....| 3 to 30 me:
3tol0mo........ Short to me- | Medium to
dium. long.
10to 30 me....... Long... ...... Long.
vhf (very high freq- | 30to 300 mo........ Short_.......| Short.
uenocy).
ubf (ultrahigh freq- | 300 to 3,000 me’....| Short....____| Short.
uency).
shf (superhigh freq- | 3,000 to 30,000 mo...| 8hort...._... Short.
uenocy).

e. The velocity of electromagnetic radio energy
in space is the same as the velocity of light—that
is, 800,000,000 meters per second or 186,000 miles
per second. For most practical purposes, this
velocity is constant regardless of the frequency
used or the conditions of transmission. The length
of the radio wave is the distance traveled by the
wave in the period of time required to compléte 1
cycle. To find the wavelength when the frequency
is known, it is necessary to divide that frequency
into the velocity given above as follows:

Wavelength (in meters) =
800,000,000 (velocity in meters per second)
frequency (in cycles per second)
To find the frequency when the wavelength is
known, it is necessary only to divide that wave-
length into the velocity given above as follows:

Frequency (in cycles per second) =
800,000,000 (velocity in meters per second)
wavelength (in meters)

4. Components of Radio Communication
System

a. In the basic radio communication system
shown in block form in figure 2, a radio trans-
mitter is used to generate the r-f (radio-
frequency) waves which are to be radiated into
space. This transmitter may contain only a sim-
ple oscillator stage. Usually, the output of the
oscillator is applied to a power amplifier which
allows greater stability to be incorporated into
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Figure 2. Block diagram of basic radio communication system.

oscillator circuity and further allows great in-
creases in transmitter output power. Power am-
plifiers and coupling circuits are discussed in
chapter 4.

b. A telegraph key may be used to control the
energy waves produced by the transmitter. When
the key is closed, the transmitter produces its
maximum output. When the key is opened, no
output is produced. In this way, a message in
telegraphic code can be transmitted.

¢. If speech intelligence is to be transmitted, a
microphone is used to convert the sound energy
produced by the transmitter into electrical energy.
A speech amplifier and a modulator must now be
included in the transmitter. The modulator super-
imposes the a-f speech intelligence on the r-f car-
rier wave,

~d. The output of the transmitter is applied to
‘the transmitting antenna, which radiates the en-
ergy into space in the form of electromagnetic
waves. A small portion of the radiated energy
then is picked up by'a receiving antenna, and the
received energy is applied to the radio receiver.

e. The receiver selects the desired transmitted
signal, amplifies the received signal, and separates
the audio intelligence from the radio-frequency
carrier. Many different receiver circuits can be
used to accomplish this. The output of the radio
receiver is applied to a reproducer, usually a loud-
speaker or a headset, which converts the audio-
frequency electrical energy into sound energy.

5. Summary

4. Lhe effectiveness of a communication system
often determines the success or failure of a mili-'
tary operation.

b. In order to understand the principles of
operation of radio transmitters and receivers, a’
background in electrical fundamentals is essential.|

¢. One method of superimposing a-f intelligence
on an r-f carrier is to vary the amplitude 'of the
carrier in accordance with the intelligence. This
is known as amplitude modulation.

d. The velocity of electromagnetic energy in
space is constant. If the frequency of radio
energy is divided into the velocity, the wavelength
is obtained. If the wavelength is divided into the
velocity, the frequency is obtained.

e. A basic radio communication system is com-
posed of transmitter, key or microphone, trans-
mitting antenna, receiving antenna, receiver, and
reproducer.

6. Review Questions

a. Give several advantages of a radio commu-
nication system compared with other communica-
tion systems.

b. Why is it necessary to superimpose the audio
intelligence on a radio-frequency carrier wavet

¢. Calculate the wavelength which corresponds
to the following electrical frequencies: 60 cps,
1,000 cps, 1,000 ke, and 1,000 mec.

d. What are the main components of a basic
radio communieation system #



CHAPTER ¢
REVIEW OF ELECTRICAL FUNDAMENTALS

Section |.
7. Mechanlcal Source

a. The applications of electricity are based on
two related invisible forces known as electric and
magnetio forces. The mechanical generation of
electricity depends on the principle of magnetic
force. Any conductor, straight or coiled, through
which an electric current is flowing has a magnetic
force around it and at right angles to it (fig. 3).

™ ee8-202
Figure 8. Magnetic fleld around conductor.

The strength and the direction of this magnetic
force at any point in the vicinity of the conductor
are indicated by the magnetic fleld, which in
theory is present throughout all space. Prac-
tically, it becomes negligibly weak at a relatively
short distance from the current-carrying con-
ductor. This invisible field of magnetic force is
represented by imaginary lines of force or fhar
lines that show, by the direction in which they lie,
thedirection in which the magnetic force is acting.
,A/ magnetic object inserted into the field moves in

‘the direction indicated by the lines of force. In
the case of a straight current-carrying conductor,
the lines of force are circles concentric with the
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SOURCES OF ELECTRICITY

conductor, and their direction is related to the
direction of electron flow through the conductor as
indicated by the arrows in figure 8. The number
of lines of force in a chosen cross section of the
field is a measure of the strength or intensity of
the magnetic force. The number of flux lines per
square inch, or per square centimeter, is called the
fux density.

b. Just as current flowing in a conductor pro-
duces a magnetic field around it, the converse of
this is also true. When a conductor is moved
across a magnetic field so that it cuts across the
lines of magnetic force, an electromotive force or
voltage is generated across its terminals. If the
circuit is completed, current flows through it. An
electric generator (fig. 4) changes mechanical
energy into electrical energy by utilizing this prin-
ciple. In its simplest form an electric generator
consists of a single loop of wire, called an
armature, which is mounted on a shaft that can be
rotated through the magnetic field extending be-
tween the poles of a permanent magnet or an
electromagnet.

o. When the armature is turned counterclock-
wise from the horizontal position shown as a solid
line in figure 4, the two long sides of the lop move
past the pole pieces and cut the magnetic flux
lines perpendicularly. As the right-hand half of
the loop cuts upward through the lines of force,
a voltage is induced in it in one direction. At the
same time, the left-hand half of the loop cuts
downward through the lines of force, and has a
voltage induced in it of opposite polarity. The
voltages induced in the halves of the loop are
additive, and the total generated voltage can be
measured at the ends of the loop. If the loop
terminals are closed through an external circuit,
the electron flow is in the direction indicated by
the arrows (fig. 4).
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Figure 4. S8imple electric generator.

d. As the armature is rotated to the position
shown as a broken line in figure 4, the two long
sides of the loop move parallel with the lines of
force. They do not cut any/ flux lines and conse-
quently no voltage is induced in the loop in this
position. As the armature is rotated still further
in a counterclockwise direction, the two halves of
the loop interchange their positions. As a result,
voltages are now induced in directions opposite to
those previously described, and the electron flow
also reverses. Thus, the induced voltage reaches

DIRECTION
OF ROTATION

a maximum value twice during one complete arma-
ture rotation, when the loop is cutting the field at
right angles, and drops to zero for the two posi-
tions when the loop is moving parallel to the
magnetic field.

e. In the simple generator just described, a-c
(alternating-current) voltage is generated. This
voltage is made available to an external circuit by
means of two slip rings (A of fig. 5), which are
connected to the open ends of the armature coil.
These slip rings make continuous contact with two

DIRECTION
OF ROTATION

COMMUTATOR
REGMENTS
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Pigure 5. Taking power from simple electric generator.



fixed brushes as they rotate. In a d-c (direct-
current) generator, the voltages are produced in
the same way as in an a-c generator. However,
~d-c output is obtained, as in B, by a switching
arrangement on the rotating shaft known as a
commutator. A basic commutator consists of two
separate metallic elements insulated from each
other, and each connected to one terminal of the
loop. At the precise moment when the induced
voltages reverse their direction, the connections of
the commutator segments to the external circuit
also reverse, so that the output terminals of the
generator always have the same polarity. Asa re-
sult, a unidirectional current (d-c) is produced.

8. Chemical Source

a. When two dissimilar materials are inserted
into an acid or alkaline solution, called an elec-
trolyte, a voltage is found to exist between them.
The magnitude of this voltage depends on the
substances used. Frequent combinations are
copper and zinc, zinc and carbon, and cadmium
and mercury. One type of primary cell (fig. 6)

R DIRECTION OF
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Figure 6. Primary cell.

consists of two metal plates, one copper and the
other zinc, acted upon chemically by a dilute solu-
tion of sulphuric acid. If an external circuit con-
gisting of resistor R is provided between the two
plates, called electrodes, the voltage causes an
electron flow from copper to zinc inside the elec-
trolyte and from zinc to copper through the
external circuit. This electron flow is capable of

6

doing work. Sometimes the electrolyte is in the
form of a paste. The ordinary dry cell, for in-
stance, uses ammonium chloride ‘paste as the
electrolyte, and provides an output of 1.5 volts.
Other electrolytes and electrodes provide voltages
varying from about .7 to 2.5 volts. If the electron
flow in a primary cell continues for some time, the
cell becomes exhausted, since one of the electrodes
is literally eaten away by the electrochemical proc-
ess. The active elements must then be renewed or
the cell discarded.

b. Some cells, known as secondary cells or
storage batteries, permit their chemical processes
to be reversed; they can be recharged by supply-
ing current to them from an outside source. Dur-
ing charging, electrical energy is transformed and
stored in the form of chemical energy. During
discharge, this stored energy again is liberated in
electrical form to do useful work. Common types
of secondary cells are the lead-acid cell and the
Edison cell. In the charged lead cell, the positive
electrode is made of lead peroxide, the negative
electrode of spongy lead, and the electrolyte con-
sists of a dilute solution of sulphuric acid. Dur-
ing discharge, both plates of the cell become coated
with lead sulphate and the electrolyte becomes
more diluted, because of the formation of water.
The cell is restored to its original (charged) con-
dition by passing current through it in the oppo-
site direction. This cell provides a voltage of
about-2.1 volts. The Edison storage cell uses nickel
hydrate as the positive active material and iron
oxide as the negative active material in an elec-
trolyte consisting of a 21-percent solution of
potassium hydroxide, mixed with a small amount
of lithium hydrate. Its voltage is 1.3 volts. The
Edison cell stands rough usage better than the lead
cell and has a larger storage capacity in propor-
tion to its weight.

9. Piezoelectric Source

Some crystals have the property of generating
an emf (electromotive force) when subjected to
mechanical strain (compressed or expanded).
Quartz and Rochelle salt crystals are materials
that produce this effect, and the electricity pro-
duced is called piezoelectricity (pressure electric-
ity). This property of crystals is extremely use-
ful. In addition, the action is reversible; that is,




- when a voltage is impressed on a crystal it changes
its shape and therefore can be made to oscillate;
consequently, it can be used as parts of oscillator
circuits in transmitters to provide remarkable
frequency stability. Crystals are used also in
filter circuits of receivers because they are equiv-
alent to a very sharply tuned circuit.

10. Photoelectric Source

Some metals emit electrons when exposed to
radiations in the visible, infrared, and ultraviolet
portions of the spectrum. An example of a
light-sensitive surface is a silver base upon which
is evaporated a thin layer of cesium oxide. The
greater the illumination by the radiation the more
electrons are emitted, and thus more photoelec-
tric current flows. Electricity generated in this
way is called photoelectricity.

Section |I.
12. Simple D-C Circuit

The simplest form of a direct-current electric
circuit is a battery with a resistor connected to
its terminals (fig. 7). The resistor represents
any external apparatus or load connected to the

|+
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Figure 7. Simple circuit.

voltage source. A complete d-c circuit has an
unbroken path for the current flow from the bat-
tery, through the load, and back into the battery.
The amount of current flow through the circuit,
the applied voltage, and the resistance are subject
to an important relationship between them, known
as Ohm’s law.

a. Ohm’s Law. The current flowing in an elec-
trical circuit is directly proportional to the applied
voltage and inversely proportional to the resist-
ance of the circuit. In equation form, it is

I (amperes) = T—E 8;::::))

This equation gives the value of current in a cir-
cuit when its resistance and the applied voltage are
known. When the current in amperes and the

11. Thermoelectric Source

If the junction point of two dissimilar metals
is heated, an electromotive force is produced. A
current flows if the circuit is closed by connecting
the open ends of the metals to each other or to an
external circuit. Within limits, the greater the
heat applied to the junction, the greater is the
voltage generated. Electricity generated in this
way is called thermoelectricity. If an electric
current is made to flow through the junction of
two different metals, heat proportional to the cur-
rent flow is produced at the junction point, caus-
ing a voltage to be generated. A pair of metals
frequently used to form such a thermoelectric
junction, or thermocouple, is copper and the alloy
constantan. In radio equipment, thermocouples
generally are used in meters that measure r-f
currents.

DIRECT CURRENT

resistance in ohms are known, the applied
voltage is

E=IXR

If the voltage acting in the circuit and its currerit
are known, the resistance of the circuit is

E
R-T

All three forms of Ohmi’s law are used frequently
in electronics. In complicated circuits with many
branches, Ohm’s law alone is often insufficient to
determine the distribution of currents and volt-
ages, and other methods must be used. One
method is provided by Kirchhoff’s laws.

b. Kirchhoff’s Lawe (fig. 8). In any circuit the
following two laws apply:

+E1-E2 = IR3+ IR2+1IRT

I’—IR!—-' 7
AAA" J_"‘

IR3 —!

L‘_\N\f

i

i ess-207
. Kirchhofl’s lasos.
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(1) At any point in the circuit the sum of the
currents flowing toward the point is
equal, a8 in A, to the sum of the currents
flowing away from it.

(2) In any closed loop, the algebraic sum of
the voltage drops around the circuit (in-
cluding the source) is equal to zero. To
apply the second law, algebraic signs
(+ or —) are given to all voltages and
currents. In following any closed loop
in a certain direction, clockwise or
counterclockwise, all voltages which tend
to produce currents in the chosen direc-
tion are taken as positive, and a negative
sign is given to all opposing voltages and
currents, as in B. A series of equations
then may be written for each of the closed
loops, and these, together with the ap-
plication of the first law, will solve the
circuit problem.

13. Series Circuit

Very few electrical circuits are as simple as
that shown in figure 7, which contains only a single
resistance element. The methods of connecting
more than one resistor in an electric circuit are
series, parallel, and series-parallel. In the series
circuit (fig. 9), the current flows from the source
of voltage, in the direction of the arrows, through
the first resistor, R1, then through the second and
third resistors, B2 and R3, respectively, and finally
back to the source. The current is given by Ohm’s
law and has the same value everywhere in the cir-
cuit. The voltage drops across each of the resis-
tors are the product of current and resistance and
can therefore all be different. The total resist-
ance of a series circuit is the sum of the individual
resistances. Numbering the resistors R1, B2, R3,
and so forth, the total resistance

R (total)=R1+R2+R3+R4+ ... R,

where the dots represent any additional resistors
used. Therefore,
E (total)=FE1+E2+E3+E4+ ... E,

Example: Assume that the voltage in figure 9 is
800 volts, R1 is 5,000 ohms, R? is 22,000 ochms, and
R3 is 3,000 ohms. The total resistance then is B
(total) =R1+ R2+ R3=>5,000 + 22,000 + 3,000=
80,000 ohms. By Ohm’s law, the current flowing
in this circuit is
' § -%=3—‘)’3g%0=.01 ampere=10 ma (milliamperes)

!
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FPigure 9. Beries circuit.

14. Parallel Circuit

a. In the typical parallel circuit (fig. 10), the
current flows from the voltage source, £, in the
direction indicated by the arrows, to a common
connection point at the top of the three resistors
R1, R2, and R3. At the lower connection point
the three currents again combine, adding up to the
same current that flowed into the upper junction.
The voltage drop across each branch, which is the
product of the branch current times the branch
resistance, is equal to the voltage of the source
The individual currents through resistors R1, B2,
and R3 are equal to £/R1, E/R2, and E/R3, re-
spectively, in accordance with Ohm’s law. The
branch currents, therefore, can all be different in
a parallel circuit, and the voltage drops across the
resistors are all equal.

b. The total resistance of a parallel circuit is
always less than the lowest value of resistance
present. That this is so follows from Ohm’s law,
since the voltage is fixed and the total current must
be greater than the current through any branch

|
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resistor. The total resistance of a number of re-
gistors in parallel is given by

R= 1

1 1 1
ritmtmtemt

For only two resistors in parallel the formula is

R1XR2
R1+R2

Exzample : Assume that the voltage in figure 10 is
250 volts, R1 is 10,000 ohms, B2 is 5,000 ohms, and
R3 is 4,000 ohms. The total resistance then is

R (total) =

R=

1
1/10,000+1,/5,000 + 1,/4,000
The total current in the circuit is
I (total) =
E

=1,818 ohms

250
R(total) 1,818

The current in each branch can be found by

application of Ohm’s law. The current through

R1is
E/R1=

=.1375 ampere=137.5 ma

250
10,000

the current through R2 is

250

5,000

and the current through R3 is
250

4000

As a check, the sum of the three branch currents
equals

———=,025 ampere or 25 ma

=,05 ampere or 50 ma

=.0625 ampere or 62.5 ma

25+50+62.5=137.5 ma
or the same as the total current calculated before.

Rt

VOLTAGE
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15. Series-Parallel Circuit

An electrical circuit can have resistors both in
series and in parallel, as illustrated in A of figure
11. A circuit of this type can be handled, as in
B, by this general rule: Reduce the parallel re-
sistances first and then the series resistances in
different parts of the circuit to equivalent re-
sistances that can be handled as single resistances
in either a simple series or a simple parallel circuit.

Exzample: Let the voltage source of figure 11

-be 250 volts, let 1= 5,000 ohms, £2= 20,000 ohms,

and R3=8,000 ohms. First find the equivalent

resistance, /., of B2 and B3 in parallel. By the
formula given above
B,=F2XB3_20000X8000_ 0\ 1o

R2+R3™ 20,000+ 8,000

The total resistance of the simple series circuit is
then

R1+R,=5,000+5,714=10,714 ohms,
and the total current is

E_ 250
R~ 10714

The voltage drop across B, is then
E2=IXR,=.023X5,714=131 volts

and the branch currents are found as in any other
parallel circuit with a voltage of 131 volts.

I= =.023 ampere=23 ma

16. D-C Voltage Divider

A voltage divider taps the voltages required for
the proper operation of electronic tubes in radio
transmitters and receivers from a common power
supply. For the simple divider shown in figure 12,
the method of calculating the resistances is as fol-

lows: Assume that the supply voltage, £, and
AAA
l fe—e1—+1
VOLTAGE -r
SOuRce (€ T_§ Re

EQUIVALENT SERIES CIRCUIT

T™ ¢658-200

Figure 11. Beries parallel circuit.



the tapped voltages, £1 and E?2, and currents 71,
13, and /4, are known. The return circuit for /1
and /3 is to the positive side of the voltage source.
It is required to find the values of R1, B2, R3, /,
and /2. By applying Kirchhoff’s first law, the
current flowing to the junction, A, must equal
the current flowing away from that junction.
Therefore
I=1+12
and
12=13+14 at junction B

According to the second equation, current /2 can
be found by simply adding /3 and /4, both of
which are known. When this value for /72 is sub-
stituted in the first equation, the value of 7 can be
found. Since all currents and voltages are known,
the values of R1, B2, and B3 can be calculated by
Ohm’s law as follows,

131=Q'_'1@
Also
_(E1-E2
22 2

and

_Ek2
B3=7

A similar procedure is followed for more com-
plicated dividers.

c—
11 Rt
A
‘ > I1
E IZl R2
B
Et I > I3
E2 141 R3
1 i 1
+ -— T™ 685-211

Figure 12. D-c*voltage divider.

Section lll. ALTERNATING CURRENT

17. Generating Alternating Current

It has been shown that a simple a-c generator
produces its voltage in the form of a rising and
falling wave. During one complete rotation, or
360°, the loop generates 1 cycle of a-c voltage.
The number of cycles completed in 1 second is
called the frequency, and it is directly determined
by the speed of rotation of the generator loop.
A rapid rotation produces a high frequency, and
a slow rotation results in a low frequency.

a. Sine Curve.

(1) The rising and falling characteristics of
the voltage in the simple a-c generator
can be plotted throughout 1 cycle from
0° to—-360°, and the resulting curve is
called a sine curve. It is important to
understand the relationship between the
sine curve and a circle. Assume that the
maximum value, £, of the alternating
voltage of an a-c generator is represented
by the length of the radius of a circle and
is equal to 1 (fig. 13), and that this radius
rotates counterclockwise in the circle, as
does the actual wire loop in an a-c:gen-

erator. A line drawn from the end of
the rotating radius perpendicular to the
horizontal diameter of the circle is known
as the vertical projection of the radius.
As the radius rotates, its vertical projec-
tion, as shown, varies between +£ and
—E—in this case between +1 and —1.
If the value of this projection is plotted
against the counterclockwise angle that
the radius makes with the horizontal
diameter, a sine curve is produced, and
the vertical projection at any point is
equal to the sine of the angle.

ROTATION




(2) Assume that the horizontal starting

(3)

position, 0, of the rotating radius corre-
sponds to the vertical position of the wire
loop (broken line, fig. 4) in the simple
a-c generator previously discussed. In
this position, the loop is moving parallel
to the magnetic lines of force and there-
fore no voltage is generated. In position
1 (fig. 13), the radius has rotated counter-
clockwise through 45° and the magnitude
of the voltage generated is represented
by the vertical projection of the rotating
radius above the 45° marker in the sine-
wave curve. In position 2, the radius has
rotated through an angle of 90°, and the
vertical projection at this point repre-
sents the maximum generated voltage,
+E. This corresponds to the horizontal
position of the loop (solid line, fig. 4) in
the a-c generator when it is moving at
right angles to the lines of magnetic
flux. In position 3, the radius has rotated
through 135°, the vertical projection is
the same as in position 1, and the voltage
falls back to the value it had in position
1. The voltage falls back to 0 in position
4, when the rotating radius as well as the
actual wire loop has rotated through 180°.
Since a full cycle consists of a rotation
of 360°, one-half cycle has been completed
at this point. All of this half-cycle is on
the positive side of the axis.

In position 5, corresponding to a.rota-
tion of 225°, the generator voltage again
has started to rise, but now in the op-
posite direction. This is indicated by
the negative vertical projection of the
rotating radius at 225°. The remainder
of the negative half-cycle is generated
in a manner similar to that described
above. If the wire loop and its rotating
radius representation continue to revolve,
further sine wave voltage cycles are
traced out. In figure 13, the degrees
measured along the sine wave axis are
known as electrical degrees, or the rela-
tive phase of the a-c voltage. The maxi-
mum values of voltages +E and —F,
at 90° and 270° respectively, are called
the amplitude or peak of the sine wave.

b. Phase Angle or Phase Difference.

(1) Phase angle or phase difference denotes
a specific time interval between two or
more periodic quantities alternating at
the same frequency, such as between two
voltages, two currents, or between a volt-
age and a current. Since each a-c cycle
requires exactly the same amount of
time, the phase difference is expressed
conveniently in fractions of a cycle or
electrical degrees, time being implied in
either case. Two a-c quantities are said
to be out of phase, or have a phase dif-
ference, if one of the quantities always
begins its cycle before the other. The
quantity which starts and ends its cycle
before the other is said to lead the sec-
ond quantity by a certain phase angle;
the second quantity can be said to lag the
former by the same phase angle.

(2) Phase differences between alternating
quantities are measured at correspond-
ing parts of their cycles, as shown for
the two sine waves in figure 14. In A,
curve 1 has a value of 0 at the 0° refer-
ence point, whereas curve 2 is at its maxi-
mum negative value at this point and
does not reach 0 until the 90° point on
the axis. At this point, however, curve
1 already has reached its maximum posi-
tive value and therefore leads curve 2 by
90°. It does not matter where this phase
difference is measured, whether at the
respective starting points of 1 and 2, at
their respective positive maximum points,
or at any other corresponding points.
In B, two sine waves are 180° or one-
half cycle out of phase. Curve 1 rises
in the positive direction from the 0°
starting point, whereas curve £ rises in

Fijure 14.'8ins'swaves With' yhass difforence.



the negative direction from the same
starting point. If the phase difference
is measured between the positive maxima,
it is seen to be 270° minus 90°, or 180°.
It does not matter which of the two waves
-is considered as leading or lagging.
Curve 2 is always positive and 1 is nega-
tive, and vice versa.

18. Vectors and Their Use

a. A vector is a segment (part) of a straight
line that is pointed in a specific direction, and is
used to represent the magnitude and direction of
a given quantity. Magnitude is denoted by the
length of the line segment, and direction is in-
dicated by the orientation of the segment with
respect to a base or reference line and by an arrow
at the end of the line. For instance, if a selected
location on a map lies 3 miles north of a certain
position, this can be represented by a vector, say 3
inches long, which starts from the position and
points north toward the selected location. A vec-
tor may represent any quantity which has doth
magnitude and a specific direction. If either the
magnitude or the direction of the quantity (or
both) varies with time, vectors can be drawn for
each desired particular instant of time. Conse-
quently, the vector represents the quantity only at
these fixed instants.

b. A vector is not necessarily stationary. For
instance, a point or an object rotating in a circle,
such as a stone at the end of a cord, can be repre-
sented by a rotating vector, which continually in-
dicates the distance and direction to the stone from
the center of the circle. The rotating radius of
figure 13, which illustrated the relation between a
sine wave and a circle, is another example of a
rotating vector.

¢. Two or more vectors can be added or com-
bined to find their resultant, which is also a vector.
As an example, assume that a man is rowing a boat
downstream at a speed of 4 mph (miles per hour)
and in a direction parallel to the river banks (A of
fig. 15). At the same time, assume that a cross
wind is pushing the boat horizontally across the
river toward the opposite bank at a speed of 3
mph. To find the resultant of these two motions,
lay off to scale the velocity of the row boat in the
absence of the cross wind as vector OY, in B.
Then lay off vector OX at right angles to 0Y,
representing the velocity of the boat under the

4MPH

CAUSED BY '
WIND A B
™ ¢65-214
Figure 15. Vector addition.

influence of the cross wind alone. The two vectors
are added by completing parallelogram OYZX
and drawing in diagonal OZ. This diagonal
represents the resultant or vector sum of both
vectors. If the resultant is measured on the same
scale as the two component vectors, it will be found
to correspond to a velocity of 5 mph, and it forms
an angle of 53.2° with the horizontal vector, O.X.
The process just described can be applied to more
than two vectors by combining first two vectors
by the parallelogram method and then combining
the resultant vector with a third vector, and so on.

d. Two vectors may be subtracted from each
other, by reversing the direction of the vector to
be subtracted and then adding this reversed vec-
tor to the first. For example, if in A of figure 16,
vector OA is to be subtracted from vector OB,
then OA is simply reversed and —OA is added to
OB by the parallelogram method. The resultant
vector, OC, represents the vector difference OB
minus OA4. If,on the other hand, in B, vector OB
is to be subtracted from vector OA, then OB is
reversed and — OB is added to OB, resulting in
O0C’. The resultant vector, OC’, represents the
vector difference 04 minus OB. If more than two

A

Mgure 16. Vector subtraction.




vectors are to be subtracted from each other, this
can be done step by step by taking the vector
difference of two vectors at a time.

19. Inductance

a. Self-Inductance.

(1) Inductance is that property of a circuit
which accounts for the production of an
induced voltage by a changing current.
A voltage is induced in a conductor when-
ever magnetic flux lines cut across it.
When a magnetic field is established
around a coil of wire by connecting it to
a d-c voltage source, the flux lines cut
across adjacent wire turns and, conse-
quently, induce a voltage in the coil.
This induced voltage is always of such
a polarity as to oppose the change of the
current which produces it (caused by the
applied voltage). Because the total in-
duced voltage in the coil always opposes
any change in the current, it is called a
cemf (counter electromotive force). The
greater the inductance in a circuit, the
greater is the opposition to current
changes—that is, the greater the coun-
ter electromotive force.

(2) If the coil is connected to an a-c voltage
source, the magnetic field around the coil
builds up in one direction, collapses to 0,
builds up in the opposite direction, and
collapses again, all in rapid sequence.
This results in the continuous induction
of counter electromotive forces which op-
pose the varying current flowing because
of the applied voltage.

(8) The symbol for inductance is L and it is
measured in henrys. If the current in a
coil changes uniformly at the rate of 1
ampere per second and induces a voltage
of 1 volt in the coil, its self-inductance is
1 henry. Smaller units, such as the
mh (millihenry), representing one-thou-
sandth of a henry, and the gh (micro-
henry), representing one-millionth of a
henry, are frequently used. An assort-
ment of air-core inductors is shown in
figure 17.

b. Mutual Inductance. If an a-c voltage is ap-
plied to one coil, and its magnetic field lines link
the turns of another nearby coil, an a-c voltage

of the same frequency is induced in the second coil.
The effect of magnetic flux linking two inductors
is called mutual inductance (symbol M), and its
magnitude is also measured in henrys. Again,
the induced voltage is opposite in polarity to the
inducing or exciting voltage. The amount of
mutual inductance between two coils depends on
their size and shape, their relative positions, and
the magnetic permeability of the medium between
them. Usually, not all of the magnetic field lines
of one coil link the turns of a nearby coil. The ex-
tent to which two coils are coupled inductively is
denoted by a coefficient of coupling which is unity
for complete flux linkage.

¢. Inductors in Series. 1f the spacing between
coils is sufficiently great to make the effects of
mutual inductance negligible, the total inductance
of a number of inductors in series is

L=L1+L2+L3+L4+ ... L,

However, if two series-connected coils are spaced
close together so that their magnetic field lines
interlink, their total inductance is

L=L1+12+2M

where M represents the mutual inductance between
the coils. The plus sign in the expression above
is used if the coils are arranged in series-aiding—
that is, in such a manner that the magnetic fields.
assist each other. The minus sign is used if the
coils are connected in series-opposing—that is, so
that the magnetic fields oppose each other.

d. Inductors in Parallel. 1f the coils are spaced
sufficiently far apart that the mutual inductance
between them can be neglected, the total induc-
tance of a number of inductors arranged in paral-
lel is
L = 1
1/L1+1/L2+1/L3+1/L4— .. . 1/L,
For two inductors in parallel, which are not cou-
pled together, the total inductance is

L=L1 x L2

Li+12
It can be seen that the rules for combining induc-
tors in parallel or series are the same as those for
resistors.

e. Inductive Reactance and Phase Relations.

(1) It has been shown that in an a-c circuit
the changing flux around an inductor in-
duces a counter electromotive force in the
coil which oppoees the a-c current flow.




Figure 17. Asgortment of air-core inductors.

This opposition is called inductive reac-
tanee and is designated by X;. The mag-
nitude of the cemf is directionly pro-
portional to the rate of change of the cur-
rent through the coil. The phase rela-
tions between current and voltage in a
pure inductance are shown in figure 18.

I
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/
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\
\
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, >
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Figure 18. PLase relations in pure inductance.
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At the instant of time chosen, the applied
voltage, £, just begins its positive half-
cycle. At that instant the cemf, V, just
begins its negative half-cycle and is 180°
out of phase with and equal to £. The
current lags applied voltage, £, by 90°
When the rate of change of current is
instantaneously zero, the induced voltage,
V, at this point is also 0. In the regions
between B and C, and between £ and F,
where the current passes through 0, the
slope is steepest. The rate of change of
the current is maximum and hence the
induced voltage, V, reaches a maximum
in these regions. This implies a 90°
phase difference. In the vectorial dia-
gram, £, has arbitrarily been drawn hori-
zontally and to the right. The cemf, ¥,
is then equal and opposite, as indicated.
Current 7 lags 90° behind Z, as shown.



2

Its magnitude depends un the inductive
reactance, X z.

A pure inductance is unattainable in prac-
tice, since any coil which is wound with
wire has some resistance. This resist-
ance can be considered as separate and in
series with the inductance (A of fig. 19).
If an alternating current flows through
the coil, a voltage drop occurs across both
the resistance and the inductance. The
voltage across the coil, £, leads the cur-
rent by 90°, and the voltage drop across
the resistance, E, is in phase with the
current. However, the vector sum of £,
and £ at every instant must be equal to
the applied voltage, E, as shown in C.
The actual waveforms of £, £, Eg,and /
are shown in B.

(8) The rate of change of an alternating cur-

rent is directly proportional to its fre-
quency, since more cycles must be com-
pleted in a given time as the frequency
increases.” Hence, the cemf in an in-
ductor also is proportional to the supply
frequency, and, further, to the induct-
ance, as previously stated. The induc-
tive reactance, X, which is a measure of
this cemf, therefore is proportional to
both the frequency and the inductance.
The formula for inductive reactance is

X L=2 L 4 f L
where X, is the inductive reactance in
ohms, f is the frequency in cycles per

second, and Z is the inductance in henrys.
Ezample: The inductive reactance of a

c

TH 663-217

Figure 19. Phase relations in resistive inductor.
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coil having an inductance of 8 henrys at
a frequency of 120 cps is

X.;,=628 x 120 x 8=6,029 ohms.

f. Transformers.

16
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(1) Two coils coupled by mutual inductance

constitute a transformer. The magnetic
field may link the coils either through
an iron core or an air core, the latter usu-
ally being used at radio frequencies. The
coil connected to the a-c voltage supply
is called the primary winding. The other
coil, which ordinarily is connected to a
load, is called the secondary winding. A
transformer is useful for transferring
electrical energy from one circuit to an-
other without direct connection, and for
stepping up or stepping down voltage or
current levels. In a transformer having
a closed iron core, practically all of the
magnetic flux lines produced by the pri-
mary winding link every turn of the
secondary winding. Such a transformer
is almost perfect, since it has practically
no leakage flux. For a given magnetic
field, the voltage induced in the primary
coil is proportional to the number of
turns in its winding, and since the sec-
ondary coil of a perfect transformer is
in the same field, the voltage induced in
the secondary is proportional to the num-
ber of secondary turns. Hence, for a per-
fect iron-core transformer, the ratio of
primary to secondary voltage is equal to
the ratio of the number of turns in the
two windings. Stated conveniently in
mathematical form
E,_ N
E. N.

where £, and E, are the primary and
secondary voltages, respectively, and ¥,
and N, are the number of turns in the
primary and secondary windings. This
formula does not apply to air-core trans-
formers where considerable flux leakage
exists. Some typical air-core power
transformers are shown in figure 20.

Ezample: An iron-core transformer
has a primary winding of 500 turns, a
secondary winding of 8,500 turns, and
115 volts is applied to the primary.

What is the voltage across the second-

ary?
Ny 3500 15— =
E, N,XE’ 500 X115=TX115=805 volts

(2) If the magnetic fields in the primary and
secondary of an iron-core transformer
are equal, their respective magnetizing
forces must be equal. The magnetizing
force of a coil is expressed as the product
of the number of turns times the current
flowing in the coil (called ampere turns).
Consequently, the primary current mul-
tiplied by the primary turns must equal
the secondary current multiplied by the
secondary turns. This may be written

I, N,

Ny xI,=N,XI,, or 1,=N’:
Comparing this expression with the pre-
vious expression, it is apparent that the
current is stepped down when the voltage

is stepped up, and vice versa.

20. Capacitance

a. General. Two or more conductors separated
from each other by an insulating medium (called
a dielectric) form a capacitor. The simple capac-
itor shown in figure 21 consists of two closely
spaced parallel metal plates. Normally, with the
switch open, the two plates are electrically neu-
tral; that is, the number of positive and negative
charges on each plate are equal, and there is no
net electric charge. The capacitor can be charged
by closing switch S to connect it to the terminals
of a battery. At the instant the switch is closed,
the positive terminal of the battery attracts elec-
trons from the plate connected to it, and the same
number of electrons are repelled from the negative
battery terminal into the plate connected to it.
Electrons continue to be removed from one plate

(mark + in fig. 21) and flow, via the battery, into’

the other plate (marked —), until a state of equi-
librium is reached in which the potential difference
between the plates equals the voltage of the
battery. The electron flow (current) is practically
instantaneous, and it stops as soon as the capacitor
is charged to the same voltage as that of the
battery. If the switch is now opened, the positive
plate of the capacitor is left with a deficiency of
electrons and the negative plate with an excess of
electrons. In other words, the plates remain




Figure 20. Power trangformers.

charged although they are no longer connected to
the battery.

b. Electric Field. A capacitor has the ability
to store electrical energy. This energy can be
considered to be stored in the form of an electric
field which exists between the two plates because
of their difference of potential. Just as in the
case of a magnetic field, the electric field is repre-
sented by imaginary lines of force whose density
indicates the strength of the field. These lines of
force show the paths along which a free electron
would move if inserted between the two plates.
The lines of force are directed toward the posi-

+

_%

BATTERY
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Figure 21. Simple capacitor.

tively charged plate, since an electron would move
toward it if inserted in the electric field. The
field collapses almost instantaneously if the ca-
pacitor is discharged by short-circuiting the two
plates by a conductor.

¢. Capacitance Definition. If the capacitor in
figure 21 is connected to a battery with a higher
voltage, it acquires a greater charge until its
plates attain a potential difference equal to the
higher battery voltage. Inother words, the higher
the applied voltage, the greater is the voltage
between the plates and the greater is the charge
on the capacitor. However, the ratio of the
charge, @, on the plates to the potential differ- |
ence, £, between them always remains the same
for any particular capacitor, and this is called the
capacitance, C. In equation form capacitance

_9
=

If a potential difference of 1 volt charges a ca-
pacitor with 1 coulomb of electricity, its capaci-
tance is 1 farad (the unit of capacitance). This
is a tremendously large unit. Practical values
of capacitance used in electronics are the uf
(microfarad), which is one-millionth of a farad,
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Figure 22. Typical mica and ceramic capacitors.

and the uuf (micromicrofarad), which is one-
millionth of a microfarad. The capacitance of a
capacitor increases with the size and number of
plates used and decreases as the distance between
the plates is increased. Capacitance also depends
on the type of dielectric material used between
the plates. Figure 22 shows some typical mica
and ceramic capacitors.

d. Capacitors in Series. The total capacitance
of capacitors in series is calculated in the same way
as resistors in parallel. If all of the capacitors
are the same, the value of one of the capacitors is
divided by the number used. For two unequal
capacitors in series, the total capacitance is

C:1 X Cs
‘=c+c
For more than two capacitors in series, the total
capacitance is
(= 1
1/C,+1/0,+1/C,+1/C+ ... 1/C.

e. Capacitors in Parallel. Capacitors in parallel
are treated in the same way as resistances in series.
The total capacitance is found by adding the
values of all individual capacitors, or

C=0,+0,+C,+C+ ... 0O,
f. Phase Relations and Capacitive Reactance.
(1) A capacitor that is connected to an a-c
voltage source becomes charged alter-
nately in opposite directions, and elec-
trons surge to and fro in the connecting
wires. The electrons cannot actually flow
through the dielectric medium between
the plates. However, since an alternating
current flows back and forth in the con-
necting wires at the supply frequency, it
is referred to loosely as flowing tArough
the capacitor. When the voltage first is
applied to the uncharged capacitor, the
capacitor draws a large charging current.

-




As soon as the charge on the capacitor
reaches the applied voltage, the current
drops to 0 (fig. 23), since the capacitor
cannot be charged to a voltage higher
than that applied. In other words, the
current is greatest at the beginning of the
voltage cycle and becomes 0 at the maxi-
mum value of the voltage. When the
applied voltage starts to decrease from
its maximum value, the capacitor begins
to discharge. The current flows in the
opposite direction. Consequently, the
current through the capacitor leads the
voltage across it by 90°.

e o'g0°

Pigure 23. Phase relations in capacitor.

(2) A capacitor offers a certain opposition to

the flow of alternating current, which is
called capacitive reactance. The symbol
for capacitive reactance is X, and it is
measured in ohms. The greater the
capacitance, the greater is the charge for
a given voltage and hence the greater the
charging current. As a result, the op-
position to the current is smaller. There-
fore, the capacitive reactance (the
opposition to current flow) and the ca-
pacitance are inversely related. Also, the
higher the frequency, the more rapid is
the transfer of charge in and out of the
capacitor. As a result, at higher fre-
quencies, there is a larger current or a
smaller opposition to current flow. This
is described by saying that the capacitive
reactance is inversely proportional to the
frequency. Combining these two obser-
vations in mathematical form and insert-
ing the factor 2x, the capacitive reactance
in ohms is
1
Xo=5. 70

where £ is in cycles per second and € is
in farads. If C is given in microfarads,
and f in megacycles, the reactance, X,
also will be in ohms.

Exzample: The capacitive reactance of
a .002-uf capacitor at a frequency of 2.5
megacycles is
x, 1

= 828X25X106X.002X108 _ °1-8

ohms

21. Alternating-Current Circuits
a. Impedance.

1)

2)

It has been shown that the voltage across
a pure inductance leads the current by
90° and that the voltage across a pure
capacitance lags the current by 90°. For
this reason, the inductive reactance in a
circuit containing both inductance and
capacitance is considered positive and the
capacitance reactance is considered nega-
tive to show that their effects are 180° out
of phase with each other. The net re-
actance, X, in such a circuit is found by
subtracting one reactance from the other.
If X, is larger than X, the net reactance
is inductive (positive), and if Xy is
larger than X, the net reactance is
capacitive (negative).

The total opposition to the flow of alter-
nating current is termed impedance, and
it is designated by the symbol Z. Im-
pedance includes the opposition to cur-
rent flow caused by both resistance and
reactance, and it is measured in the same
unit, the ohm. Resistance and reactance
cannot be simply added together to give
impedance, because there is a phase angle
of 90° between them, and they are fun-
damentally of different nature. Only the
resistance absorbs electric energy and
usually converts it to heat, whereas re-
actance stores electric energy temporarily
in the form of a magnetic or an electric
field. The impedance can be represented
by the hypotenuse of a right triangle, the
shorter sides of which are made up by
the resistance and the net reactance.
Such an tmpedance triangle, with the
resistance laid off along the horizontal
side and the reactance along the vertical
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side, is shown in figure 24. The impe-
dance of an a-c circuit, therefore, equals
the square root of the sum of the squares
of the resistance and the net reactance.
The formula for the impedance of an a-c
circuit is

Z=R*+X?=\R*+ (X,— X¢)?

If either the inductive or the capacitive
reactance is absent, X, or X drops out
of the preceding equation. The tangent
of the included angle, ©, in a right tri-
angle is the ratio of the opposite side to
the adjacent side. Hence, the tangent of
this angle which represents the phase
angle is the ratio of the net reactance to
the resistance,

REACTANGE (X)

RESISTANGE (R)
T™ $65-220

Figure 24. Impedance triangle.

(83) Ohm’s law can be applied to a-c circuits
by substituting impedance, Z, for resist-
ance, . Therefore

E=IXZ=IX R+ (X.—X¢)?
and Z=E/I.

b. A-C Voltage Dividers. A-c voltage dividers
may take a great variety of forms, since any com-
bination of resistors, capacitors, and inductors
can be used to divide the applied voltage in a cer-
tain proportion. A few simple types are shown
in figure 25. A, B, and C show circuits which use
circuit constants of the same kind within each
divider, and therefore the output voltage, £, is
in phase with the input voltage, V. Here a volt-
age reduction alone is accomplished. Many
times, however, it is desired to shift the phase of
the output voltage with respect to that of the in-
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put voltage, as well as to reduce its magnitude.
This can be done by using combinations of differ-
ent circuit constants, as shown in D, E, and F.
An expression is given in each case for the output
voltage, £, in terms of the input voltage, ¥V, and
the constants. In general, the ratio of the output
to the input voltage equals the ratio of the output
impedance, across which the output voltage ap-
pears, to the total impedance of the voltage di-
vider. However, this is correct only if the load
across the output terminals draws a negligible

current.

¢. Resonant Circuit.

(1) It has been shown that the inductive re-
actance increases with frequency, whereas
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(2)

the capacitive reactance decreases with
frequency. At some frequency, then,
they are equal, the net reactance being
equal to 0. The frequency at which this
occurs is known as the resonant fre-
quency, and an R-L-C circuit at this fre-
quency is said to be in tune or in reson-
ance. Reasonant circuits are useful be-
cause of their ability to select or re-
ject certain frequencies. At resonance,
X.,=X¢, or

OmfL= =

2:/0’
Solving for the resonant frequency,
1
4 2= yLC

where £ is in cycles per second, L is in
henrys, and C is in farads. This formula
is true when R is negligible.

CURRENT

total resistance of the circuit is small, as
in C, the line current can be very large,
and as a result the voltage drops across
the inductor and the capacitor may be
many times the applied voltage. At fre-
quencies below resonance, the capacitive
reactance predominates, and the circuit
acts like a capacitor in series with a re-
sistance. At frequencies above resonance,
the inductive reactance predominates,
and the circuit behaves like an inductance
in series with a resistance. If a graph of
line current against frequency is plotted,
as in B, the resultant curve is a resonance
curve. With a small circuit resistance
the current rises sharply near the reso-
nant frequency, whereas with a large
circuit resistance the curve is relatively
broad and flat, as shown in the figure.
The circuit represented by curve 4 is
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Pigure 26. Series resonance.

A series-resonant circuit (A of fig. 26)
consists of a combination of resistance,
inductance, and capacitance and a source
of voltage (applied voltage) connected
in series. At resonance, the inductive and
capacitive reactances are equal and oppo-
site to each other, and hence the current
in the circuit is limited only by the re-
sistance. The line current for a series-
resonant circuit is, therefore,
E
=%

where £ is the applied voltage and R is
the total resistance of the circuit. If the

said to be much more selective than that
represented by curve B, since such a cir-
cuit would be better able to discriminate
against frequencies on either side of
resonance. This is an important charac-
teristic of tuned circuits.

(8) The sharpness of the resonance curve is

determined by a quality factor called @.
It is defined as the ratio of the reactance
of either the coil or the ‘capacitor at the
resonant frequency to the total resist-
ance of the circuit, or

X, _2,/L _ 1
C="g =g v @ R “oxfCR
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(4)

Since nearly all of the resistance in the
circuit is associated with the coil, the first
expression is more frequently used, and
is more significant. @ is also a measure
of the ratio of the reactive power stored
in the circuit to the actual power dis-
sipated in the resistance. The higher
the @, the greater the amount of energy
stored in the circuit compared with the
energy lost in the resistance during each
cycle, and, consequently, the greater the
efficiency of the tuned circuit.

A parallel-resonant circuit consists of
two branches in parallel with a source
of voltage (applied voltage) one branch
containing inductance, and the other con-

()
®

e@af

A

IMPEDANCE

where /1 is the line current. The line
current is a ménimum at resonance and
it increases above and bglow resonance.
Therefore, the impedance presented by
the parallel branches is correspondingly
large at resonance. Depending on the
circuit resistance, it approaches its maxi-
mum value at resonance more or less
sharply, as shown by the impedance
curves in B. The impedance is purely
resistive and its value is
g XiXo_ L
E CR
The impedance of a parallel-resonant
circuit can be expressed also in terms of
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Figure 27. Parallel resonance.

taining capacitance (A of fig. 27). The
resistance shown in the illustration rep-
resents that contained in the coil and
the associated conductors plus any added
resistors. Since the capacitive react-
ance equals the inductive reactauce at
resonance, the currents through the two
branches are about equal in amplitude,
but opposite in phase in respect to the
line. Therefore, they cancel each other
in the external line circuit, and only the
current resulting from the loss caused by
the resistance flows in the line. Al-
though the line current, /1, is very small,
the current circulating in the two
branches, /2, can be very large with a
high-@ circuit. This circulating current,
12, is approximately equal to @ times 71,

@ and the reactance of either coil or
capacitor, as

Z=QIO or Z=QXL=2‘RfLQ
The line current at resonance is then
simpl

ply - E_E
1 Z - 07

where X is the reactance of either coil
or capacitor. As a consequence of these
relations, the higher the @ of a parallel-
resonant circuit, the greater the reso-
nant impedance and the circulating cur-
rent, and the smaller the line current.
Because of its ability to act like a storage
tank for electric energy, a parallel-reso-
nant circuit is known also as a tank cir-
cuit, and fulfills an important function
in radio transmitters and receivers.

-~



d. Filter.

(1)

@

General. A filter is a circuit consisting
of a number of impedances grouped to-
gether in such a way as to have a definite
frequency characteristic. Filters are de-
signed to transmit (permit passage)
freely over a certain range of frequencies
and to transmit poorly over another
range of frequencies. The range over
which transmission occurs freely is called
the pass band, and the range over which
poor transmission occurs is called the
attenuation band. The frequency at
which attenuation starts to _increase
rapidly is known as th cut-off frequency.
Basic configurations into which filter ele-
ments can be assembled are the L- or Aalf-
section, consisting of one series and one
parallel (shunt) arm; the full T-section,
consisting of two series arms and one
shunt arm (resembling the letter T) ; and
the full »-section, consisting of one series
arm and two shunt arms (resembling the
Greek letter »). Several sections of the
same configuration can be joined to im-
prove the attenuation or transmission
characteristic. When filters are inserted
in a circuit, they usually are terminated
by resistances of the same value at both
the input and the output end. The value
of the terminating resistance usually is
determined by the circuit with which the
filter is used. The desired cut-off fre-
quencies are predetermined also. Knowl-
edge of the values of capacitors and in-

“ductors to give the desired frequency

characteristic (fig. 28) is necessary when
designing a filter.

Low-pass filters. Low-pass filters trans-
mit freely frequencies below the cut-off
frequency, f., and transmit poorly fre-
quencies above that value. To under-
stand the action, consider the T-section
filter in figure 28. At high frequencies
the inductive reactance of the two coils
in series is large, and hence they offer
large opposition to the flow of current
toward the output termination (load).
Also, any high-frequency current that
does get through the first coil passes
through the capacitor, whose reactance
to high frequencies is low, and does not

(3)

(4)

(6)

reach the output. For low-frequency
currents, however, the inductive react-
ance is small and the capacitive reactance
is large. Accordingly, these currents
readily pass through both coils to the
load. This is shown graphically by the
transmission characteristic curve. The
required values of inductance and capac-
itance, in terms of the cut-off frequency,
fo, and the termination resistance, R, are
shown in the figure. Full values of Z and
C are used for the half-section; for the
T- and the =-sections these values are
halved, as shown.

High-pass filters. High-pass filters
transmit freely frequencies above the
cut-off frequency, f., and transmit poorly
frequencies below that value. Their ac-
tion in the case of a T-section high-pass
filter, for example, is as follows (fig. 28) :
At low frequencies the capacitive reac-
tance is large, so that the two capacitors
in series offer large opposition to the flow
of current. Any low-frequency current
from the input that does get through the
first capacitor passes through the coil,
whose reactance at low frequencies is
small; therefore, it does not reach the
output. For high-frequency currents, the
capacitive reactance is small and the in-
ductive reactance is large. Consequently,
these currents pass readily through both
capacitors to the output end, and very
little current is diverted through the coil.
Band-pass filters. Band-pass filters
transmit freely in a range of frequencies,
limited by two cut-off frequencies, /1 and
72, and transmit poorly on each side of
that range, below f1 and above f2 (fig.
28). They can be considered as made up
of a low-pass filter and a high-pass filter,
whose regions of free transmission
overlap.

Band-rejection filters. Band-rejection
filters transmit poorly in a range of
frequencies, limited by two cut-off fre-
quencies, f1 and f2, and transmit freely
on both sides of that range (fig. 28). A
low-pass filter and a high-pass filter in
parallel act as a band-rejection filter,
provided their regions of poor transmis-
sion overlap.
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(6)

Wave traps. A wave trap can be a simple
parallel-resonant circuit, tuned to a fre-
quency which is to be rejected. This is
inserted in series with the circuit which
normally transmits the frequency to be
rejected. It has been shown previously
that a circuit consisting of a coil and a
capacitor in parallel has an extremely
high impedance at its resonant frequency
and permits very little line current to
flow at this frequency. By providing a
variable capacitor for tuning, it is pos-
sible to reject any particular frequency
within a certain band. Wave traps fre-
quently are inserted between the antenna
and the antenna terminals of a receiver to
eliminate specific interfering signals.
Several wave traps can be connected in
series to reject several different interfer-
ing frequencies.

e. Impedance Matching.

(1)

(2)

Many devices require a specific value of
load resistance or impedance for opti-
mum operation. The resistance of the
actual load may unavoidably differ
widely from this optimum value. A
transformer camr be used to convert the
actual value of load resistance to the
desired magnitude. This is one method
of impedance matching. Generally,
maximum power is transferred to a load
when the impedance of the load equals
that of the source. To accomplish maxi-
mum power transfer is an important
function of impedance matching.

The relationships between primary and
secondary voltages and currents in an
iron-core transformer have been given.
With these relationships, it is possible to
solve for the ratio of the impedance of the
primary winding, Z,, to the impedance
of the secondary winding, Z,, by substi-
tuting Z,=%,/1,, and Z,=FE,/I,. 1t is
then found that the ratio of the primary
to secondary impedance is

Z (%Y o Moo B
ARV YR A A
Therefore, in an iron-core transformer
with almost perfect coupling, the im-

pedance ratio is equal to the square of the
turns ratio.

(3)

INPUT

(FRoM R-F =
AMPLIFIER) 7

IMPEDANCE Z

Example: An electron tube audio
amplifier requires a load of 3,000 ohms for
optimum performance and it is to be
connected to a loudspeaker having an
impedance of 6 ohms. The primary-to-
secondary turns ratio required in the out-
put transformer is then

3.000 ooo 500 224
¥z =T
The primary wmdmg, therefore, must
have 22.4 times as many turns as the sec-
ondary winding.
An iron-core transformer cannot be used
at radio frequencies because of excessive
losses in the core. In figure 29, A shows
a circuit frequently used in radio trans-
mitters for coupling a radio-frequency
amplifier to a resistive load. Here the
r-f energy from the tank circuit is coupled
to the load by means of an air-core trans-
former, consisting of coils L1 and L2. In
this circuit the impedances are matched
by adjusting the mutual inductance be-

’?__:_l
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Figure 29. Effect of variable coupling in

adr-oore tramsformer.



tween the coils. This can be done by
changing the number of turns in the un-
tuned coil or by varying the coupling
between the coils.

(4) The load resistor to which the untuned
coil, L2, is connected is coupled into the
tuned tank circuit in proportion to the
coupling between the coils. This affects
coil L1 in exactly the same manner as
though a resistor had been added in series
with it. The resistance coupled into the
tank circuit can be considered as being
reflected from the load (secondary) cir-
cuit into the tank (primary) circuit. By
increasing the effective series resistance
of the tuned circuit, the coupled-in resist-
ance lowers the @ of the latter and hence

its selectivity. When the coupling be-
tween the coils is small, the circuit is said
to be loosely coupled. In B of figure 29,
the coupled-in resistance, B, is also small,

circuit @ is high, and the resonance curve

is sharp. When the coupling is increased
somewhat, the circuit is said to have

medium coupling. The coupled-in resist-

ance is larger than before, circuit Q is
lower, and the resonance curve is broader.
When the coupling between the coils is

very close, the circuit is said to have tight

coupling. Then the resistance reflected

into the tank circuit is large, circuit @ is -

low, and the resonance curve is very
broad.

Section IV. ELECTRON TUBES

22. Diode

The simplest form of electron tube is the diode,
consisting of two electrodes, a cathode, and a plate.
The cathode may be directly heated or indirectly
heated. An evacuated glass or metal envelope in-
closes the elements. Figure 30 shows some typical
diodes. )

a. Operation. When a positive potential is
applied to the plate of the diode, electrons flow
from the cathode to the plate, and return to the
cathode through the external circuit. This flow
of electrons is known as plate current. If a nega-
tive potential is applied to the plate, however, no
plate current flows, because the emitted electrons
are repelled from the negative plate. Therefore,
electrons can flow from the cathode to the plate
only when the plate is positive in respect to the
cathode. Electrons cannot flow from the plate to
the cathode.

b. Space Charge. For a given cathode temper-
ature, the maximum number of emitted electrons
is fixed. However, not all of these emitted elec-
trons reach the plate. Some electrons form a
cloud in the space between cathode and plate and
constitute a negative space charge, which tends to
repel other electrons leaving the cathode surface.
The higher the plate voltage, the higher is the
plate current as the space charge effects are neu-
tralized. If a sufficiently high plate voltage is
applied, all the electrons emitted by the cathode,
at a given temperature, are drawn to the plate.
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This represents a maximum plate current, called
saturation current. Higher plate voltages do not
produce a further increase in plate current. At
high plate voltages, then, the plate current is prac-
tically independent of the plate voltage, but de-
pends primarily on the cathode temperature. At
low plate voltages, the plate current depends on
the plate voltage, and is independent of the tem-
perature of the cathode.

¢. Use. Ifan a-c voltage is applied to the plate
of a diode, plate current flows only during the
positive half-cycles, when the plate is positive.
Since current can flow in only one direction, it is
said to be rectified. Diode rectifiers are used ex-
tensively in radio transmitters, receivers, and
auxiliary equipment. The unidirectional char-
acteristic of the diode is used also in detector cir-
cuits, which extract the original modulation from
a modulated radio-frequency carrier wave. Di-
odes also are used in many wave-shaping and other
special circuits.

23. Triode

When a third electrode, called the control grid,
is placed between cathode and plate, the arrange-
ment constitutes a ¢riode. The grid usually is a
mesh or winding of fine wire around the cathode.

a. Operation. Because of its mesh construction,
the grid does not impede passage of electrons from
cathode to plate. The purpose of the grid is to
control the flow of plate current. The number of

|



electrons reaching the plate depends on both the
plate and the grid potential. In an amplifier, the
grid voltage normally is at a negative value. If
the plate voltage is positive, and the grid voltage
is made more and more negative, progressively
more electrons are repelled by the grid and fewer
are attracted to the plate. As a result, the plate
current decreases. At a certain negative grid volt-

:

b. Amplification. The plate current in a triode
is affected to a much greater degree by a change
in the grid voltage than by a change in the plate
voltage. A slight change in grid voltage has the
same effect on the plate current as a greater change
in the plate voltage. This permits the triode to
be used as an amplifier because grid voltage varia-
tions are amplified in the plate circuit.

SIGNAL DIODES

POWER DIODES

T™ e62-46 |

Figure 30. Typical diodes.

age, known as the cut-off bias, all electrons are
forced back to the cathode, and hence the plate
current is zero. If the grid voltage is made less
and less negative (more positive), progressively
more electrons get through the grid and are at-
tracted to the plate. Therefore, the plate current
increases. If an a-c signal voltage is applied to
the grid, the plate current varies in accordance
with the signal. A relatively small voltage change
on the grid can cause a large change in plate
current.

(1) Voltage amplification. When a resist-
ance or an impedance load is inserted in
the plate circuit, the voltage drop across
the load depends on the plate current.
The plate current, in turn, is controlled
by the grid voltage for a fixed plate volt-
age. Because of the amplifying action
of the tube, a small change in grid voltage
produces a large change in the voltage
across the load. By making the load re-
sistance large, a large voltage drop is
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(2)

3)

produced across it, resulting in high
voltage amplification. The plate current,
however, is small, and so is the output
power.

Power amplification. In the output
stages of receivers and transmitters,
relatively large amounts of power are re-
quired. Triode tubes designed for this
application sacrifice high voltage ampli-
fication to produce large amounts of
power output. Power amplifier tabes
have a moderate amplification factor and
a low internal plate resistance. They are,
therefore, capable of providing large
plate currents at high plate voltages, a
requirement for high power output. Ex-
cept for inherent design differences, the
principles of power amplification are the
same as those for voltage amplification.
Load considerations. 1t hasbeen pointed
out that the amplification of a voltage
amplifier increases with the value of the
load resistance. If the plate load resistor
is made too large. however, the voltage
drop across it reduces excessively the
plate voltage applied to the tube. As a
result, the voltage output of the tube is
reduced. Commonly used values of load
resistance for voltage amplifiers are from
10 to 50 times the internal plate resist-
ance of the tube. For a resistance-
coupled amplifier, the grid-input resist-
ance of the following stage is effectively
in parallel with the plate-load resistance.
Its value must, therefore, also be high to
prevent too much shunting of the load
resistor. For a power amplifier, on the
other hand, the load must be matched to
the plate resistance of the tube, and is,
therefore, of a fairly low value. It has
been pointed out that maximum power
transfer occurs in a circuit if the load re-
sistance equals the internal resistance
(plate resistance) of the source. How-
ever, excessive distortion may result un-
der this condition. For this reason the
load resistance usually is made from two
to three times the plate resistance of the
tube. This is a good compromise between
distortion and power output considera-
tions.

(4) Classes of amplifiers.
(a) Class A. A class A amplifier is oper-

ated so that plate current flows at all
times, and hence the waveshape of the
output voltage is essentially the same
as that of the signal voltage applied
to the grid. A class A amplifier is
biased so that the grid is always nega-
tive.

(b) Class AB. A class AB amplifier is

operated so that plate current flows for
appreciably more than one-half but less
than the entire cycle. The grid is
biased so that it is driven to cut-off dur-
ing part of the negative half-cycle of
the grid input signal. Consequently,
some distortion is present in the output
waveshape. Push-pull design is used
in class A B operation.

(¢) Class B. A class B amplifier is oper-

ated so that the grid bias is approxi-
mately equal to the cut-off value and
therefore the plate current is zero in
the absence of an exciting grid voltage.
When an a-c grid voltage is applied,
plate current flows for approximately
one-half of each cycle, and consider-
able distortion of the output waveshape
takes place. Push-pull design also is
used in class B operation.

(d) Class C. A class C amplifier is oper-

ated so that the grid bias is consider-
ably greater than that required for cut-
off. The plate current is zero when no
alternating grid voltage is applied and
it flows for appreciably less than one-
half of each cycle when an a-c signal
voltage is applied to the grid. While
distortion occurring in class AB and
class B amplifiers can be overcome by
using two tubes in a push-pull circuit,
this is not possible for a class C ampli-
fier. Class C amplifiers are used pri-
marily as radio-frequency power am-
plifiers, where the distortion can be
overcome with a tuned tank circuit.

¢. Tube Characteristics.
(1) The relationships between grid voltage,

plate current, and plate voltage in a tri-
ode are called tube characteristics. They
are, to a large degree, determined by the
physical construction of the tube. A




graph obtained by plotting the effect of
changing any two of these three quan-
tities on any other, while holding the
third quantity constant, is known as a
characteristic curve. This curve is usu-
ally a static characteristic curve which is
obtained with no load in the plate circuit.
For the triode the most important of
these is a set of curves showing the rela-
tion between plate voltage and plate cur-
rent for different fixed grid voltages (fig.
31).

(8) The plate resistance, ry, is the resistance
of the path between cathode and plate to
the flow of alternating current. For a
fixed grid voltage, the plate resistance is
the ratio of a small change in plate volt-
age to the corresponding small plate-cur-
rent change, and is expressed in ohms.
Mathematically, plate resistance can be
expressed as

_Ae
™= (e constant)

where ¢, is in volts and % is in amperes.
(4) The transconductance, gm, of a tube takes

8
" .L/ into account both the amplification fac-
&6 S tor and the plate resistance, and is the
Y ~2 v quotient of the first divided by the sec-
3 N avie ond. By performing the division, it is
g 4 ésQ ¥ / & seen that transconductance can be defined
" / p, A~ also as the ratio of a small plate-current
g2 4 7 A change to the grid-voltage change pro-
= Vi LA 2 ducing it, with the plate voltage held
o A 27 A4 7~ constant. This ratio has the form of a
100 200 PE:‘I?E vgggs 500 600 conductance (//E) and is expressed in
AVERAGE PLATE GHARAGTERISTICS mhos. In practice,a smaller unit is used.
TRIODE TUBE This is the 'l.?l:n.'lo (micr()mho) and'is
T eot-220 equal to one-millionth of a mho. By in-
Figure 31. Triode plate-current, plate-voltage dicating the ratio of x to 7, in one term
characteristics. 4 f

transconductance serves as a measure of

(2) The amplification factor, symbolized by the design merit of amplifier tubes. Its

the Greek letter u (mu)), is defined for the
triode as the ratio of a small plate-volt-
age change, Aes, to the small grid-voltage
change, Ae., that produced it, the plate
current being held constant. In obtain-
ing the amplification factor by measure-
ment or from the characteristic curve, a
plate voltage is selected and the grid
voltage is adjusted to operate the tube at
a particular plate current. The plate
voltage then is increased by a small
amount and the grid voltage is made
more negative by a sufficient amount to
keep the plate current constant. Math-
ematically, this is expressed as

__Ae .,
I Ae. (¢» constant)

where the minus sign indicates that the
changes in plate voltage and grid voltage
are in opposite directions. The ampli-
fication factors of triodes range from
about 3 to about 100.

value ranges from a few hundred to sev-
eral thousand micromhos. In math-
ematical form, transconductance is

_ Ay
Im= e, (e» constant)

If 4, is in amperes and ¢, in volts, then gm
is in mhos, This must be multiplied by
1,000,000 in order to convert to micro-
mhos,

d. Polarity Inversion. The sum of the voltage
effective at the plate and the voltage across the
load must at all times equal the plate-supply volt-
age, by Kirchhoff’s second law. Hence, during the
positive half-cycle of an a-c grid signal, both the
plate current and the voltage drop across the load
resistor increase. As a result, the plate voltage is
reduced. Similarly, when the grid voltage swings
into the negative half-cycle, the plate current and
the voltage drop across the load are reduced. This
leaves a greater part of the supply voltage across
the tube; that is, the voltage at the plate is in-
creased for a negative grid-voltage swing. When-
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ever the grid voltage increases (in a positive
direction), the plate voltage decreases (in a nega-
tive direction), and vice versa. This 180° out-of-
phase relationship between the grid signal voltage
and the alternating component of the plate voltage
(the amplified signal) is called polarity inversion.

e. Distortion. An amplified output signal is
undistorted if it has the same waveshape as the
original grid signal. If the operating point is on
the straight-line portion of the characteristic curve
of the tube, and if the maximum swings of the grid
signal voltage do not drive the tube into any
curved portion of the characteristic, the output
waveshape is undistorted. For all other condi-
tions, distortion occurs. The extent of the dis-
tortion depends partially on the biasing point of
the tube.

f. Interelectrode Capacitance. Any two pieces
of metal separated by a dielectric have a capaci-
tance between them. The electrodes of a tube are
no exception. The capacitance between the elec-
trodes of a tube is called interelectrode capaci-
tance. In triodes, there exists a grid-to-cathode
capacitance, a grid-to-plate capacitance, and a
plate-to-cathode capacitance. At the high fre-
quencies, the grid-to-plate capacitance can feed
back some of the voltage in phase with the grid
voltage and thus cause undesirable oscillations.

9. Equivalent Circuit. Many times it is neces-
sary to calculate only the varying (a-c) compon-
ents of current and voltage in a vacuum-tube
circuit. This can be done by using, instead of the
actual circuit shown in A of figure 32, an equiva-
lent circuit, shown in B. The variations produced
in the plate current of a triode by the application
of a signal voltage, ¢,, on the grid are exactly the
same as would be produced by a generator devel-
oping a voltage —pue, and having an internal

2y

€9

Ecc Ebb

L‘ = —
e
ACTUAL CIRCUIT A

resistance equal to the plate resistance r,. This
acts in a circuit having a load impedance, Z,, in
series with the plate resistance. The minus sign
in —pe, indicates the polarity inversion between
grid and plate circuits. By Ohm’s law, the plate
current in the equivalent circuit is then

T

z’ rp+ZL
Further, the a-c component of the plate voltage, or
the voltage across the load, is

—pe,y

MRy

The ratio of the output voltage, e,, to the input
grid voltage, ¢, is the voltage amplification.
This is expressed as follows,

voltage amplification =-§—:= 1'_,-+":ZZLL
From this equation it is seen that the voltage am-
plification of a triode stage is always less than a
for any finite value of the load impedance.

h. Coupling Methods.

(1) The output voltage of a tube is either
utilized by the final load or is applied to
the grid of another tube for further am-
plification. Only the varying or a-c
component of the plate voltage is needed
for this purpose, and the d-c plate volt
age is blocked from the grid of the fol-
lowing stage. Three different types of
coupling methods are in common use
(fig. 33). These are resistance coupling,
shown in A, impedance coupling, in B,
and transformer coupling, in C.

(2) In the resistance-capacitance-coupled cir-
cuit, in A, the a-c voltage developed
across the plate-load resistor, B, is

tp
l’p /—-.
—r | ¢

EQUIVALENT CIRCUIT B

T™ 668-227

Figure 32. Equivalent circuit of triode amplifier.
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Pigure 33. Buasic coupling methods.

applied to the grid resistor, B, of the
following tube through the blocking or
coupling capacitor, C. The blocking
capacitor prevents the positive d-c plate
voltage of the first tube from reaching
the grid of the second tube. Grid resis-
tor R, provides a resistance across which
the input signal to the second tube is
developed and also acts as a grid return
for the bias. The grid resistor must be
sufficiently large not to shunt the plate
load appreciably.

(8) In the impedance-coupled cirowit, in B,
an inductor is substituted for the plate
resistor. Since the inductive reactance
of this coil is high and its d-c resistance
low, a high value of a-c load impedance
is obtained without an excessive d-c volt-
age drop, as with resistance coupling.
In every other respect the impedance-
coupled circuit is identical to the resist-
ance-coupled circuit.

The transformer-coupled oircuit, in C,
utilizes a transformer to couple two
amplifier tubes. The primary winding is
connected in the plate circuit of the first
tube and the secondary to the grid circuit
of the following tube. Since there is no
direct connection between the two wind-
ings, the plate circuit of the first tube is
isolated from the grid circuit of the sec-
ond tube. Asin impedance coupling, the
primary of the transformer has a high
reactance and a low d-c resistance, and
thus wastes little of the d-c supply volt-
age. In addition, transformer coupling
has the advantage that the output voltage
may be stepped up by the ratio of the
secondary turns to the primary turns.
The advantages of transformer and im-
pedance coupling are offset to some degree
by the simplicity, economy, and generally
better frequency response of resistance-
capacitance coupling.

(4)

24. Tetrode

The tetrode or screen-grid tube is a vacuum tube
with four electrodes, a cathode, a plate, and two
grids between plate and cathode. The control grid
is near the cathode and corresponds to the grid of
the triode. The screen grid is mounted between
control grid and plate.

a. Operation of Screen. When maintained at
a constant potential, the screen grid acts as an elec-
trostatic shield between plate and control grid,
and also between plate and cathode. The shield-
ing action of the screen grid results in a greatly
reduced grid-to-plate capacitance. This elim-
inates almost completely the undesirable coupling
(feedback) between plate and grid circuits at
radio frequencies, which ordinarily makes triodes
unsuitable as r-f amplifiers. Another result of the
shielding effect of the screen grid is that a change



in plate voltage has very little effect on the plate
current. Consequently, the plate resistance (de-
fined as the ratio of a change in plate voltage to a
corresponding change in plate current) is greatly
increased over that of a triode. The effect of the
control grid on the plate current is just as great
asin a triode. As a result, the amplification factor
of a tetrode also is greatly increased over that of
a triode.

b. Characteristic Curve. The most useful char-
acteristic curve of a tetrode is the ¢ —e» charac-
teristic for various control-grid voltages and a
fixed screen-grid voltage (fig. 34). As positive
voltage is applied to the screen grid, the electrons
attracted by the screen acquire a high velocity

(1

10

ary electrons flow to the screen, in a direction op-
posite to the plate current. The screen-grid cur-
rent, 7., therefore increases. The net plate cur-
rent, is the number of primary electrons received
minus the number of secondary electrons lost to
the screen grid. If, as a result of the reverse cur-
rent, more secondary electrons are lost than the

- number of primary electrons received, then the
_ net plate current can actually become negative.

The plate current continues to decrease with in-
creasing plate voltage, since more secondary elec-
trons are produced and lost to the screen grid.
The region in which the plate current decreases
with an increase in plate voltage is said to exhibit
negative resistance, and is indicated by the down-

5'00 e.,
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Figure 34. Typical plate-current plate-voltage tetrode characteristics.

and pass through the screen and on to the plate.
The shape of the characteristic curve at low values
of plate voltage requires explanation. For fixed
control- and screen-grid voltages and for zero
piate voltage, all the emitted electrons go to the
positive screen grid; hence, the screen-grid cur-
rent, 4., is & maximum and the plate current, 2,
is zero. As the plate voltage is increased slightly,
the plate attracts some of the electrons passing
through the screen grid, and the latter collects
fewer electrons. Consequently, the plate current
increases and the screen current decreases. As
the plate voltage is further increased, electrons
strike the plate with such force that other elec-
trons are knocked off the plate into the space be-
tween the plate and screen. This effect is known
as secondary emission. Since the screen grid is
at a higher potential than the plate, these second-
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ward slope of the ¢,—e, curve. As the plate volt-
age is increased beyond this region and approaches
the screen-grid voltage, the plate collects practi-
cally all the electrons, and the screen current drops
to a low value.

25. Pentode

The pentode is a five-element vacuum tube. The
five electrodes are cathode, control grid, screen
grid, suppressor grid, and plate. Examples of
receiving pentodes are shown in figure 35.

a. Operation of Suppressor Grid. The insertion
of a suppressor grid between plate and screen
grid of a tetrode overcomes the effect of secondary
emission from the plate. The suppressor grid
usually is connected directly to the cathode, and
therefore, has a negative potential with respect




Figure 35. Receiving pentodes.

to the plate. Consequently, it repels the secondary
electrons and drives them back to the plate.

b. Variable-Mu Tube. In an ordinary tube the
plate current cuts off abruptly when the cut-off
bias is reached. This is known as a sharp-cut-off
characteristic (fig. 36). In variable-mu or remote
cut-off tubes, the design is modified in such a way
as to cause the plate current of the tube to decrease
gradually at very negative control-grid voltages
as indicated by the curve. Such a characteristic
is obtained by using a nonuniform control-grid
structure. Usually, the pitch of the grid winding
is varied, which results in a varying amplification
factor for different conditions of operation. As
the negative bias is increased the amplification
factor of the tube is considerably reduced. Vari-
able-p tubes are used whenever the amplification
of a tube is to be controlled by varying the grid
bias. This is the usual method of gain control
in r-f amplifiers. Because of the small curvature
of variable-mu tube characteristic curves, little
distortion is produced capacitively.

c. Use. Because they permit high voltage
amplification at moderate values of plate voltage,
pentodes are used extensively in receivers as radio-
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Figure 36. Variable-mu characteristic compared to
sharp cut-off characteristic.

frequency, intermediate-frequency, and audio-
frequency voltage amplifiers. They also find fre-
quent use as power output tubes because of their
relatively high power output with low grid-
driving voltages. However, the distortion pro-
duced is somewhat greater than with triodes.

d. Equivalent Circuit. In figure 37, the equiva-
lent circuit, B, of the simple pentode amplifier
circuit, A, is known as the constant-current gen-
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Figure 87. Equivalent circuit of pentode amplifier.

erator form, and it leads to the same results as the
constant-voltage generator form shown previously
for the triode amplifier. The constant-current
generator form is more convenient for pentode
calculations. In the equivalent circuit, the effect
of applying a signal voltage, e,, to the control grid
is the same as though the tube generated a current,
— gmey, flowing from the plate toward the cathode
through an impedance formed by the plate resist-
ance in parallel with the load impedance. This
results in a load current which is

= — _T_
zp m eng’+ZL

and a voltage across the load which is

. rpZL
= = — X —=__
ST RALT I Y Y 2,

"If u/7p is substituted for gm in these expressions,

the same equations are obtained as for the con-
stant-voltage equivalent circuit discussed previ-
ously.

26. Beam Power Tube

A beam power tube, (fig. 38) is a tetrode that
functions in the manner of a power pentode or a
pentode in which directed electron beams are
utilized to increase substantially the power sensi-
tivity over that of ordinary tubes. The grids in
a beam power tube are so constructed and alined
as to form the electrons into concentrated sheets
or beams. In tetrodes, additional beam-confining
or beam-forming electrodes assist in achieving
the desired effect. Secondary emission in beam
power tubes is suppressed by the spacing and spe-
cial shaping of the electrodes. As a result of
these design features, large plate currents can be
drawn at relatively low plate voltages. Beam
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power tubes are used as radio-frequency power
amplifiers and oscillators, and also as audio-fre-
quency power amplifiers.

27. Multigrid Tubes

To serve special needs, vacuum tubes have been
developed with more than three grids; among
these are the hewode with four grids, the Aeptode
with five grids, and the octode with six grids.
Heptodes are known also as pentagrid converters
when they are used as combined mixers and oscil-
lators in superheterodyne receivers. Multigrid
tubes frequently are used in electronic gain-con-
trol circuits for volume expander and compressor
applications.

28. Multiunit Tubes

Multiunit tubes combine the electrode structures
of two or more tubes in one envelope, and so are
capable of fulfilling the functions of several tubes
in one compact unit. Among the simpler types
are duplex-diodes and duplex-triodes. Duplex-
diodes are used extensively as full-wave rectifiers,
detectors, and voltage doublers. Duplex-triodes
have many applications, such as combined r-f
power amplifier and oscillator, push-pull ampli-
fiers, or phase inverters. More complex multi-
unit tubes include duplex-diode-triodes (two di-
odes and a triode), duplex-diode-pentodes, diode-
pentodes (a diode and a pentode), triode-pen-
todes, twin-pentodes, diode-triode-pentodes, and
others. These types have a great many applica-
tions all of which cannot be listed here. A few
examples will illustrate their use. Duplex-diode-
triodes and duplex-diode-pentodes are used ex-
tensively as combined detector, amplifier, and ave
tubes in radio receivers. Diode pentodes find



BEAM
FORMING
PLATE

CATHODE

CONTROL
GRID

" SCREEN
GRID

PLATE
TME62-90

Figure 38. Becam poiwcer tube.

application as combined r-f, i-f (intermediate-
frequency), or a-f amplifier and detector, and twin
pentodes are used in push-pull power output

stages.
29. Gas-Filled Tubes

Unlike high-vacuum tubes, which are evacuated
as much as possible, gas-filled tubes contain small
amounts of gas, such as nitrogen, neon, argon, or
mercury vapor. They can have unheated (cold)
cathodes or heated (hot) electron-emitting cath-
odes. In either case, they are capable of conduct-
ing substantially higher currents than are the
high-vacuum types. They also present a lower
impedance to an external circuit and have a
smaller voltage drop across them. The large elec-
tron current results from the ionization of the gas
contained within the tube.

a. Operation.

(1)

(2)

At a certain critical plate voltage, called
the ionization potential or firing point,
the electrons emitted from the cathode
gain sufficient energy to dislodge other
electrons from the outer atomic orbits of
gas molecules with which they collide.
This action is called Zonization. These
dislodged electrons join the emitted elec-
trons and cumulatively ionize all the gas
in the tube, thus producing a large
current through it.

In cold-cathode tubes, ionization is pro-
duced by the attraction of the plate to
free electrons within the gas. This takes
place, however, at considerately higher
plate voltages than for the hot-cathode
tubes. Once started, the action maintains
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(3)

itself. Only if the plate voltage is re-
duced below a minimum value, known as
the extinction potential, does the tube stop
conducting. Therefore, a gas tube can
be used as a switch. The tube does not
conduct if the polarity of the plate volt-
age is reversed, and it is, therefore, also
useful as a rectifier.

If a gas is introduced into a triode, the
grid voltage can be used to control the
firing potential, and the tube then is
called a thyratron. For a given plate
voltage, the grid voltage of a thyratron

conditions and firing points can be
realized.

b. Use. Because of their characteristics, gas-
filled tubes are adaptable to a large number of
applications in power and control circuits. They
are useful also in voltage-regulating circuits and
as switching devices in either high- or low-power
applications.

30. Transmitter Tubes

Except for some special types, transmitting
tubes (fig. 39) are similar to receiving tubes and

Figure 89. Three typical transmitter tubes.

retains control of the plate current below
a certain critical negative grid bias, If
the grid bias is made more positive than
this value, ionization starts, the tube con-
ducts, and the grid loses control. Since
the current can be stopped only by remov-
ing the plate voltage, the grid voltage
serves as a trigger. The critical grid
voltage becomes more negative as the
plate voltage of the thyratron is in-
creased. Consequently, a wide variety of

follow the same operating principles. Diodes,
triodes, tetrodes, and pentodes are used also in
transmitters, except that the electrodes, support-
ing elements, and tube envelopes are frequently
of larger size in order to handle the greater
amounts of power required in transmitters. Tubes
of simple design, such as triodes, are preferred
over multigrid tubes. Multiunit tubes are used
also. Glass envelopes are used to a greater ex-
tent in transmitter tubes than in receiving tubes.
Because of the greater powers to be dissipated,



transmitting tubes are constructed of materials
with higher melting points.
" a. Operation. Inlow-power transmitting tubes
cooling is achieved in the same manner as in re-
ceiving tubes—that is, by conduction through the
mounting rods to the stem and by direct radia-
tion. In medium-power and some high-power
transmitting tubes, however, air cooling some-
times is provided by means of cooling fins which
radiate the heat. Forced air cooling with fans
and blowers also may be provided, and, in high-
power tubes, circulating water cooling is used
frequently.

b. Types and Application.

(1) Large sized diodes, triodes, tetrodes, and
pentodes make up the bulk of ordinary
transmitting tubes. They may be used,
as are conventional receivers, as half-
and full-wave rectifiers, class A, B, and
C amplifiers, oscillators, and also as fre-
quency multipliers and modulators.
Triodes, tetrodes, and pentodes are used
in a variety of variable-frequency and
crystal-oscillator circuits. Tetrodes or
pentodes are required for electron-
coupled oscillators, which combine the
functions of an oscillator and amplifier.
R-f power amplifiers for telegraphy and
telephony generally use triodes, tetrodes,

or pentodes in class C amplifier circuits
to obtain high efficiency. Push-pull class
A and class B audio power amplifiers are
used as modulators to modulate the r-f
carrier with the speech frequencies.

(2) Since, for good stability, most oscillators

are operated at relatively low frequen-
cies, it becomes necessary to provide one
or more frequency multipliers to obtain
the desired output frequency. These are
r-f amplifiers which deliver an output
at a multiple of the exciting frequency.
By tuning the output tank circuit to a
harmonic of the exciting frequency, a
multiplication can be obtained.

(3) In radar and other applications, frequen-

cies of more than 30,000 mc may be used.
Conventional tube types, however, can-
not be used above 500 me. This has led
to the development of entirely new types
of tubes based on different principles.
Among these are the klystrons, which
utilize the velocity-modulation principle
to function as oscillators, amplifiers,
and frequency multipliers. Magnetrons
make use of magnetic and electrostatic
fields at right angles to each other to
provide powerful oscillations in wave-
lengths as short as 1 centimeter.
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CHAPTER 3
RADIO-FREQUENCY GENERATION

31. General

a. Development.
(1) The rapid alternating motion of elec-

(2)

trons in a conductor results in radiation
of electromagnetic waves, and this phe-
nomenon forms the basis of all radio com-
munication. Itisthe purpose of electron-
tube oscillators to generate these rapidly
alternating electron currents from a di-
rect-current supply. When Heinrich
Hertz devised the first radio transmitter
in 1887, he utilized an electric spark in
a tuned circuit to produce very rapid
electron oscillations and, consequently,
radio waves. Later, the Poulsen electro-
arc oscillator and the Fessenden-Alex-
anderson high-frequency electric gener-
ator were developed. Although these de-
vices eventually attained efficiency, they
were noisy, had poor frequency stability,
and usually produced several radio fre-
quencies in addition to the one desired.
The invention of the De Forest audion
triode in 1907 finally made possible the
development of powerful transmitting os-
cillators in their present form, with their
excellent frequency stability, silent op-
eration, and ease in changing frequencies.
Because of these improvements, electron-
tube oscillators are the most widely used
generators of radio frequencies, and they
are the only ones discussed in this chap-
ter. The basic principles underlying all
oscillating systems can be visualized most
clearly by considering a mechanical os-
cillator.

d. Mechanical Oscillator.

(1)

A of figure 40, shows a simple spring
oscillator, consisting of a weight sus-
pended from one end of a coiled spring.

If the weight is pulled downward from
its resting position and then released, as
«in B, it will move back beyond its orig-
inal position to that shown in C. It then
will continue to oscillate up and down
until it gradually comes to rest. It stops
when all of the energy initially imparted
to it is dissipated in heat because of the
friction in the spring and bearings. One
oscillation or cycle is completed when the
weight has moved from its initial posi-
tion, shown in A, down to the position in
B. then up to the position in C, and finally
back to its original position. The fre-
guency, f, is the number of oscillations
or cyles completed in 1 second. The
period is the time required to complete
one oscillation, and is equal to 1/, the
reciprocal of the frequency. It is easily
confirmed that it takes exactly the same
time for each cycle to be completed, re-
gardless of whether the weight moves
through large or small distances in re-
spect to its original position.
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Figure 40. Bimple spring oscillator.
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The maximum distance the weight moves
from its original point, either up or down,
is called the amplitude. The amplitude
of the spring oscillator becomes progres-
gively smaller as time goes on. Finally,
the oscillations die down, and the weight
comes to a stop. It is possible to obtain
an accurate record of the action by
attaching a pen to the weight and draw-
ing a paper tape horizontally past the
oscillator, in a slow and even motion.
The result is a graph of the displace-
ments of the weight from its original
position (the axis) against time (fig. 41).
Since the oscillations eventually die
down, the waveform is called damped
oscillation.

An analysis of the action described above
discloses that two elements are required
for oscillations to occur—the spring and
the weight. Neither a weightless spring
nor the weight alone can produce an
oscillation. When the spring is extended
by pulling ‘the weight down, potential
energy is stored in it in the form of ten-

sion. When the weight is let go, this
tension or energy is released. The spring
pulls back the weight and assumes its
original slack position. During the mo-
tion, the potential energy of the spring
has been transformed into the kinetic
energy of motion of the weight. Because
of its inertia or flywheel effect, the weight
resists any sudden change in its motion.
It does not stop, therefore, when the
spring is slack again, but continues to
compress the spring until all its kinetic
energy is again stored as potential energy
in the compressed spring. Now, the
spring releases its potential energy again
in the form of kinetic energy of motion
of the weight, and the process is repeated.
The action would continue indefinitely
if it were not for the .fact that some
energy is lost as heat because of friction
in the spring and bearings and wind re-
sistance. As a result, a little less energy
is stored in the spring during each cycle,
until the oscillations finally die out.
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Figure 41. Waveform of damped oscillations.
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(4)

(5)

(8)

If the weight of the spring pendulum is
increased, the oscillations take place more
slowly, and if the weight is decreased,
the oscillations occur at a more rapid
rate. In other words, the frequency of
oscillations is related inversely to the
weight. If, on the other hand, the spring
is shortened, the oscillations take place
at a more rapid rate, and if it is elongated,
the oscillations wiil be slower. Conse-
quently, the frequency also is inversely
related to the length of the spring. In-
stead of lengthening the spring, a more
elastic spring can be substituted, and in-
stead of shortening it, a stiffer spring can
be used. The frequency of oscillation is
inversely related to the elasticity of the
spring. ,

The explanation above is applicable in
general for all oscillators, whether me-
chanical or electrical. Every oscillating
system must have two elements, inertia
and elasticity, which oan store and release
energy from one element to the other at
a natural frequency determined by the
dimensions of the elements. In one form
or another, inertia and elasticity are
present in every oscillating system, and,
given an initial impulse, they are suffi-
cient to produce damped oscillations of
the type described.

Many oscillators, such as the balance
wheel of an ordinary watch or a radio-
frequency generator, must be capable of
producing continuous, undamped oscilla-
tions (fig. 42). In the spring oscillator,
this can be accomplished by pulling the
weight each time it reaches the bottom
limit of its movement by a sufficient
amount to overcome the losses caused by
friction. If the same result is to be
achieved automatically, a mechanical
source of energy must be supplied, with
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Figure j2. Waveform of undamped oscillations.
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some sort of synchronous trigger mech-
anism which will release the energy to
pull the weight at the moment it reaches
the bottom limit. This principle is true
for all oscillators producing continuous
oscillations. An excellent example of a
continuous mechanical oscillator is seen
in an ordinary clock or watch. Here, the
balance wheel and hair spring provide
the inertia and elasticity, respectively, of
the oscillating system. The main spring
is the source of energy, and the escape-
ment is designed to release energy from
the main spring at the proper instant
during each oscillation of the balance
wheel. It will become apparent in later
sections of the chapter that an electron-
tube oscillator, producing a continuous,
undamped output, contains elements ex-
actly analogous to those of a mechanical
oscillator.

Oscillators with a continuous output take
energy from a unidirectional (d-c) source
and transform it into undamped oscilla-
tions. An electrical oscillator, therefore,
acts as an energy converter which
changes d-c energy into a-c energy. Be-
cause of their ability to amplify, electron
tubes are very efficient energy converters,
and for this reason are universally used
as electrical oscillators. If the damped
oscillations occurring in a tank, or
resonant, L-C circuit are applied to the
grid of a triode, the plate current of the
tube varies in accordance with the grid
signal. This results in an amplified re-
production of the oscillations. Because
of this amplification, more energy is
available in the plate circuit than in the
grid circuit. If part of this plate-circuit
energy could be fed back by some means
to the grid circuit in the proper phase to
aid the oscillations of the tank, its losses
would be overcome, and sustained, un-
Jdamped oscillations would take place.
This is, in fact, accomplished by the
feedback circuit, which permits the com-
bination of a triode and a tank circuit to
function as a continuous self-sustaining
oscillator.

(8) Since the greater part of this chapter

will be devoted to a discussion ef elec-



tron-tube oscillators, the basic compo-
nents and conditions required in every
oscillator will be summarized here. To
produce oscillations, the following ele-
ments must be present :

(a@) An oscillatory tank circuit, containing
L and C, to determine the frequency of
oscillation,

(d) A source of (d-c) energy to replenish
losses of the oscillator because of re-
sistance or frictional forces.

(¢) A feedback circuit for supplying en-
ergy from the source in the right phase
(timing) to aid the oscillations. This
process is called regenerative feedback.
An electron tube can function as an
oscillator if it has sufficient amplifica-
tion and if a sufficient amount of en-
ergy is fed back to the tank circuit to
overcome all circuit losses. If the
losses in the plate and the tank circuits
are overcome completely, the effective
circuit resistance is zero, and oscilla-
tions take place. However, if either
the amplification of the tube or the
amount of energy fed back is insuffi-
cient to overcome the circuit losses and
make the effective resistance zero, the
circuit will not oscillate. Both con-
ditions must be fulfilled for sustained
oscillations to occur.

32. Oscillations in Tank Circuit

a. Discharge of Capacitor Through Inductor.
(1) A tank circuit, consisting of a capacitor

and an inductor in parallel (fig. 43), is
the simplest type of electrical oscillating
system. Its action is analogous to that
of the simple spring oscillator and, like

Ny 1+
/
)
=

6—o :
A

(2)

(3)

the latter, it can generate damped
oscillations.

To understand this action, assume that
the capacitor in 4 of figure 43, has been
charged from a d-c voltage source, and
then is discharged through the inductor
by closing switch 8. Assume further
that plate 2 of the capacitor is initially
charged negatively—that is, it has an ex-
cess of electrons—and that plate 1 is
charged positively, and hence has a defi-
ciency of electrons. Consequently, an
electric field exists between plates 1 and
2.
When the switch is closed, electrons move
rapidly from plate 2 through inductor Z
to plate 1. As soon as the electron cur-
rent flows through Z, a magnetic field
begins to be established around the coil.
In building up the field, the magnetic
flux lines cut across the turns of the coil,
and induce a cemf which opposes the in-
creasing current flow. This slows down
the rate of flow of electrons from the
capacitor. As plate 2 loses its surplus of
electrons during discharge, the current
tends to die down, but is prevented from
doing so by the inductor which now op-
poses the decrease in current flow. This
tends to keep the electrons moving in the
same direction. Consequently, plate 2
not only loses its original excess of elec-
trons but gives up additional electrons,
resulting in a deficiency, or positive
charge on this plate. Simultaneously, an
excess of electrons is pushed onto plate 1,
so that it acquires a negative charge, as
shown in B. The process stops momen-
tarily when all of the energy that was
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Figure §3. Action of tank circust.
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(4)

stored in the magnetic field about the in-
ductor is used up in pushing an excess of
electrons to plate 1. At that moment, the
magnetic field has completely collapsed,
but the energy has been stored again in
the electric field of the capacitor, which
is now charged in the opposite direction.
The action then continues, with electrons
moving out of plate 1 through the coil
to plate 2. Again, a magnetic field is
built up, which stores the energy, and
prevents the electron current from dying
down. This time, however, the current
is flowing in the opposite direction, from
1 to 2, and the flywheel effect of the in-
ductance now pushes an excess of elec-
trons onto plate 2, recharging it nega-
tively. A cycle is completed when the
capacitor again is fully charged to the
initial polarity.

The sequence of charge and discharge
results In an alternating motion of elec-
trons, or an oscillating current. The
energy is stored alternately in the elec-
tric field of the capacitor and the mag-
netic field of the inductor. During each
cycle, a small part of the originally im-
parted energy is used up as heat in the
resistance of the coil and conductors.
The oscillating current eventually dies
down when all of the energy used in
charging the capacitor has been trans-
formed into heat. The waveform of these
damped oscillations is exactly the same as
shown in figure 41 for the mechanical
oscillator.

b. Mechanical Analogy. The basic principles
discussed in paragraph 31 for the mechanical
oscillator are involved in the oscillatory discharge
of a capacitor through a coil in a tank circuit.
This is brought out by a step-by-step comparison
between mechanical oscillations in a spring oscil-
lator and electrical oscillations in a tank circuit

fig. 44). _ )
(1) In A, the spring oscillator is completely
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(2)

at rest. This corresponds to the normal
uncharged state of the capacitor in
the tank circuit, and is indicated by the
equal distribution of electrons on both
plates.

In B, the weight has been displaced up-
ward from its resting position, thus com-
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Pigure 44. Comparison of mechanical and

(3)

electrioal oscillations.

pressing the spring. The work done in
compressing the spring is stored as po-
tential energy in the spring. Similarly,
the capacitor has been charged from
a d-c voltage source in such a way that
plate ¥ has an excess of electrons, or is
negative, while plate X has a deficiency
of electrons, or is positively charged. The
electric energy expended in pushing an
excess of electrons onto plate ¥ is stored
in the electric field of the capacitor.

In C, after having released the weight,
the spring has recovered its original
length, and the weight is back in its orig-
inal position. However, because of the
flywheel effect, or inertia, the weight con-
tinues to swing beyond its original rest-
ing position. The potential energy of
the spring has been transformed com-
pletely into kinetic energy of motion of
the weight. Correspondingly, the capaci-
tor is discharging, and an electron cur-
rent flows from plate ¥ through the coil
to plate X. A magnetic field is building
up around the coil, which stores the en-
ergy released by the capacitor. The cur-
rent and the energy in the magnetic field
are greatest at the moment when the
capacitor i8 completely discharged and
its electric field disappears. The inertia



(4)

(5)

(6)

effect of the inductance coil, however,
prevents the current from dying out at
this moment. It continues to flow, re-
charging the capacitor in the opposite
direction.

In D, the weight has reached its lowest
point, the spring is extended to its max-
imum length, and is under tension. The
weight is momentarily at rest, and all of
the energy is stored in the spring tension.
This corresponds to the complete re-
charging of the capacitor, but now in the
opposite direction. The magnetic field
has contracted, and all of the energy is
stored momentarily in the electric field
of the capacitor.

A full cycle is completed in E. The
weight has returned to its original posi-
tion, and the potential energy of the
spring again is transformed into the
kinetic energy of the weight. Similarly,
an electrical cycle has been completed.
The capacitor is discharging and the .en-
ergy of the electric field between the
capacitor plates again is stored in the
magnetic field around the coil. The
wave-form of the oscillations during 1
cycle is illustrated by connecting the
midpoints of the weight displacements
with a smooth curve.

The foregoing analysis shows that there
is an exact parallel between the mechani-
cal and the electrical oscillating systems,
The elasticity of the spring is analogous
to capacitance, and the inertia of the mass
is analogous to the self-inductance of the
coil. The similarity between the two
actions is so complete that the compari-
son shown in the accompanying chart can
be made.

Mechanical oscillator Electrical oscillator
(spring) (tank circuit)
Capacitor.
Inductor.
Electrical resistance.

D-c voltage source.

Amplitude............ Maximumdisplacement | Maximum charge on
of weight or maximum capacitor or peak eleo-
velocity of mution. tron current.

Rate of oscillation. .. .. Constant frequency... .. Constant froquency.

Waveform._............ Damped oscillations ... Damped Osclllations.

Cause of damping. ... Energy luss in beat due | Energy loss in beat due
to friction. to resistunce.

¢. Frequency.

(1)

(2)

3

Since capacitance corresponds to the
elasticity of a spring, an increase in ca-
pacitance would be expected to lengthen
the period of oscillation in a tank circuit,
that is, lower its frequency. This is in-
deed true. As the capacitance is in-
creased, more charge must be transferred
in and out of the capacitor during each
cycle, and complete discharge or charge
will take a longer time. Consequently,
the period is lengthened, and the fre-
quency is lowered. :

It has been pointed out that the greater
the inertia of a mechanical oscillator,
the longer the period of each oscillation.
Since self-inductance corresponds to in-
ertia, this is true also for the inductor in
a tank circuit. The greater the induc-
tance of the coil, the greater is its oppo-
sition to any change in current flow, and
hence the longer is the time required for
completion of each cycle. The greater
the value of the inductance, therefore,
the longer is the period, or the lower is
the frequency of oscillations in the tank
circuit.

The frequency of oscillations in a tank
circuit is, therefore, inversely related to
both inductance and capacitance. The
approximate formula for the natural
frequency of oscillation is

-1
=% vLC
where
/= the frequency in cycles per second
L= the inductance in henrys
C= the capacitance in farads

The approximate formula for the nat-
ural frequency of oscillation is the same
as that for the resonant frequency of
tank circuit. It has been shown pre-
viously that, for a parallel-resonant
circuit at the reasonant frequency, the
circulating current in the tank circuit isa
maximum, and that the line current is a
minimum and just sufficient to overcome
the losses occurring in the resistance of
the tank circuit. When an a-c voltage
is impressed across a tank circuit, these
conditions occur at the frequency at
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which the tank circuit breaks into nat-
ural oscillations, and draws just sufficient
current from the energy supply (a-c
voltage) to overcome its internal losses.
This, indeed, is the fundamental mean-
ing of resonance. At the resonant fre-
quency, the external supply releases just
sufficient energy with the proper timing
to sustain the natural self-oscillations of
the tank circuit.

Mechanical objects illustrate the same
principle. Every object has its own na-
tural frequency of vibration. For ex-
ample, when a certain note is struck on a
piano, a nearby vase may begin to vibrate.
This means that the natural frequency of
oscillation of the object has been excited
by a piano tone of the same frequency, and
energy is being transferred to the vibrat-
ing object to sustain oscillations. As
another example, soldiers marching
across a bridge in step may cause it to
vibrate at its natural frequency. If the
constant small impulses from the march-
ing soldiers take place at the same fre-
quency as the natural frequency of oscil-
lation, the effect will be cumulative and
the amplitude of oscillation can become
so large that the bridge may be destroyed.

d. L-C Ratio and Q.

(1)

)

The expression given above for the na-
tural frequency of oscillations of a tank
circuit shows that, for any given fre-
quency, there is an infinite number of
possible combinations of Z and C. The
same frequency of oscillation can be pro-
duced with a large inductor, L, and s
small capacitor, C, or with a small in-
ductor, L, and a large capacitor, C. In
practice, however, the choice of the L-0
ratio for a particular frequency is re-
stricted because the ultimate performance
of the tank circuit depends to s large
extent on this ratio.

It has been shown that the impedance of
a parallel-resonant tank circuit is equal to
L/CR. For a fixed resistance, or @,
therefore, the impedance of the tank cir-
cuit varies directly in proportion to the
L-C ratio. Since the desired impedance
of the tank circuit in a vacuum-tube os-
cillator is determined to some extent by

(3)

the operating conditions of the tube, the
choice of Z-C ratios is limited. Since @
equals X /R, the larger the inductance
for a given frequency, the higher the in-
ductive reactance, and the higher the @, if
the resistance remains at a constant value.

It has been pointed out also in chapter 2

that the factor Q is a measure of the ratio

of the reactive energy stored in the tank

circuit to the energy lost in the resistance

during each cycle. Expressed mathemat-

ically,

_2x X energy stored

e energy lost per cycle

It has been found in actual experience
that tank circuits, having stored in them
less than twice as much energy as they
dissipate each cycle, tend to operate er-
ratically and are unstable. On the other
hand, if the ratio of energy stored to
energy lost, and consequently the @, be-
come too large, operation of the tank cir-
cuit is inefficient because of the large
amount of circulating power wasted. In
the absence of other determining factors,
therefore, the ratio of energy stored to
energy lost per cycle is made about equal
to two. Substituting this value in the
expression above, the minimum value of
@ should be about 2xX2 or 4x (about

12.5). Since, by definition, Q=2—'§L-, the

value of inductor L can be calculated for
the @ of 12.5, and fixed frequency and
resistance. This limits the value of C
for the same frequency of oscillation. It
must not be assumed that the preceding
expressions determine the value of the
L-C ratio rigidly, since other design con-
siderations may be more important in
particular cases. Among the most im-
portant of these is the effect of loading
the tank circuit—that is, drawing energy
from it. This will be discussed later.

33. Tickler Feedback Oscillator

a. Oirouit.

(1) One of the earliest electron-tube cir-

cuits to fulfill all of the conditions listed
above is the tickler feedback oscillator
(fig. 45) devised by Armstrong. This




circuit is known as a series-fed oscillator,
because the B battery is in series with the
feedback coil, L. Both the direct and the
alternating components of the plate cur-
rent, therefore, flow through L. An al-
ternative version of the tickler feedback
oscillator is the parallel-fed type. In
this circuit, the plate circuit is divided
into two parallel branches, one of which
carries the direct current and the other
the alternating current. Paragraph 34
on the Hartley oscillator includes a de-
tailed discussion of series- and parallel-
fed circuits.

2)

(3)

TKEY
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Pigure 45. Tiokler feedback oscillator.

The oscillatory tank circuit (fig. 45) is
made up of L1 and C1, the source of d-c
energy is the plate-supply voltage, B,
and the tickler coil, L, and tank coil, L1,
coupled together, comprise the feedback
circuit. The bypass capacitor is placed
across the B battery to provide a low-
reactance path for the alternating com-
ponent of the plate current. Resistor B
in the grid circuit is the grid leak, and its
function together with C is to furnish a
self-adjusting negative bias to the tube.
Its operation will be discussed later.
The key serves to interrupt the oscilla-
tions in accordance with a code, for use
in telegraphy transmission.

Once oscillations have been started in the
tank circuit, LZ1-C1, they appear in am-
plified form in the plate circuit of the
tube. Part of the energy is fed back
from tickler coil L to tank coil Z1 by mu-
tual induction, thus overcoming losses
and sustaining the oscillations. The

4)

)

(8)

tube itself introduces a phase shift of
180° between grid and plate circuit.
The combination of L and L1 constitutes
a transformer, and consequently another
phase shift of approximately 180° takes
place here. As a result, the voltage fed
back is in proper phase with the voltage
in the grid circuit, and regenerative or
positive feedback takes place.

To understand the action of the circuit,
it must be remembered that only a ckang-
ing magnetic field is capable of inducing
a voltage in a nearby coil. An expand-
ing magnetic field induces a voltage of
one polarity, and a contracting magnetic
field induces a voltage of the opposite
polarity.

Assume that the cathode of the triode
tube is heated and that electrons are being
emitted. The moment the key is closed,
plate current begins to flow through the
tube and through the external, circuit,
consisting of tickler coil Z and the bat-
tery. This current sets up an expanding
magnetic field around coil L and so in-
duces a voltage in tank coil LZ1. Assume
that the initial induced voltage is such
that the upper end of the L1-C1 tank cir-
cuit is positive. This positive voltage
charges capacitor C1, and places & posi-
tive charge on the grid of the tube, which
is connected to the upper end of the tank
circuit. Since the grid has no bias initi-
ally, this positive charge increases the
plate current, and this builds up still
further the magnetic field around tickler
coil L. As a result, a larger positive volt-
age is induced in Z1 and placed on the
grid, and C1 is further charged. Again,
the plate current rises and the field of L
expands, placing a still greater positive
voltage on C1 and the grid. This process
continues until the plate current reaches
its saturation point (the point at which
a further increase in grid voltage does
not increase plate current) and tapers off.
Then the field abeut coil Z stops expand-
ing and becomes static.

As the magnetic field of coil L stops ex-
panding, the voltage induced in Z1 begins
to drop and finally reaches zero. Now,
however, capacitor C'1l, which has been
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charged to the maximum positive voltage,
begins to discharge and then to recharge
in the opposite direction. This makes the
upper end of the tank circuit Z1-C1 nega-
tive. As the potential on the upper end
of L1-C1 is reduced from its positive
value to zero and then becomes negative,
the voltage on the grid is equally reduced.
This lowers the plate current. As the
plate current decreases, the field about L
starts contracting and induces a negative
voltagein LZ1. This leads to a still greater
negative grid voltage. As the negative
charge on the grid increases, the plate
current drops more and more, until finally
it is cut off. At this instant, the field
about L has collapsed completely, and the
voltage induced in Z1 disappears. Ca-
pacitor C1 begins to dlscharge and the
negative grid voltage rises toward zero.
Since the grid is now less negative (or
more positive) than the value it had at
cut-off, the plate current increases again,
and the entire cycle is repeated.

(7) The entire process just described takes
place very quickly, and is repeated
thousands of times in an extremely brief
period of time at a rate determined by L1
and O1. Oscillations will not be sus-
tained if the amplification of the tube
or the energy fed back by tickler coil L
to the tank circuit is insufficient to over-
come circuit losses. The amount of
energy fed back depends on the mutual
inductance, &, between L and L1. As
the coils are moved farther apart, the
coupling between the coils decreases, and
at a certain critical value of ¥, the cou-
pling is too loose to sustain oscillations.

b. Waveform of output. Without feedback,
damped oecillations occur in tank circuit L1-C1
with a waveform as shown in figure 41. If the
coupling between Z and L1 is adjusted so that
just enough energy is fed back during each cycle
to make up for the losses incurred during that in-
terval, an almost pure sine-wave output can be
obtained with a waveform as shown in figure 42.
However, if the coupling between L and L1 is
‘tight, excessive regeneration (positive feedbaclk)
results, and the output waveform becomes dis-
torted (fig. 46). It can be shown that a complex
waveform of this type contains, in addition to the
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Figure 46. Distorted output waveform caused Dby
excessive feeddack.

fundamental sine-wave frequency, many other
frequencies which are multiples of the funda-
mental frequency; these are called Aarmonics.
Usually, only the fundamental frequency of the
oscillator is desired, and the harmonics are rejected
by additional tuned circuits. Insome applications,
however, the second or third harmonic (twice or
three times the fundamental frequency, respec-
tively) may be desired. In any case, there is con-
siderable latitude in the coupling between the coils
and hence the amount of regeneration before
noticeable distortion of the output waveform takes
place.
¢. Grid-Leak Biasing of Oscillators.

(1) Action. Grid-leak resistor B and grid
capacitor C (fig. 45) furnished the nega-
tive bias required for operation of the
tube. Grid-leak bias is used universally
in triode oscillators rather than fixed bias,
to insure stable operation and make the
oscillator self-starting. Capacitor C is
large enough to provide a free (low-re-
actance) path to the grid for the excita-
tion signal, and thus bypasses high-resist-
ance grid leak 2. In operation, the grid
is driven positive during postive half-
cycles of the oscillations, and therefore
draws grid current. The electron cur-
rent flows from the cathode to the grid
and then through the external circuit
consisting of B and L1. This develops
a voltage drop across R. The end of R
connected to the grid is made more
negative than the other end, and the grid
is biased negatively by an amount equal
to the voltage drop across R. The voltage
present across R during grid-current flow
charges capacitor . If R and C are
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are sufficiently large, the charge on ¢
leaks off only very slowly during nega-
tive half-cycles when no grid current
flows. Hence, for all practical purposes,
the voltage across ¢ remains constant
throughout a complete cycle, and main-
tains a steady bias on the tube.

Time constant. The rate of discharge
from C depends on both the capacitance
and the resistance of the grid-leak re-
sistor. The larger the capacitance of C,
the greater the charge it can hold, and
the longer it will take to discharge com-
pletely. Also, the greater the grid-leak
resistance, the longer it takes for a ca-
pacitor of a given size to discharge
through it. The product of R and C is
known as the time constant of the combi-
nation. If the value of the time con-
stant, B times C, in seconds is large com-
pared with the period of one oscillation,
the capacitor will hold its charge at an
almost constant value. To avoid inter-
mittent operation of the oscillator, how-
ever, the time constant should not be too
large.

Class C operation. Ifappreciable power
is to be produced in the oscillator the
value of the grid leak is so adjusted that
the grid bias during operation is greater
than cut-off, and hence no plate current
flows in the absence of an alternating grid
voltage. During part of the positive
half-cycles, however, the grid voltage be-
comes less negative than required for cut-
off and plate current flows. It will be re-
membered that this defines class C oper-
ation. Since plate current flows for less
than one-half of each cycle, the wave-
form of the plate current is distorted.
This distortion is canceled in the tank
circuit because of the flywheel effect.
Self-starting. 1f fixed grid bias were
used with class C operation, no oscilla-
tions could be built up, since the bias is
beyond plate-current cut-off. Without
plate current, an initial impulse could
not be amplified by the tube. The use of
grid-leak bias makes the oscillator self-
starting, because the grid bias is initially
gero, which permits plate current flow.
Any initial impulse, such as the closing

(5)

of the key, thermal agitation, or a tran-
sient voltage, is amplified and thus starts
the building up of oscillations in the
manner described before. Small ran-
dom variations are always present in the
circuit to start the oscillations.

Equilibriwm. As oscillations begin to
build up, the grid draws current and is
biased negatively because of the grid-leak
resistance. This reduces the d-c plate
current and the amplification of the tube.
Because of the grid leak, the plate cur-
rent actuplly never reaches saturation, as
was described previously for the initial
action. Instead, an equilibrium value of
the plate current is reached such that the
power generated in the output is just able

~ to sustain the amplitude of oscillations

(8)

‘process starts over.

required to produce this power. At this
point, no surplus energy remains to build
up the amplitude of oscillations further.
The self-regulating action of the grid
leak, therefore, prevents the unchecked
build-up of the oscillations to the maxi-
mum emission or saturation value, which
might damage the tube.

Intermittent operation. The grid leak
can maintain this stabilizing action only
if the time constant of the B-C combina-
tion is of the proper value for the bias to
follow sudden changes in the amplitude
of oscillations, and hence the average d-c
plate current. If the time constant of the
capacitor, grid-leak combination is too
large, it will take a considerable time for
the negative charge to leak off through R,
and the bias can adjust itself only very
slowly to sudden changes in the ampli-
tude of oscillations. Any slight irregu-
larity tending to reduce the amplitude of
oscillations then will cause them to die out
in the manner described, since, with the
large time constant, the grid bias tends to
remain constant. To prevent the dying
out of oscillations, the grid bias should,
of course,. reduce itself automatically.
After cessation of oscillations, the grid
capacitor gradually discharges through
the grid leak, and reduces the bias until
the tube again amplifies. Oscillations
then will build up again, and the whole
The intermittent
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cycle is repeated at regular intervals,
since the plate current never is steady
enough to maintain constant output with-
out proper bias regulation.

(7) Design. The chief considerations that
determine the design of the RB-C grid-leak
combination have been given. The grid
capacitor must be large enough to have a
low reactance compared to the grid-leak
resistance and, in addition, it should be at
least 5 to 10 times the grid-to-cathode
capacitance of the tube. The grid leak is
determined by the value of bias required
for class € operation and by the amount
of grid current drawn by the tube. These
values are listed in tube manuals. The
time constant of the combination must not
be so large as to cause intermittent opera-
tion.

34. Hartley Oscillator

A modified version of the tickler feedback cir«
cuit, using a tapped coil common to both the plate
and the grid circuit rather than two separate coils,
is known as the Hartley oscillator (fig. 47). Ex-
cept for minor modifications in the manner in
which coupling is obtained between plate and grid
circuit, the operation of the Hartley oscillator is
identical with that of the tickler feedback oscil-
lator just discussed.

a. Methods of Applying Plate Voltage. Two
methods of connecting the plate-supply voltage in
the Hartley oscillator—the series feed and the par-
allel or shunt feed—are shown in figure 47. These
two methods can be applied to practically all tri-
ode oscillators. Each has certain advantages and
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disadvantages which merit a more detailed dis-
cussion.

(1) In the series-fed Hartley oscillator, in A,
both the d-c plate current and the alter-
nating component of this current flow
through coil Z2 in the common cathode
circuit, no other path being available.
However, to avoid the high internal re-
sistance of the power supply or B bat-
tery, a low-reactance path for r-f is pro-
vided in the form of a bypass capacitor
across the d-c supply voltage. The a-c
component of the plate current, therefore,
takes the path of lowest opposition, by-
passing the B battery. With very little
reactance to r-f, the bypass capacitor ef-
fectively places the plate of the tube at
ground potential. If the ground in A
were placed at the cathode, as is some-
times the case, the plate would not be at
r-f ground potential, since part of the
tank coil, L2, would be located between
plate and ground.

(2) In the parallel-fed Hartley oscillator,
shown in B, the plate circuit is divided
into two parallel branches, one of which
carries the direct current and the other
the alternating current (r-f). A high-
reactance radio-frequency choke coil
keeps the alternating current out of the
d-c path and a blocking capacitor keeps
the direct current out of the a-c path.
The d-c plate current, therefore, can flow
only in the plate-to-cathode circuit con-
taining the choke coil and B battery, and
cannot enter plate-circuit coil L2. On the

R-F CHOKE

BLOCKING
CAPACITOR |,

PARALLEL (SHUNT) FEED B
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Bgwre 41. Hartley osoillator.




other hand, the a-c component of the plate
current (r-f) cannot flow through the
power supply, since the r-f choke offers a
very high impedance to the flow of radio-
frequency currents. The r-f can flow
readily, however, from the plate to the
tank circuit, because the blocking capaci-
tor offers negligible opposition to alter-
nating current.

(8) Although both methods have certain ad-

4)

vantages, the parallel-fed circuit gen-
erally is preferred. The only advantage
of the series-fed circuit is that it elimi-
nates the r-f choke coil. Since the choke
is effectively in parallel with a portion
of the tank circuit, it may be a source of
serious loss if it does not present a very
high impedance at the frequency of oscil-
lation. For this reason, the choke induc-
tance must be at least 5 to 10 times the
inductance of the tank circuit. In addi-
tion to inductance, the choke coil has dis-
tributed capacitance, and this combina-
tion can be resonant at one or more fre-
quencies. If the resonant frequency of
the choke should happen to be the same as
that of the tank circuit, the choke would
absorb an appreciable amount of power.
Parasitic (spurious) oscillations can oc-
cur at other frequencies. A single choke,
therefore, cannot be used over too wide a
frequency range of oscillator operation.
The advantage of the parallel-fed circuit
and consequent disadvantage of the
series-fed circuit is that the former keeps
the high-voltage d-c out of the tank coil,
thus preventing possible injury to oper-
ating personnel. If the cathode of a
series-fed oscillator should be grounded,
as is sometimes the case, the high d-
voltage between the tank coil and ground
would present a serious hazard to anyone
accidentally touching the tank coil. Fur-
thermore, the choke prevents r-f energy
from entering the power supply and being
coupled to other circuits which use the
same power supply. A further advan-
tage of the parallel-fed circuit is that the
tank circuit components need only be in-
sulated for the r-f present and not for
high-voltage d-c as well.

b. Operation.

(1)

2)

(3)

The Hartley circuit uses only one coil,
part of which is in the plate circuit and
part in the grid circuit, instead of the
two separate coils of the tickler feedback
oscillator. The lower portion of the tank
coil, L2, is inductively coupled to the up-
per portion, L1, the combination func-
tioning as an autotransformer. Since the
variable tank capacitor, C, is connected
across both coil sections, capacitive cou-
pling is present in addition to the coupling
by mutual inductance. Adjustable taps
sometimes are provided tv obtain opti-
mum performance in power oscillators
but usually are not found in low-power
oscillators.

Tap 1, together with the variable capaci-
tor, C, adjusts the frequency of oscilla-
tion. Inductance L of the tank can be
decreased by moving the tap down. The
frequency is 14 pi YLC, where L is the
total inductance connected across C. Tap
2 adjusts the effective impedance of plate-
circuit coil L2, and has only a slight ef-
fect on frequency. The more turns that
are included between cathode and plate,
the higher is the plate-circuit impedance.
Tap 3 adjusts the grid excitation voltage
to the proper value for maximum output.
Sufficient excitation must be provided to
overcome all losses in the tank and asso-
ciated plate circuit and hence make the
effective circuit resistance zero, as pre-
viously explained. At the same time, the
excitation must not be so large as to over-
drive the oscillator and distort the wave-
form of the output. The excitation is in-
creased by moving tap 8 upward. All
the taps are generally adjusted together,
since their setting is interdependent to
some degree.

It has been stated previously that an
electron tube normally introduces a 180°
phase shift between grid and plate volt-
age. Hence, another phase shift of 180°
must be provided in the feedback circuit
so that the voltage being fed back is in
phase with the initial grid voltage. In
this way, the positive feedback (regenera-
tion) required for oscillation takes place.
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(4) This phase correction needed for regen-
eration is obtained in the tank coil. The
two opposite ends of autotransformer L1-
L2 are actually 180° out of phase; that
is, whenever one end of the transformer
winding is positive the other end is nega-
tive, and vice versa. A fixed voltage drop
across the tuned circuit will appear across
the complete coil, made up of L1 and L2.
When viewed from one end, the voltage
drop increases progressively along the
turns of the coil. When the upper end of
L (connected to the grid) is positive, for
instance, the lower end is at a minimum
potential. However, the tap connected to
the cathode is at an intermediate voltage,
and so is negative in respect to the upper
end and positive in respect to the lower
end. Or, viewed from the cathode tap,
the upper end of the coil is positive and
the lower end is negative. Since the grid
and plate are connected to opposite ends
of the coil they are, therefore, opposite
in polarity or phase. In this way, the
feedback is phased properly to sustain
oscillations.

35. Colpitts Oscillator

a. Operation. The Colpitts oscillator (fig. 48)
is similar to the Hartley circuit just discussed, ex-
cept that two capacitors, which may be variable,
are used in the tank circuit instead of the tapped
coil. These capacitors are C1 and C2: The grid
voltage is adjusted by capacitor C1, instead of
the tap used on the coil in the Hartley circuit. The
tank again is common to both the plate and grid
circuits, but the feedback is obtained by the rela-
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Figure 48. Colpitts oscillator

tive voltage drops across the two capacitors. Note
that this circuit is parallel-fed. Blocking capaci-
tor C» prevents the d-c plate current from reach-
ing the tank circuit, and the r-f choke keeps the
r-f out of the power supply. Grid-leak bias is
used, but grid leak R, is connected in parallel
with the grid circuit, rather than in series with
it. This is necessary to provide a d-c return path
for the grid current. The parallel connection of
the grid leak is preferred if the tank coils are to
be exchangeable for different frequency bands.
Except for these minor modifications, the opera-
tion of the Colpitts oscillator is the same as that
of the Hartley circuit.
b. Feedback.

(1) The two tank-circuit capacitors, C1 and
C2, act as a simple a-c voltage divider.
The tap between them fulfills the same
purpose as the tapped coil in the Hartley
circuit. It assures both the proper
amount and the correct phase of the feed-
back voltage. As seen from the cathode-
connected tap, whenever the top plate of
C1 is positive, the plate-connected plate
of 2 is negative, or vice versa. Because
of this polarity reversal, the correct 180°
phase shift is obtained.

(2) As in any a-c voltage divider, the total
voltage across C1 and 02 divides in the
ratio of their respective reactances.
However, since capacitive reactance
varies inversely with the capacitance
(Xo=14xfc), the voltages divide as the
inverse ratio of the two capacitances. In
other words

Eo,_ 02
Eos C1
where
E'c,=the voltage drop across C1=a-c
voltage across the grid,
Eo:=the voltage drop across C2=
a-c voltage on plate.
Hence, to increase the voltage across C1,
and, consequently, the grid excitation, the
capacitance of C'1 must be decreased. To
maintain the same oscillation frequency,
however, the total capacitance across L
must be constant. As a result, whenever
C1 is decreased, C2 must be increased by
an amount sufficient to keep the total ca-
pacitance, and hence the frequency, the




same. If C1 is increased to lower the
exitation voltage, then (2 must be de-
creased.
¢. Frequency. The frequency of oscillations is
determined by inductor L and the total capaci-
tance, Cr, in the tank circuit. As before, the ex-
pression is

P T
2« VLCr
By the formula, the capacitance of two capacitors
in series is
Co= 01x02
T 01+ 02

Hence, the formula for the resonant frequency be-

comes
g1 [OTFC2
2% VIXC1XC2

36. Meissner Oscillator

a. The circuit of the Meissner oscillator is shown
in figure 49. It issimilar to the Hartley oscillator,
except that the tank circuit, LC, is floating; that

?
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Figure §9. Meissner oscillator.

is, it is not connected directly to the plate and grid
circuits. The tank coil, L, serves-‘as an inductive
coupling or link circuit between the plate-circuit
coil, Zy, and the grid-circuit coil, Z,. For clarity,
a series-fed circuit is shown, although, in practice,
a parallel-fed circuit might be preferred.

b. There is no mutual coupling between coils L,
and Z,, except that provided by the tank coil.
Energy from the plate circuit, therefore, is passed
from Z, to L, thus exciting the tank, and from
there it is fed back to grid-circuit coil Z,. Be-
cause of the tap between L, and L,, the grid and
the plate voltage are of opposite polarity in re-

spect to the cathode, as is required for positive
feedback.

c. The total mutual inductance between L, and
Ly, coupled through the link coil, Z, cannot be
made as great as if the coils themselves were
coupled. This is so because the coefficient of
coupling between air-core coils is considerably
less than unity, and since there are two couplings
required, the over-all coupling coefficient is less
than for any pair of coils. In practice, this does
not matter if the tank-circuit coil L has a suffi-
ciently high @. This condition must also be ful-
filled to obtain stable oscillations in the tank
circuit.

d. For a high-@Q tank circuit, the frequency of
oscillations is solely determined by L and C. As
before, it is given by

1
FP=—1__
o VIO

37. Tuned-Plate Tuned-Grid Oscillator

a. Circuit. The TPTG (tuned-plate tuned-
grid) oscillator uses a tuned tank circuit in both
the grid and the plate circuits (fig. 50). The two
coils, L1 and L2, are not coupled inductively.

TM 6635-242
Figure 50. Tuned-plate tuned-grid oscillator.

Feedback takes place entirely through the grid-
to-plate capacitance, Cyy, of the tube. It is not
apparent immediately that the energy fed back
from the plate-to-grid circuit is of the proper
magnitude and phase to sustain oscillations in the
grid tank. To understand the conditions re-
quired for oscillations to take place, an analysis
of the grid in-put impedance of a triode and the
effect of the plate load on this impedance is neces-
sary. The following approximate analysis is
not based wholly on oscillator operation, but
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holds for any triode amplifier. In addition to
clarifying the conditions for oscillation, it will
bring out the need for neutralization in a triode
r-f amplifier.

b. Input Impedance of Triode.

(1) Actual circuit. In A of figure 51, Z1 is
the impedance inserted in the grid circuit
of the tube, and Z2 represents the plate-
load impedance. In the TPTG oscilla-
tor, Z1 and Z2 represent the respective
impedances of the grid and plate tank
circuits,. Zs is the input impedance
looking into the grid of the tube, neglect-

ing Z1. In other words, Z, is the im-

pedance one would measure between grid
and cathode of the tube, with plate load
Z2 present, but with grid load Z1 not in-
serted. For reasons that will become ap-
parent, Z;, can be represented by an
equivalent input resistance, B, in par-
allel with an equivalent capacitance, C,,
both shunting grid load Z1. The inter-

2

electrode capacitances of the tube are Cps,
Co, and Cpu. The grid-to-cathode ca-
pacitance Cg, is in parallel with the
equivalent grid capacitance, Cy, and both
added together evidently represent the
total input capacitance shunting, Z1.
The plate-to-cathode capacitance, Cp, i8
in parallel with the plate-load impedance,
Z2. In the TPTG oscillator, Cp can be
added to tank capacitor (2, both de-
termining the resonant frequency of the
plate tank circuit. The effect of grid-to-
plate capacitance Cl, is to be determined.

(2) Resistive case. Assume that a grid volt-

age, ¢,, is placed across the input of the
tube, as in B of figure 51. 1f Z2 is purely
resistive, the output voltage, e,, is ex-
actly opposite in phase to ¢, and is am-
plified. It will be rememberered that
the tube itself introduces this 180° phase
shift between plate and grid voltage, and
has an equivalent generator voltage of
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Figure 51. Input impedance of triode.



6. In the TPTG oscillator, Z2 is re-
sistive, if the plate tank is exactly at
resonance. The output voltage, e,, is in
phase with — pue,, both being 180° out of
phase with ¢, The voltage from grid to
plate, e, is the vector difference between
¢, and ¢,. This is obtained by reversing
vector e, and adding it to ¢,; the result
is shown as ¢g. Arithmetically, the mag-
nitude of ¢,y is simply the sum of ¢, plus
¢y, for the resistive case. Current gy
flowing in the grid-to-plate capacitance,
Co», leads voltage e,, across it by 90°, as
shown. A quantitative picture can be
obtained of the input impedance in this

example. The current through C, is
i,=2Sm % (—e)
” cpp X cop

where Xo,, is the capacitive reactance of
the grid-to-plate capacitance, Cyp. The
current, iy, through O, flows in the grid
circuit where ¢, is applied. By defini-
tion, the input impedance, Zia, is 6,/tgp
Consequently,

= —gg- == % = __G, '—-—1
Zun i ete X Xom e,+e,x 2xfCgp
It is evident that the input impedance is
made up purely of capacitive reactance.
To find the equivalent capacitance, Cy, we

solve

-1 € 1
2= Gty oyt 6 T fCrp
Canceling out 2«f,
1 &y 1

0y - et Xz;;‘
Hence, by inverting,

0,=="'8ﬁ X O gy=Cgp X (1+%£)
(4 9

- The total effective input capacitance,
Ca, is simply O, plus Cu (two parallel
capacitors), or

Cin=0up+0gpXxX (1 +? =0+ OpgX
9

(1+A)

where
A=e¢,/e,=amplification of the tube
Consequently, the total dynamic inpu

3

capacitance, C., is considerably greater
than Cj, alone.

Eoample: 1f the grid-to-plate capaci-
tance, Oy, is equal to 30 puf, the grid-to-
cathode capacitance, Cg, equals 10 puf,
and a grid excitation of 5 volts produces
an output voltage of 50 volts across a re-
sistive load, what is the equivalent effec-
tive input capacitance?

Cin=Cp+Cp(1+2 =1o+30(1+%)=-
{4
10+330=340 puf

This value is 34 times the actual grid-to-
cathode interelectrode capacitance. If
the output voltage were reduced to zero
(by short-circuiting the output), the in-
put capacitance would be only 10 plus
80 equals 40 uuf, or less than one-eighth
the value obtained with the output volt-
age present. The large voltage present
across a high-impedance output tank cir-
cuit raises the effective input capacitance
tremendously. If Z1 represents a tuned-
grid tank circuit, as in the TPTG oscil-
cilator, this large input capacitance in
parallel with the tank capacitor lowers
the resonant frequency of the tank
considerably. :

Capacitive case. Now assume that Z2
is a capacitive reactance plus a resistance.
This is true if the plate tank circuit of
the TPTG oscillator is at a frequency
above resonance. (A parallel-resonant
circuit is capacitive at a frequency above
its resonant or natural frequency.) The
voltage across a capacitance lags behind
the applied voltage in an R-C circuit.
Hence, the output voltage, e,, lags be-
hind the amplified grid voltage, —pue,.
Therefore, the phase shift between e,
and e, is somewhat less than 180°, as
shown in C of figure 51. The voltage,
gy, across O, again is —ue,, the vector
difference ¢, minus e,, and is seen to have
a lagging or negative angle, 6, in respect
to grid voltage e, The current, i,
through C, leads the voltage, ¢, by 90°.
This current may be resolved into a
capacitive component at, right angles to
6, and a resistive component in phase
with 6,. The reactive component is only
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(4)

slightly less than for the resistive case
and again can be represented by a capaci-
tance, Cy. The resistive component corre-
sponds to an equivalent resistance, %y, in
parallel with the input impedance, Z1.
This resistance acts as an additional load.
As a result, the grid excitation voltage,
¢g, is reduced. Thus, if the plate tank is
mistuned by lowering its resonant fre-
quency, power is lost in the grid circuit,
and the excitation isreduced. Thisshows
the importance of neutralizing the grid-
to-plate capacitance, Cy, even when no
oscillations take place.

Inductive case. The phase relations if
output impedance Z2 is inductive in char-
acter are shown in D of figure 51. This
corresponds to the case where the plate
tank circuit of the TPTG oscillator is
at a frequency below resonance—that is,
where the resonant frequency of the tank
has been raised by decreasing the capaci-
tance of C2. The voltage across an in-
ductor leads the applied voltage in an
R-L circuit. The output voltage, ey,
therefore, leads the equivalent generator
voltage, —pue,;, by some angle. Again,
€ i8 the vector difference between ¢, and
g, and is obtained by reversing e,, and
adding —e, to ¢, vectorially. As before,
the current, i, leads e, by 90°, and can
be resolved into a reactive and resistive
component. The capacitive reactance
component is about as large as before, in-
dicating that the equivalent capacitor,
C,;, has not changed much in value. The
resistive component, however, is now in
a direction opposite to e,, or is 180° out
of phase with it. This indicates that
energy is being transferred from the plate
circuit to the grid circuit. As a result,
the excitation or drive is increased. Since
the current through a resistance is in
phase with the voltage, the 180° out-of-
phase component of %, is said to be caused
by a negative resistance. A negative re-
sistance represents a source of power.
As shown in D, for a negative resistance
to be present, the current, Z,, through
C4p must lead ¢, by more than 90°, and 6
is positive. This is possible only if output
impedance Z2 is inductive.

o. Oscillator Action. As has been explained, &
negative resistance represents a source of power,
and its presence in the grid circuit tends te over-
come the losses in the grid tank, L1-01. For
oscillations to take place, the losses must be over-
come completely, so that the effective circuit re-
sistance is zero.

d. Frequency Setting. In general, the fre-
quency of oscillation is determined by the tuned
L-C circuit that has the higher Q. In the TPTG
oscillator, this is normally the grid tank circuit.
It must be kept in mind, however, that the natural
frequency of oscillation of the grid tank is lowered
because of the presence of the large effective in-
put capacitance in parallel with tank capacitance
C1. To compensate for this effect, the grid tank
circuit must be tuned to a frequency slightly higher
than the desired frequency of operation by reduc-
ing C1. It has been shown that the plate tank
circuit also must be tuned above the operating fre-
quency to obtain the proper phase relations for
oscillation.

e. Summary. The conditions which must be
fulfilled to cause sustained oscillations in a tuned-
plate tuned-grid oscillator are—

(1) Both the grid and plate tank circuit
must be tuned to a frequency slightly
higher than the operating frequency de-
sired.

(2) Sufficient negative resistance must be
‘present to supply all circuit losses.

38. Effect of Load on Oscillator

In the tuned-plate tuned-grid oscillator just
discussed, the load in the plate circuit of the tube
has a pronounced effect on the input impedance.
The resistive component of the input impedance
affects the @ of the grid tank, whereas the input
capacitance affects its resonant frequency, since
it is in parallel with the tuning capacitor.
Changes in the output load, therefore, affect both
the @ and the resonant frequency of the grid
tank, and may shift the frequency of oscillations
excessively. This is true not only for the TPTG
oscillator, but true for all oscillators which utilize
a tuned tank circuit. Whenever a load is coupled
to a tank circuit, its Q and the resonant frequency
are affected. Since frequency stability is of para-
mount importance in oscillator design because of
the required close frequency tolerances, a consid-
eration of the causes leading to frequency insta-
bility is discussed here.



a. Frequency Stability. The natural frequency
of oscillation of a tank circuit is approximately
equal to its resonant frequency. Since it is neces-
sary, in modern transmitters, to maintain the
frequency of the oscillator constant to a very high
degree of precision, the ewact frequency of oscilla-
tion and its dependence on external conditions
must be known. For electron-tube oscillators, the
exact frequency of oscillation is

1
I= Vi XVItE;
where

R =total effective series resistance of the tank

circuit,

R,=plate resistance (a-c) of tube,

L =the inductance of the tank circuit,

C =total effective tank-circuit capacitance (in-
cluding the effect of tube interelectrode
capacitance).

Here, the effective series resistance, R, of the tank

circuit is that caused by the resistance of the coil

and conductors, as well as any additional resist-
ance reflected back into the tank circuit because
of coupling to a load. In general, if no load is

coupled to the oscillator, the series resistance, R,

is small (for a high-Q tank) compared to the

plate resistance, R,, and the second square-root
term of the equation above can be neglected. The
frequency of oscillations then is equal to the
resonant frequency of the tank circuit. With
power being drawn from the oscillator, however,
the actual frequency of oscillation is somewhat
higher than the resonant frequency, and all the
factors in the equation must be taken into account.

Frequency stability is highest when the oscilla-

tions tend to occur at a frequency that differs as

little as possible from the resonant frequency

(1/2x/LC). The conditions that affect the differ-

ence between the actual generated frequency and

the resonant frequency of the tank then have pro-

portionately less effect. The most important con-

ditions that can cause frequency instability are the

following: changes in tube characteristics,

changes in temperature, vibration, and changes
in load and/or coupling.

(1) Tube characteristics. The most impor-

tant factor in this category is the dy-

namic or a-c plate resistance, R,. A

great many things can affect the plate

resistance of an electron tube. Changes

in the plate voltage, the average grid

@2

(3)

4

voltage, and the filament voltage all affect
the plate resistance. The shift in fre-
quency with plate-voltage variations
(caused by changes in R,) is called dy-
namic instability. This can be reduced
by using a tuned circuit with a high ef-
fective @ and by loading it only lightly.
The reason for this will become clear in
the discussion of loading. Dynamic in-
stability also can be improved by using a
high value of grid-leak resistance. This
increases the grid bias and raises the ef-
fective internal resistance of the tube as
seen by the tank circuit. The internal
resistance of the tube also is affected by
interruption (keying) of the circuit and
by changes in the spacing of the tube el-
ements. The spacing of the tube ele-
ments may change because of mechanical
vibration, heating, or aging of the tube.
Since the interelectrode capacitances of
the tube depend directly on the spacing
of the elements, any variations directly
affect the frequency of oscillation.
Temperature. In addition to varying the
spacing of the tube elements, changes in
temperature affect the physical dimen-
sions of the tank circuit coil and capaci-
tor, thereby changing the frequency. In
addition, the resistance of the coil and the
load circuit may be altered because of
temperature changes, again varying the
frequency. In contrast to dynamic in-
stability, temperature effects are rela-
tively slow, and the frequency change
caused by them is called frequency drift.
Vibration. If the elements of the oscilla-
tor are not rigidly mounted, mechanical
vibration may result in changing the rel-
ative positions of these parts, with con-
sequent capacitance and frequency
changes. A periodic mechanical vibra-
tion can frequency-modulate or wobble
the carrier frequency, and is, therefore,
usually audible at the receiver.

Effect of load.

(a) If a load is connected directly across

the resonant tank circuit, as in A of
figure 52, it can be represented by a
resistance in parallel with Z and C of
the tank. If a considerable amount of
power is to be delivered to the load, the
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DIRECT COUPLING A

Figure 52. Coupling methods.

load resistance is small compared to
the parallel impedance of the resonant
tank circuit. For all practical pur-
poses, then, the impedance of the com-
bined circuit is equal to the load re-
sistance (the lower of two parallel re-
sistances). It has been explained pre-
viously that the parallel impedance of
tank is equal to the product of @ and
the reactance of either the coil or the
capacitor. The lowering of the paral-
lel impedance by connecting a load is
equivalent to reducing the @ of the cir-
cuit. The effective @ of the tank is
then,

Q=2/X

where

Q@=ceffective Q of tank circuit with

load

Z=parallel load impedance (resistive)
in ochms

X =reactance of either the coil or the
capacitor

Ezample: A tank circuit has a series
resistance of 5 ohms (associated with
the coil), and inductive and capacitive
reactances of 250 ohms, each. What is
the @ of the circuit before and after a
resistive load of 3,000 ohms is connected
across it? Without load,

=XL_250
O=F=75 ~%

With the 3,000-ohm load connected, the
effective

=Z_3000_

e X 250

Therefore, the @ is reduced to less than
one-quarter of its unloaded value. As
seen from the tank circuit, the load re-
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sistance is in parallel with the plate
resistance of the tube, and, therefore,
lowers its effective value. From the
frequency equation, this increases the
frequency above the resonant value.
Consequently, a low effective @ con-
tributes to frequency instability. Con-
versely, a high effective @ in the tank
circuit will make changes in the effec-
tive plate resistance less noticeable and
so improve frequency stability.

(%) Since @Q=2Z/X, the effective @ of the

loaded tank circuit becomes higher
when the reactances of the coil and
capacitor are decreased at the resonant
frequency. This can be done by de-
creasing L and increasing € in the
tank circuit. In other words, the L-C
ratio must be lowered to obtain a high
effective @ for a given resonant fre-
quency. A low L-C ratio will also
reduce the series resistance, R, of the
tank. The disadvantage of a low L-C
ratio is low efficiency, because of the
large circulating tank current and the
low effective impedance of the tank.

(o) If the load is inductively coupled to the

tank circuit, a resistance is coupled into
the tank, acting in series with the coil
resistance. This raises the effective
series resistance, R, of the tank. This
series resistance reflected from the load
(secondary) circuit increases with the
square of the mutual inductance be-
tween the coils—that is, with the
amount of coupling. The reflected re-
sistance also increases as the load re-
sistance is made smaller. As the ef-
fective series resistance, R, is increased,
the frequency of oscillation increases



above the resonant value. However,
tight coupling between the load and
tank circuit and a low value of load
resistance are the conditions required
to obtain large -power transfer to the
load. It is clear, therefore, that large
power output from the oscillator and
good frequency stability are mutually
incompatible. The tighter the load is
coupled to achieve large power output,
the lower is the frequency stability.

(@) Some means must be found to isolate
the load from the tank circuit of the
oscillator in order to obtain sufficient
power output without consequent fre-
quency instability. This can be done in
various ways. The oscillator tank cir-
cuit might be only very lightly loaded,
just sufficiently to excite the grid of a
following amplifier. The load is cou-
pled to the output of this amplifier, and
has only a slight effect on the oscillator.
If the amplifier is operated as a class
C power amplifier, the arrangement is
called a master-oscillator power ampli-
fler. In this way, the oscillator oper-
ates with a light load and consequently
under conditions favorable for fre-
quency stability. Additional measures,
such as crystal control and temperature
control, generally are used to increase
frequency stability still further. The
master-oscillator amplifier can be com-
bined into a single tetrode or pentode
in an electron-coupled oscillator cir-
cuit.

b. Coupling Methods. Three coupling methods
commonly are used to couple a load to an oscillator.
These are direct or conductive coupling, shown in
A of figure 52, capacitive or impedance coupling,
in B, and inductive or transformer coupling, in C.

(1) The effect of direct coupling on the @ of
the tank circuit has been discussed pre-
viously. The effective @ of the tank cir-
cuit can be increased somewhat at the ex-
Ppense of power output by tapping the load
across a part of L. Direct coupling is the
least favored of all coupling methods. It
provides no d-c isolation between the tank
circuit and the load.

(2) Capacitive coupling commonly is used in
oscillator circuits. The coupling to the

load increases as the coupling capacitance
C., is made larger. The capacitance re-
quired for maximum energy transfer be-
tween the oscillator tank and load gen-
erally is quite small. But, again, the
greater the coupling and consequent
power output, the lower is the effective @
of the tank circuit, and the frequency sta-
bility consequently is reduced.

(3) When the load is coupled inductively to
the oscillator, as in C, the two coils, L1
and Z2, constitute the primary and sec-
ondary, respectively, of an air-core trans-
former, as explained in chapter 2. Also,
as previously explained, the maximum
power output (tight coupling) and fre-
quency stability are incompatible in in-
ductive coupling.

39. Electron-Coupled Oscillator

a. Principle. To minimize the effect of the load
on the frequency of oscillation, electron-coupled
oscillators frequently are used. These substitute
& common electron stream to couple the load to
the oscillator circuit, in place of inductive or
capacitive output coupling. In figure 53, A shows
a modified Hartley oscillator, and B is a modified
Colpitts oscillator. In each, a single pentode ful-
fills the functions of both a triode oscillator and
a buffer amplifier. The cathode, control grid, and
screen grid (acting as the plate) form a triode os-
cillator of the conventional type. The load is
coupled to the plate circuit of the pentode. The
oscillator and plate circuit are coupled solely by
the stream of electrons within the tube.

b. Analysis.

(1) Since the screen grid is at a positive volt-
age, electrons flow from cathode to screen
grid, and oscillations are generated in the
same manner as in the case of a conven-
tional triode oscillator. The frequency
is determined by the value of Z and C in
the grid circuit. Only a small number of
electrons are intercepted by the screen
grid. The remaining electrons, which
represent most of the current, go on to
the plate and through the load imped-
ance. Since the screen-grid voltage var-
ies with the oscillations, the intensity of
the electron stream between screen grid
and plate will be varied accordingly. In
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Figure 53. Electron-coupled oscillators.

2

this way, the plate current is modulated
at the oscillator frequency by the action
of the screen grid and the control grid.
Effectively, the screen grid and plate
act as a triode whose control electrode
voltage is varied at the oscillator fre-
quency.

Changes in the plate loading do not
seriously affect the oscillation frequency.
Coupling between the output (plate) and
oscillator sections (screen grid) of the
tube is minimized by the pentode con-
struction, and by keeping the suppressor
and screen grids at effective r-f ground
potential. In tetrodes, neutralization of
the screen grid-to-plate capacitance may
be required. This is accomplished by
connecting a capacitor of the proper value
between plate and control grid. Pen-
todes do not require neutralization. Al-
though the electron-coupled oecillator

(3)

4)

largely eliminates the effects of changes
in plate loading by isolating the outpu*
circuit from the oscillator section, varia
tions in temperature and tube voltages,
mechanical vibrations, and spurious
coupling affect the oscillator frequency
in the same way as in conventional os-
cillator circuits. Adequate shielding
against external coupling is especially
important in electron-coupled oscillators.
Mechanical vibrations in the tube directly
modulate the electron stream, and there-
fore oscillator frequency, by changing
the spacing between the tube electrodes.
If tetrodes are used, variations in the
plate-supply voltage can be compen-
sated for by choosing the screen volt-
age properly from a tap on a common
plate-supply voltage divider. This is pos-
sible, because plate-voltage and screen-
voltage changes in a tetrode tend to
change the frequency in opposite direc-
tions.

In the modified Haktley oscillator, feed-
back is obtained from the screen grid
through capacitor C,. This makes pos-
sible operation of the cathode at ground
potential. The screen grid is paralle
fed through the radio-frequency choke,
RFC, and capacitor C,. Capacitor C,
grounds the lower end of the plate tank
circuit for r-f. The use of the plate tank
circuit makes possible frequency dou-
bling or tripling by tuning the output to
the second or third harmonic of the grid-
circuit fundamental frequency.

The ground point in the modified Col-
pitts circuit has been shifted. from the
cathode to the screen grid. The ratio of
C1 to C2 determines the amount of feed-
back. RFC1 is required to provide a d-c
path to the cathode without grounding
it for r-f. Here an untuned output cir-
cuit with capacitive coupling is shown,
although a tuned-plate tank could be
used. The combination of RFC2 and
capacitor C4 also serves to minimize the
load reaction on oscillator frequency, but
the power output obtainable with this
arrangement is much lower than for a
tuned-plate tank circuit. In either case,
the power output of an electron-coupled
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oscillator is less than that obtainable with
the same tube in a conventional oscil-
lator circuit.

o. Advantages. Although electron-coupled
oscillators combine simplicity with excellent fre-
quency stability, they produce a poor waveform
and their output is correspondingly rich in har-
monics. This may be an advantage for frequency
doubling or tripling, as explained above. In con-
trast to the more stable crystal oscillators, elec-
tron-coupled oscillators permit continuous fre-
quency variation.

40. Quariz Crystals

The most satisfactory method of stabilizing the
frequency of radio-frequency oscillators is by the
use of quartz crystals. These crystal-controlled
oscillators are used in the majority of commercial
and military radio transmitters.

a. Piezoelectric effect.

(1) The control of frequency by means of
crystals is based upon the piezoelectric
effect. When certain crystals are com-
pressed or stretched in specific directions,
electric charges appear on the surface of
the crystal. Conversely, when such
crystals are placed between two metallic
surfaces across which a difference of po-
tential exists, the crystals expand or
contract.

(2) Consequently, if a slice of a crystal is
compressed along the width, or streteched
along its length, so that it bulges inward
as in A of figure 54, opposite electrical

) 10F
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Figure 54. Crystal evpansion and contraction.

charges appear across its faces, and a
difference of potential is generated. If
the crystal is squeezed or compressed
lengthwise, so that it bulges outward, as
in B, the charges across its faces reverse.
If alternately stretched and squeezed, a
crystal slice becomes a source of alternat-
ing voltage. Conversely, if an alternat-
ing voltage is applied across the faces of a
crystal wafer, it vibrates mechanically.

The amplitude of these vibrations is very
vigorous when the frequency of the a-¢
voltage is equal to the natural mechnical
frequency of vibration of the crystal
(resonance occurs). If all mechanical
losses are overcome, the vibrations at this
natural frequency will sustain themselves
and generate electrical oscillations of
constant frequency. Accordingly, a
crystal can be substituted for the tuned
tank circuit in an electron-tube oscilla-
tor.

b. Types of Crystals. Practically all crystals
exhibit the piezoelectric effect, but only a few are
suitable as the equivalent of tuned circuits for fre-
quency-control purposes. Among these are quartz,
Rochelle salt (sodium potassium tartrate), and
tourmaline, of which Rochelle salt is the most
active piezoelectric substance; that is, it generates
the greatest amount of voltage for a given me-
chanical strain. These substances are physically
and electrically unstable, however, and therefore,
not suitable for frequency control. Rochelle salt
has found applications in microphones, crystal
speakers, and phonograph pickups. Tourmaline
is almost as good as quartz over a considerable
frequency range, and is somewhat better than
quartz in the range from 3 to 30 mc, but it has
the disadvantage of being a semiprecious stone.
Its consequent high cost excludes it from general
use. Quartz, although much less active than
Rochelle salt, is used universally for frequency
control of oscillators, because it is cheap, mechan-
ically rugged, and expands very little with heat.
Quartz is among the most permanent materials
known, being chemically inert and very hard
physically. Of all materials, it has been found to
be the most satisfactory.

¢. Crystal cuts.

(1) Axes. Natural quartz crystals have the
general form of a Liexagonal prism with
six sides, sometimes topped on the ends by
a hexagonal pyramid. They are rarely
found as symmetrical as that shown in
A of figure 55. Assuming, however, a
symmetrical crystal, the cross section is
hexagonal, as in B and C. The axis join-
ing the points at each end, or apex, of the
crystal is known as the optical or Z-axis.
Stresses along this axis produce no piezo-
electric effect. The three axes, X, X’
and X’’, passing through the corners of



z the hexagonal cross section at right angles
! to the Z-axis are known as the electrical
aves, because they are the directions of
greatest piezoelectric activity. The three
axes, Y, Y’, and Y”’, which are perpen-
dicular to the faces of the crystal as well
as to the Z-axis, are called mechanical
axes. A mechanical stressin the direction
of any Y-axis produces an electrostatic
stress, or charge, in the direction of that
X-axis which is perpendicular to the Y-
axisinvolved. The polarity of the charge
X-CUT (P ERP ENNWUR) depends on whetker the mechanical strain
To x-AXiS is a compression or a tension. Conversely,
—=X an electrostatic stress, or voltage, applied
in the direction of any electrical axis,
produces & mechanical strain, either an
expansion or a contraction, along that
Y-CUT (PE?SE;I?&;AR mechanical axis which is at right angles
to the electrical axis. For example, if a
N crystal is compressed along the Y’-axis, a
X voitage will appear on the faces of the
crystal along the X-axis. If a voltage is
applied along the X’’-axis of a crystal, it
NATURAL CRYSTAL will expand or contract in the direction
of the Y-axis. This interconnection be- \
tween mechanical and electrical proper-
ties is exhibited by practically all sections:
cut from a piezoelectric crystal.
(2) Common crystal cuts. Crystal wafers can
be cut from the natural mother crystal in
a variety of directions along the axes.
They are known as cuts, and are identified
by such designations as X, Y, AT, BT,
V, R, etc. Each has certain advantages,
but, in general, one or more of the follow-
ing properties are desired: ease of oscil-
lation at intended frequency, a single fre-
quency of oscillation, and minimum ire-
quency changes resulting from tempera-
ture changes. The X-cut is sliced along
N\ —Y a Y-axis and has its main parallel faces
Ye———"" perpendicular to an X-axis, as in B of
figure 55. Although the diagram shows
the section taken from the center of the

-—Y

AT-CUT \ crystal, the plate can be sliced from any
" part of the crystal, provided the orien-
D tation in respect to the axes is maintained.
T™ eas-ge7 C illustrates the Y-cut, the long parallel
Figure 55. Quarts crystal azes and cuts. faces of which are perpendicu]ar toa Y- ‘




axis. This type is known also as a 30°
cut, because the Y-axis passing through
its center is at an angle of 30° in respect
to the nearest X-axis. X- and Y-cuts
have unfavorable temperature character-
istics, as will be explained later. Better
characteristics can be obtained by cutting
plates at different angles of rotation about
the X-axis. The Y-cut serves as zero-
degree reference, since it is lined up with
both X- and Z-axes; that is, it lies in &
plane formed by the X- and Z-axes. Now,
assume that the crystal wafer is rotated
about the X-axis in a clockwise direction,
so that it forms an angle of 85° with the
Z-axis, as in D. The resulting slice is
called the A7-cus. If the crystal plane
is rotated 49° in a counterclockwise direc-
tion about the X-axis, the resulting slice
is ealled the BT-cut. Many other cuts
exist, but they will not be discussed here.

41. Frequency of Crystal Oscillation

a. Modes. Most crystals have at least two prin-
cipal ways or modes in which they can vibrate.
They can bulge in and out perpendicularly to their
long parallel faces (fig. 54) or they can stretch
and contract along the width of these faces so that
their short parallel faces bulge in and out.

(1) In the first case, called thickness vibra-
tion, pressure waves travel through the
crystal from one long face to the opposite
face and are reflected back again. At a
particular thickness of the crystal, the
reflected waves are in phase with the di-
rect waves, and they reinforce each other.
As a result, standing waves are created
between the two long faces of the crystal,
and the crystal is said to be in resonance.
The fundamental natural frequency of
oscillation occurs at that particular thick-
ness, where at least one complete wave-
length can exist between the two long
faces. However, for the same thickness,
two or more shorter complete wave-
lengths can also exist between the two
faces. The crystal can vibrate at the
second, third, or higher multiple (har-
monic) of its fundamental frequency.
For a given thickness, the fundamental

@

frequency of the first principal mode is
fixed.

The second principal mode of vibration
(the short parallel faces bulging in and
out) is determined by the width of the
plate, as measured along the long parallel
faces. It is known as width vibration.
Again, standing waves occur at the nat-
ural frequency of oscillation, and har-
monics of this fundamental frequency are
possible. Besides these principal modes
and their harmonics, additional modes
of vibration produced by various bending
and twisting tensions are possible. The
thinner the crystal, the more numerous
are these resonances. The increasing
complexity of operation as the crystal
plate becomes thinner sets a practical
limit to the highest frequency (smallest
thickness), that can be generated.

b. Pregquenoy T'hickness Ratio.

(1) The thinner the crystal vibrating in its

first mode, the higher is the frequency of
oscillation. The fundamental frequency
of thickness vibration is

/=K

2
where
K =constant, depending on the type of
cut (see table below)

t=thickness in thousandths of an inch

(mils)
f=1frequency in megacycles (mc)
To compute the frequency of the second
principal mode, width vibration, substi-
tute the width, w, of the crystal for thick-
ness, ¢, in the preceding formula. The
formula for width vibration is, then,

/1=K

w
where
K and f are the same as above
w=width of crystal in thousandths of an
inch (mils).

Since the width of a given crystal is con-
siderably greater than its thickness, width
vibration produces a substantially lower
fundamental frequency than does thick-
ness vibration. Width vibration, there-
fore, is used for low-frequency crystals.
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The frequency constant, K, for four com-
monly used cuts is shown below:

Type cut F";‘,‘::‘:”’f"‘
D G IR 112. 6
Y e 77. 2
AT a2 66. 2
) - IO 100. 78

Ezample: What is the thickness of an
X-cut crystal for an operating frequency
of 1.1 me? If the same crystal has a
width of 1.25 inches, what is the funda-
mental frequency for width vibrationf

_K
=%
t= -liif= 102.4 mils or .124 inch

For width vibration

K 1126
f===—

w w

The width of the crystal is 1.25 inches or
1,250 mils. Hence,

5 1126
1,250

The fundamental frequency of the width
vibration, therefore, is less than one-
twelfth of the thickness vibration. Spe-
cial dual-frequency crystals are available
which oscillate both in the thickness and
in the width mode.

=,09 mc or 90 ke

(2) Quartz crystals are produced for fre-

quencies from about 50 kc to as high as
50 mc, a range of 1,000 to 1. No single
type of cut can cover this tremendous fre-
quency range. Referring to the preced-
ing table for K, it is apparent that for a
given frequency the X-cut is the thickest,
the BT- and Y-cuts are of intermediate
thickness, and the AT-cut is the thinnest.
For low frequencies, X- and Y-cuts, using
width vibration, are used frequently.
The characteristics of these cuts are not
favorable for high frequencies, since for
thin plates they have several frequencies
of oscillation quite close together which
can be simultaneously excited. This is

particularly true for thin Y-cuts, whose
thickness frequency depends somewhat
on their width, because of mechanical
coupling between the two modes. For
frequencies from about 300 kc to about
5 mc, the AT-cut is preferred, since it has
few resonant frequencies, and its funda-
mental frequency remains practically
constant with changes in temperatura
BT-cuts generally are used for frequen-
cies above 5 mc, since they are thicker
than AT-cuts for the same frequency ana,
therefore, less subject to fracture in op+
eration. Many crystals used for very
high frequencies are of the harmonic
type; that is, their thickness corresponds
to a frequency of one-third or one-fifth of
the normal operating frequency. The
other dimensions of these crystals are so
proportioned that mechanical vibration is
at three or five times the fundamental
frequency.

0. Temperature Coefficient.
(1) Frequency drift.
(a) The resonant frequency of quartz crys-

tals is practically unaffected by changes
in the load. Like most other materials,
however, quartz expands slightly with
an increase in temperature. This af-
fects the resonant frequency of the
crystal. The temperature coefficient of
the crystal refers to the increase or de-
crease in the resonant frequency, usu-
ally expressed in ppm (parts per mil-
lion) or cycles per megacycle for an
increase in temperature of 1° C. The
temperature coefficient varies widely
with different crystal cuts, and this is
one of the chief reasons for the pref-
erence of the AT- and BT-cuts. These
cuts have practically zero temperature
coefficient in normal use. The temper-
ature coeficient also depends on the
surrounding temperature at which it is
measured, and whether thickness or
width vibration is used.

(5) Heating of the crystal can be caused

by external conditions such as the high
temperature of transmitter tubes and
other components. Heating also can
be caused by excessive r-f currents flow-
ing through the crystal. Theslow shift




- of the resonant frequency resulting

(e)

from crystal heating is called frequency
drift. This is avoided by use of crys-
tals with nearly zero temperature co-
efficient, and also by maintaining the
crystal at a constant temperature.
The older X- and Y-cuts have poor
temperature coefficients,. The temper-
ature coefficient of the X-cut is about
—20 cycles per megacycle per degree
for both thickness and width vibration.
The negative coefficient indicates that
the frequency decreases as the temper-
ature tncreases. The Y-cut has a nega-
tive temperature coefficient of approxi-
mately —20 cycles per megacycle per
degree for width vibration, and for
thickness vibration the coefficient varies
between —20 to + 100 cycles per mega-
cycle per degree. The exact value de-
pends on operating temperature and
the ratio of width to thickness. The
approximate temperature coefficients
for the AT- and BT-cuts at various
operating temperatures are listed be-
low:
AT-cut: +10 cycles per megacycle per
degree at 0° C.
0 cycle per megacycle per
degree at 45° C.
+20 cycles per megacycle per
degree at 85° C.
BT-cut: —10 cycles per megacycle per
degree at 0° C.
0 cycle per megacycle per
degree at 30° C.
—20 cycles per megacycle per
degree at 70° C.
Since the temperature coefficients of the
AT- and BT-cuts vary somewhat with
the operating temperature, & constant
frequency can be obtained only by
maintaining the surrounding temper-
ature constant.

Ezample: Calculate the frequency
drift of an X-cut crystal operating at
2.5 mc if the temperature increases
from an initial value of 0° C to 25° C.
What is the drift for an AT-cut crystal
operating under the same conditions?
For the X-cut, the drift is —20 cycles

times 2.5 mc times 25° = —1,250 cycles.
Hence, the new resonant frequency is
2,500,000 minus 1,250=2,498,750 cy-
cles, or 2.49875 mc. For the AT-cut,
the drift is +10 cycles times 2.5 mec
times 25°=+625 cycles. Hence, the
new resonant frequency for the AT-
cut -crystal is 2,500,000 plus 625
=2,500,625 cycles or 2.500625 mc. Ac-
tually, the frequency drift for the AT-
cut crystal is even less than this value,
since the temperature coefficient, as
shown above, becomes lower as the
crystal heats up. Since the permissible
frequency tolerance may be as low as
about 20 cycles, the need for main-
taining the crystal at a constant tem-
perature becomes apparent.

(2) Temperature maintenance. To maintain
the extremely close frequency tolerances
required, the general practice is to con-
struct the entire oscillator assembly in
such a manner as to provide for nearly
constant temperatures. This helps to
avoid frequency drift resulting from con-
traction and expansion of circuit ele-
ments. The tube voltages are kept as
constant as possible by suitable voltage-
regulator circuits. In addition, the
quartz crystal is operated in a constant-
temperature oven. This oven is heated
electrically and is held at constant tem-
perature by special thermostats. The
thermostats determine accurately any
temperature variation and cause more or
less current to flow through a heater ele-
ment. The entire assembly usually is
constructed of an aluminum shell in-
closed by thick layers of insulating
material to insulate the assembly. For
extreme stability, the entire compartment
can be placed inside still another tem-
perature-controled box. In this way,
frequency stabilities as high as 1 part in
10,000,000 or better can be attained.

42. Crystal Mounting

Crystals become practical circuit elements when
they are associated with a crystal holder. In a
holder (A of fig. 56), the crystal is placed be-
tween two metallic electrodes and forms a capaci-
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Pigure 56. Equivalent circuit of crystal and mounting.

tor, the crystal itself being the dielectric. The
crystal holder is arranged to add as little damp-
ing of the vibrations as possible, and yet it should
hold the crystal rigidly in position. This is ac-
complished in various ways. In some holders,
the crystal plate is clamped firmly between the
metal electrodes; other holders permit an air gap
between the crystal plate and one or both elec-
trodes. The size of the air gap, the pressure on
the crystal, and the size of the contact plates af-
fect the operating frequency to some degree.
The use of a holder with an adjustable air gap
permits slight adjustments of frequency to be
made. For the control of appreciable amounts of
power, however, a holder which clamps the plate
firmly usually is preferred. Figure 57 shows
various types of crystal holders. A blank isshown
in £ of the illustration and is designed to fit into
* the holder, as shown in C.

43. Equivalent Circuit

a. At its resonant frequency, a crystal behaves
like a tuned circuit so far as the electrical circuits
associated with it are concerned. The crystal and
its holder can be replaced, therefore, by an
equivalent electrical circuit (B of fig. 56). Here,
Cw represents the capacitance of the mounting,
with the crystal in place between the elctrodes but
not vibrating. C,is the effective series capacitance
introduced by the air gap when the contact plates
do not touch the crystal. The series combination,
L, R, and C, represents the electrical equivalent of
the vibrational characteristics of the quartz plate.
The inductance, L, is the electrical equivalent of
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the crystal mass effective in the vibration. C is
the electrical equivalent of the mechanical com-
pliance (elasticity). R represents the electrical
equivalent of the mechanical friction during vibra-
tion. The capacitance of the holder, C, is about
100 times as great as the vibrational capacitance,
O, of the crystal itself.

b. The frequency at which L and C are in series
resonance is the frequency of mechanical crystal
resonance. Because of the presence of Ca, the
circuit also has a parallel-resonant frequency
slightly above series resonance. Parallel reso-
nance occurs when the series branch has an in-
ductive reactance equal to the capacitive reactance
of Cm. (A series L-C circuit is inductive above
its resonant frequency.) Since Cw has a compara-
tively low reactance (high C), only a small in-
ductive reactance is required in the Z-C-R branch
to produce parallel resonance with Cw. Therefore,
the series- and parallel-resonant frequencies are
very close together. The presence of both re-
sonant frequencies is clearly revealed by the
crystal resonance curve, in C of figure 56. This
curve is extremely sharp, and Q’s of over several
thousand are attainable easily. It is found in
practice that the L-C ratio of the equivalent circuit
is extremely large compared with that of a con-
ventional tank circuit.

44. Crystal Oscillator Circuit

a. The circuit of a commonly used crystal oscil-
lator is seen (fig. 58) to be the equivalent of the
tuned-plate tuned-grid oscillator, but with the
crystal replacing the grid tank circuit. Feed-




Figure §7. Crystal holders.

back is obtained through the grid-to-plate capaci-
tance, Cyp. The choke, RFC, keeps r-f out of the
grid-leak resistor, which provides the bias. The
crystal functions in the same manner as the grid
tank circuit of the TPTG oscillator. It stores
energy in mechanical form during one-half of the
excitation voltage cycle, and releases it in elec-
trical form during the second half of the cycle.
The rate of storage and release of energy depends
on the natural resonant frequency of the crystal
and so determines the frequency of oscillation
generated by the circuit. The losses in the crystal
are overcome by the energy fed back through
Cgp. The coupling between the tube and the crys-
tal is determined primaril)" by the ratio C/Cm

(B of fig. 56), which was seen to be very small.
This small coupling, which is much less than in
the TPTG oscillator, further improves frequency
stability. As in the TPTG oscillator, the plate-
tank circuit must be inductive, so that a negative
resistance appears in the grid input circuit in
parallel with the crystal to overcome the losses.

b. The resonance curve of the crystal shown is
obtained by tuning the plate circuit from a fre-
quency below crystal resonance to one above crys-
tal resonance. As the frequency is increased,
series resonance of the crystal (mechanical reso-
nance) is reached first, as indicated by the high
crystal current peak in the resonance curve. The
impedance is & minimum, and hence the current

-
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is a maximum for series resonance. In spite of
the large current, oscillations cannot start because
of improper phase relations. When the frequency
of the plate tank is increased slightly above this
value, parallel resonance of the crystal is reached;
that is, the inductive reactance of the crystal
proper equals the capacitive reactance of the crys-
tal holder capacitance. This is indicated by the
sharp drop of the crystal current in the resonance
curve, and consequent high crystal impedance.
Oscillations still cannot take place, however, since
the plate tank is resistive at resonance. Another
slight increase in frequency makes the plate cir-
cuit inductive, as required, and oscillations com-
mence. Since this frequency is above crystal
resonance, the equivalent crystal circuit is also
slightly inductive. This inductive reactance is
canceled out by the effective grid input capaci-
tance, so that the entire grid circuit (crystal plus
tube input capacitance) is in parallel resonance.
Maximum power output of the oscillator occurs
at this frequency. If the frequency of the plate
tank is increased still further, the plate tank im-
pedance drops and less energy is fed back. Also,
the increasing effective capacitance across the
crystal shunts the crystal and robs it of excitation.
Under these conditions, oscillation stops. The
presence of oscillations can be detected by a sharp
drop in plate current as the frequency of the plate
tank is raised.

¢. Since the crystal can oscillate only at its reso-
nant frequency, the frequency of oscillation re-
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mains constant at that value over a wide range of
adjustment of tuning capacitor . The power
output changes substantially, however, when C is
varied. Nevertheless, because of the shunting ef-
fect of the effective input capacitance in parallel
with the crystal, the frequency of oscillations can
depart slightly from the crystal resonance fre-
quency for appreciable detuning of the plate tank
without stopping the oscillations. For example,
an increase of 2 percent in the tuning capacitance
of the tank can reduce the frequency of oscillations
by about 20 cycles per megacycle. Changes in
plate voltage, filament voltage, and replacement of
tubes also have very slight effects on the frequency
of oscillation.

d. The outstanding characteristic of the crystal
is the extreme sharpness of its resonance curve be-
cause of a very high effective Q. Because of this
characteristic, the crystal can oscillate only over
a very narrow frequency range, and, consequently,
the frequency stability of a crystal oscillator is
extremely high. This is taken advantage of in
military communication equipment where close
frequency tolerances are desired. Crystal oscil-
lators are used not only in fixing the frequency of
transmitters, but also as frequency standards for
measurement purposes. If a low-frequency crys-
tal is used in a circuit whose output is not tuned,
a large number of harmonics is created. There-
fore, a great number of calibration frequencies
can be obtained with a single quartz crystal. A
crystal-controlled oscillator is a fixed-frequency
oscillator. A disadvantage is that a different crys-
tal must be used for each desired frequency (or
multiples of that frequency). In many applica-
tions, it is required to change the frequency of
the transmitter rapidly and continuously. For
these applications the ordinary variable-frequency
oscillator is preferred, since it may be operated
at any frequency within a band at the turn of a
dial. Another limitation of the crystal oscillator
is its relatively low power output. The power ob-
tainable from a crystal oscillator is limited at low
frequencies by the strains which the vibrations
set up in the crystal structure. If the vibrations
are too intense, they will crack the crystal. At
high frequencies, the available power is limited
by heating of the crystal. The heating is produced
by the large r-f crystal current necessary to obtain
the excitation for substantial power output. Crys-
tal heating short of the danger point results in
frequency drift, thus lowering frequency stability.




Excessive r-f current can fracture the crystal. By
pushing the crystal to the limit, 50 to 100 watts can
Ye obtained from a crystal oscillator. It usually is
preferred, however, to operate the crystal with a
light load, and obtain the required power through
amplification in succeeding stages of the trans-
mitter. In general, the crystal oscillator is con-
sidered as a frequency-generating device, with
power output of secondary importance.

45. Care of Crystals

a. Minute particles of dust and grease that col-
lect on the crystal will interfere with its opera-
tion. The crystal must be free from dirt, finger
marks, oil spots, and so forth, or it will operate
erratically. High-frequency crystals, especially,
are susceptible to small impurities and consequent
erratic operation. A simple cleaning usually will
restore the crystal to its original condition.

b. Care must be taken in cleaning not to chip
or crack the crystal. A good cleaning agent is
carbon tetrachloride or other dirt and grease sol-
vents. Soap and water are effective, but require
great care, as vigorous scrubbing is necessary.
After washing, the crystal should be dried with
a clean lint-free cloth. At this point, the fingers
must be kept off the major faces of the crystal to
orevent oily finger marks. The crystal can be
handled by its edges or with tweezers. The same
procedure should be followed with the surfaces of
all electrodes. When replacing the crystal in its
holder, it must be located properly. If the crystal
electrodes are removable from the holder, the
crystal must be placed between the electrodes in
such a manner that the finely finished faces of
the electrodes are in contact with the crystal.

46. Pierce Crystal Oscillator

a. The circuit of the Pierce oscillator (fig. 59)
is very similar to that of the Colpitts oscillator,
with the crystal replacing the tank coil, L (fig. 48),
and the tube grid-to-cathode capacitance, Cg, and
plate-to-cathode capacitance, Cn, replacing capac-
itors C1 and C2. Since the crystal itself represents
a tuned circuit, the tube capacitances, Cgx and Cp,
act only as a capacitive a-c voltage divider, and
do not influence the frequency of oscillation.
Their ratio determines the amount of feedback
from plate to grid and, therefore, the amount of
crystal excitation. Since excitation is not other-
wise adjustable, except by a change in the plate
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Figure 59. Pierce oscillator.

voltage, the variable capacitor, C, between the
grid and the cathode sometimes is required to
adjust the amplitude of oscillation. The tube is
parallel-fed through choke RFC and capacitor
Cb. A triode is shown in the figure, but a tetrode
or pentode can be used equally well. The output is
coupled capacitively. The crystal is connected
between the plate and grid, since blocking ca-
pacitor C» has only a small reactance.

b. Since there are no actual tuned circuits in
the Pierce oscillator, the frequency of oscillations
generated by the tube is determined solely by the
crystal. The oscillator requires no tuning ad-
justments, and operates without change in the
values of components over a wide range of crystal
frequencies. Less power is obtainable from the
Pierce circuit than from the preceding TPTG
crystal oscillator, because the crystal is directly
in the power-delivering circuit. This limits the
r-f output voltage that can be developed without
danger to the crystal. The Pierce circuit, there-
fore, finds application in low-powered oscillators
at high frequencies, such as test and calibrating
oscillators.

47. Tri-Tet Oscillator

a. The tri-tet oscillator (fig. 60) combines the
principles of the triode crystal oscillator with
those of the electron-coupled oscillator and, con-
sequently, attains some of the advantages of both.
Because of electron-coupling, the output (plate)
circuit reacts very little on the oscillator portion.
This is of importance for reliable keying in trans-
mitters. In addition, the crystal is lightly loaded
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in the tri-tet circuit, which contributes to high fre-
quency stability.

b. The oscillator portion is the equivalent of the
simple triode crystal oscillator, TPTG, shown in
figure 58. The screen of the tetrode serves as the
plate of the triode oscillator, and the ground point
is shifted from the cathode to the screen grid.
Power is taken from the separate output tank
circuit, L2-C2, through capacitor (4. Feedback
takes place primarily through the control-grid to
screen-grid capacitance, C,, which corresponds to
the gride-to-plate capacitance, Cy,, of the simple
TPTG triode oscillator. The plate circuit also
contributes to the feedback, since the plate output
circuit returns to the cathode through the L1-C1
tank circuit. To prevent excessive feedback and

48. Negative-Resistance Oscillators

The desire for greater flexibility and the neces-
gity for generating oscillations at ultrahigh fre-
quencies for radar and other applications have led
to unconventional ways of operating standard
tubes and to the development of entirely new types
radically differing from ordinary vacuum tubes.
It has been shown in the analysis of the TPTG
oscillator that & negative resistance can be used to
counteract the positive resistance of a parallel-
resonant tank circuit. It was shown further that
oscillations begin when the value of the negative
resistance is less than the positive resistance of the
tank circuit. When the total effective circuit re-
sistance i8 zero, sustained oscillations are gener-
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Figure 60. Tri-tet oscillator.

crystal heating, therefore, tank Z1-C1 should be
tuned well to the high-frequency side of the crystal
frequency, so that just sufficient energy is fed back
to make the circuit oscillate. In this way, the crys-
tal is loaded only lightly, and yet it provides os-
- cillations of sufficient amplitude to modulate the
electron stream between screen grid and plate.
Amplification takes place in the screen grid-plate
portion of the tube and through the plate tank
circuit, L2-C2.

c. With well-screened tetrodes or pentodes, the
circuit oscillates regardless of the output tuning.
As with the electron-coupled oscillator, frequency
doubling or tripling can be obtained by tuning
L2-C?2 to the desired multiple of the crystal fre-
quency.

ated. In a positive resistance, the current in-
creases as the voltage across it is increased. Ina
negative resistance, the opposite takes place. The
current decreases as the voltage is increased. As
d result, such a resistance does not consume but
generates power.

a. Dynatron. A tetrode exhibits negative re-
sistance when the plate voltage is less than the
potential on the screen grid. This is indicated
by the reversed plate-characteristic slope and is
caused by secondary emission from the plate. If,
on the average, more secondary electrons flow to
the positive screen grid than the number of pri-
mary electrons received by the plate, then the net
plate current decreases with an increasing plate
voltage. This produces the effect of negative re-



sistance. The dynatron oscillator (A of fig. 61)
is essentially a tetrode operated with the plate less
positive than the screen grid, and having appre-
ciable secondary emission at the plate. The neg-
ative plate resistance can be varied by adjusting
the control-grid potential. Oscillations take
place when the negative plate resistance is less
than the parallel-resonant resistance of the tank
circuit, L-C. If the negative resistance is just
barely low enough to start oscillation, the fre-
quency stability in respect to tube voltages is ex-
tremely high, and the output waveform is prac-
tically sinusoidal. The simple circuit can be oper-
ated over a wide frequency range, from low audio
frequencies to about 15 mc. This makes it suit-
able for use as a laboratory or test oscillator and
other low-power applications.
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Figure 61. Negative-restistance oscillators.

b. Transitron. The negative-transconductance
oscillator or transitron (B of fig. 61) takes advan-
tage of the fact that the characteristic curve of
screen current versus screen voltage of a pentode,
in which the screen is coupled to the suppressor
(through C'1), has a portion with a negative slope.
This negative resistance can sustain oscillations in
an L-C tank inserted in the screen circuit. The
reactance of capacitor €'l must be negligible com-
pared with the resistance, B, at the resonant fre-
quency of the L-C tank circuis. The voltage on
the suppressor grid affects the division of the total
space current between screen grid and plate. An
increase in the suppressor-grid voltage results in
a greater number of the available electrons pass-
ing through to the plate. This increases the plate
current and decreases the screen current. The op-
posite effect also takes place. Since the reactance
of C1 is negligible, the a-c component of the sup-
pressor-grid voltage has the same polarity as that
of the screen-grid voltage. An increase in screen
voltage, therefore, causes a corresponding increase
in suppressor voltage, and hence a decrease in
screen current. This is the reason for the negative
slope (negative resistance) apparent in C of figure
61. The transitron oscillates readily up to 15 mec
and has the additional advantage over the dyna-
tron that it does not obtain its negative resistance
by secondary emission, which is relatively unstable
at times.

49. Ultrahigh-Frequency Oscillators

The generation of ultrahigh frequencies (above
300 mc) involves techniques radically different
from those discussed previously. It isnot possible
here to discuss all the factors that reduce the
efficiency and power output and limit'the fre-
quency of operation of conventional electron-tube
oscillators, nor is it feasible to describe the great
number of special tubes and circuits that have
been developed to generate microwave frequencies
efficiently up to 30,000 mc or more. However, the
brief discussion that follows will give some appre-
ciation of the difficulties encountered with con-
ventional frequency tubes and circiuts when used
in uhf application, and a few of the ways that
have been found to overcome these problems.

a. Fregquency limit of conventional oscillators.
To increase the frequency of oscillation of or-
dinary electron-tube oscillators, it is Lecessary to
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decrease the inductance and capacitance of the os-
cillating tank circuit (f=1%x vZC). In the
limit, the external capacitance of the tank circuit
is zero, and the tank circuit inductance shrinks to
a straight conductor, short-circuiting the plate
and grid terminals. The tube itself then becomes
the oscillating circuit with an inductance com-
posed of that inherent in the grid and plate leads,
in parallel with the interelectrode capacitances.
This upper-frequency limit is called the resonant
frequency of the tube. However, even before this
theoretical limiting frequency set by the physical
structure of the tube is reached, it is found that
above a certain high-frequency level the efficiency
and power output begin to fall off rapidly, and
eventually oscillations cease entirely. In addition
to the effect of the inductances and capacitances
associated with the tube electrodes, this drop in
power output is caused by increased radio-fre-
quency losses and the transit time of electrons
between the cathode and plate.

(1) R-f power losses. As the frequency is

raised, the r-f power losses in the oscillat-
ing circuit increase, because of—

(a) Increasing skin effect, resulting in high
a-c resistance.

(5) Greater capacitance charging currents
resulting from the small reactance of
interelectrode and distributed capaci-
tances at ultra-high frequencies.

(0) Dielectric losses in the tube base and
glass envelope.

(@) Energy loss by direct radiation from
the circuit.

(2) Transit time.

(a) The time taken by an electron to pass
from the cathode to the plate of a
vacuum tube is known as the ¢ransit
time. At operating frequencies below
100 mc, the transit time is negligible
compared with the duration of the cy-
cle. Consequently, the output plate
current can be assumed to respond in-
stantaneously to changes in electrode
voltages. Asthe frequency isincreased
above 100 mc, however, the time of
passage of electrons between the cath-
ode and plate becomes appreciable in
respect to the time of a cycle. Con-
sequently, a change in the electrode
voltages no longer affects the plate cur-
rent instantaneously. Changesin plate

current now lag behind changes in grid
voltage, just as in an inductance. In ad-
dition, the normal 180° phase difference
between the plate current and plate
voltage will now be greater than 180°.
For good efficiency in an oscillator, the
plate current must be in phase with
the grid voltage, and 180° out of phase
with the plate voltage. As a result of
the phase shift introduced by the finite
transit time, the power output decreases
and plate dissipation increases. If the
phase shift becomes sufficiently great,
and is not corrected, the tube will not
oscillate at all.

(b) The finite transit time also causes
power to be consumed by the grid of
the tube, even when the grid is biased
negatively and attracts no electrons.
This is because of the interchange of
energy between the signal voltage act-
ing on the grid and the electrons travel-
ing to the plate. The power consumed
in this way, can be expressed in terms
of an equivalent input resistance con-
sidered to be in parallel with the in-
put capacity between the grid and

\ cathode. This equivalent input re-
sistance decreases rapidly as the fre-
quency rises, and practically short-
circuits the grid to the cathode at ultra-
high frequencies. This means that the
driving power required for proper grid
excitation increases as the square of the
frequency. Consequently, proper ex-
citation by the grid voltage is pre-
vented. Oscillations stop when the
amplification of the tube falls to a
value below that required to overcome
the losses in the oscillator tank circuit.
The grid power loes also raises the tem-
perature of the tube, which is another
limitation on the maximum frequency
of oscillation. It has been found in
practice that as a result of phase shift
and grid power loss, the tube stops os-
cillating when the transit time ap-
proaches the time required for a quar-
ter of a cycle at the operating fre-
quency.

b. Barkhausen-Kurz Oscillator. The Bark-

hausen-Kurz oscillator (fig. 62) depends for its
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Figure 62. Barkhausen-Kurz oscillator.

action on the finite electrons transit time at ultra-
high frequencies. The frequency of oscillations
in this circuit is independent of the extrenal cir-
cuit, and depends only on the transit time of the
electrons and the grid voltage on the tube. As
shown in the figure, a triode is utilized with the
grid operated at a high positive potential, and the
plate at a slightly negative potential. It is, there,
fore, also known as a positive-grid oscillator.

(1) To understand the action, assume first

(2)

that the grid and plate potentials are
constant. Electrons emitted from the
cathode are attracted toward the positive
grid. A few strike the grid, but the ma-
jority pass through the spaces between
the grid wires and continue toward the
plate. Since the plate is negative, the
electrons slow down in the space between
the grid and the plate, and finally stop
just short of the plate. The electrons then
are drawn back toward the grid with in-
creasing velocity. Again, a few will be
captured by the grid wires, but the greater
number pass into the grid-cathode space
and slow down upon approaching the
cathode. In this way, electrons oscillate
back and forth about the grid, until they
ultimately strike it by a chance impact.
The frequency of the electron oscillation
is determined primarily by the dimen-
sions of the electrodes and by the grid
voltage.

To obtain continuous oscillation and
draw power from the oscillator, it is nec-
essary to make the electrons vibrate about

(3)

the grid structure in synchronism, and
to sort out or eliminate all of those elec-
trons which do not have the proper phase.
Assume now that there is superimposed
on the d-¢c grid voltage an alternating
voltage having a frequency correspond-
ing to the time taken by an electron to
travel from cathode to plate (transit
time). Consider an electron that leaves
the cathode at the instant when the alter-
nating grid voltage is zero and changing
from positive to negative, so that it sub-
tracts from the d-c voltage. Now, the
acceleration of the electron between cath-
ode and grid is less than with constant
grid voltage as described in (1) above.
Upon passing through the grid, the elec-
tron will be slowed down even more than
with constant grid voltage, since now the
a-c grid voltage has reversed in polarity
(it adds to the positive d-c grid voltage)
and assists in drawing the electron back
to the grid while the plate repels it. The
electron, therefore, does not approach the
plate as closely as with constant grid
voltage. As it starts back toward the
grid, the superimposed a-c voltage again
becomes negative, thus slowing down the
electron on the return trip. As a result,
the electron always works against the su-
perimposed a-c voltage in its round trip
from cathode to plate and back. Because
of the reduction in velocity, the electron
gives up some of its energy to the source
of the alternating grid voltage. It can
be shown that electrons which leave the
cathode at an instant when the a-c grid
voltage becomes more positive gain en-
ergy from the a-c source and are acceler-
ated sufficiently to strike the plate, or else
strike the cathode on their return, thus
being eliminated. Consequently, all elec-
trons which would tend to suppress the
oscillation because of incorrect phase are
removed, and those with the proper phase
oscillate back and forth until their energy
is absorbed by the external resonant
circuit.

The resonant circuit used at ultrahigh
frequencies generally consist of a pair of
parallel wires. Resonance takes place
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when the wires have a length of one-quar-
ter of the wavelength corresponding to
the transit time frequency. The resonant
circuit is a section of transmission line
which is tuned to a quarter-wavelength
by the low reactance of C of the shorting
bar. Because of the nature of the gen-
erating process, the efficiency of the
Barkhausen-Kurz oscillator is low, being
about 2 to 3 perent. Oscillations can be
generated in a range from 30 to over
2,000 me.

o. Klystron Oscillator.

(1) Velocity modulation. The operation of
transit-time tubes, such as the Barkhau-
sen-Kurz and other positive-grid oscilla-
tors, is based on the transfer of energy
from moving electrons to a source of a-c
voltage by the action of the electric field
produced by the a-c voltage. Special
means must be provided to make the
energy delivered to the field of the a-c
voltage exceed the energy taken from the
field, since this is necessary for the tube
to act as an oscillator. In the positive-
grid oscillators, this is done by removing,
from the space within the tube, all elec-
trons that gain energy. This is ineffi-
cient, since the electrons first must gain
energy supplied by an external voltage
source, before they can be removed. More
efficient operation is attained in welocity-
modulated tubes, by making most of the
electrons pass thraugh the electric field
at such times that they deliver energy to
the source of the alternating electric field.
This is accomplished by speeding up the
electrons that would normally pass
through the electric field too late, and
slowing down those electrons that would
normally pass through the field too soon.
In this way, the electrons emitted from
the cathode can be formed into compact
bunches or groups. These bunches then
deliver energy to the electric field on the
grid and to an external resonant circuit.
This principle is called velocity modula-
tion. The klystrons is one type of ve-
locity-modulated tube.

(2) Klystron tube.

(a) At one end of the klystron tube (A of
fig. 63) is an electric gun consisting of a
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Pigure 63. Klystron oscillators.

cathode and an accelerator grid. The
electrons are emitted from the heated
cathode and are attracted toward the
positive accelerator grid. Most of
the electrons pass through the grid
wires to form a beam of electrons, all
traveling at the same speed. The beam
of electrons then is passed through
a pair of closely spaced grids, called
buncher grids, each of which is con-
nected to one side of a tuned circuit.
An alternating voltage exists across the
tank circuit which speeds up or slows
down the electrons, depending on when
they enter the space between the grids.
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(3)

(o)

Electrons that pass through the
buncher grids at the instant when the
a-c voltage is zero leave the buncher
with unchanged velocity. Electrons
that pass through the buncher a little
earlier, when the a-c voltage is negative,
are slowed down. Electrons that pass
through the buncher later, when the a-c
voltage is positive, are speeded up.
This action causes the electrons to
bunch together at some point beyond
the buncher grids. Consequently, the
electron stream consists of bunches of
electrons separated by regions in which
there are few electrons.

These bunches of electrons pass
through a second set of grids, called
the catcher grids, which also are
coupled to a resonant circuit. The
polarity of the a-c field on the catcher
grids. is such that the electrons are
slowed down and thereby give up some
of their kinetic energy to the electric
field, and, consequently, to the tuned

circuit. The spent electrons are re-

moved from the circuit by a positive
collector plate. The bunches pass
through the catcher at the resonant fre-
quency of the tuned circuit (one each
cycle), and so maintain a continuous
alternating current in the tank circuit.
Some of the energy is fed back from
the tuned circuit of the catcher to the
resonant circuit of the buncher in the
proper phase, thus producing self-
sustained oscillations. This type of
klystron can be used also as an ampli-
fier or mixer.

For work at high frequencies, the

(d)

tuned circuits of the buncher and
catcher take the form of hollow metal
chambers, called cavity resonators,
with one of the grids attached to each
side of the cavity (B of fig. 63).
These cavities possess all of the prop-
erties of conventional tank circuits,
but are much more efficient at ultra-
high frequencies. They are so small
at these extremely high frequencies
that the entire cavity can be sealed
within the envelope of the tube or
around the outside of the envelope.
Energy is extracted from or coupled
into the cavities by means of single-
turn coupling loops, placed within the
chambers.

For oscillator use, a simplified type of
klystron which uses the same set of
grids for both bunching and catching
has been developed (C of fig. 63). In
this reflea klystron, a negative repeller
plate is placed beyond the grids. This
serves to repel the electrons that have
been bunched on their first trip through
the grids. The electrons then pass
back through the grids, where energy
is taken from them in the same manner
as in the conventional catcher. The
reflex klystron utilizes a single-cavity
resonator, which is more easily adjusted
than the two-resonator klystron.

d. Magnetrons. The magnetron is a diode elec-
tron tube whose current is influenced by a mag-
netic field. As a uhf generator it can oscillate at
frequencies from 300 to beyond 30,000 mc and
produce peak powers of several thousand kilowatts
or more. Early forms of the tube were of split-
anode type (A of fig. 64), consisting of a cathode
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Figure 64. Magnetron oscillators.



and a cylindrical plate concentric with the cathode,

and split into an even number of segments. (In

A, two segments are shown.) Modern superhigh

frequency magnetrons are of the transit-time type

shown in C. Their construction and operation are
far more complex than in the split-anode type.

(1) In the magnetron, a magnetic field is

placed parallel to the tube axis and is,

therefore, perpendicular to the electric

field between the cathode and plate. A

permanent magnet or an electro-magnet

can be used to provide the magnetic field.

The segments of the plate are kept at some

positive potential with respect to the

cathode. In the absence of a magnetic

field, the electrons travel to the plate in

straight paths. However, as the mag-

netic field is increased, the electron path

becomes more and more curved, and

finally circular. At a certain critical

value of the field strength, the electrons

miss the plate entirely and return to the

cathode in a circular orbit. At higher

values of the magnetic field strength, the

radii of the circular orbits become smaller.

(2) When the plate segments are made part

of a resonant circuit, as in A of Figure

64, and the magnetic field is adjusted so

that the electrons just fail to reach the

plate, uhf oscillations are produced. The

action is somewhat analogous to the posi-

tive-grid oscillator, and depends upon the

transit time of the electrons. An alter-

nating voltage, created by the resonant

circuit, is superimposed on the constant

voltage present on the plate segments.

This causes the plate voltage to vary

about its d-c value. If the period of the

a-c voltage is made equal to the transit

time of an electron for a complete circular

rotation, some electrons will be slowed

down by the alternating field at the plate

and lose enmergy to it; others will be

speeded up, and thus gain energy from the

a-c electric field. The tube can be ad-

justed so that energy is extracted by the

electric field from a majority of electrons

grazing the plates. This energy sustains

powerful oscillations in the associated

resonant circuit. The frequency of os-

cillation is determined primarily by the

the transit time of the electrons. The
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magnetron also can be operated as a nega-
tive-resistance oscillator at frequencies
that are low compared with the transit-
time frequency. In this type of opera-
tion, the frequency can be varied con-
tinuously by changing the constants of
the resonant circuit.

(8) The anode assembly of the superhigh fre-
quency magnetron is a block of copper,
which assists in heat dissipation. The
cathode is a cylinder located at the center
of the structure. Radial slots in the
anode lead out from the cathode region to
circular holes. Each slot and terminating
hole is electrically equivalent to a tuned
circuitt Under proper conditions of
anode voltage and magnetic field strength,
energy is transferred from the swarm of
electrons which moves toward the anode,
and powerful oscillations are sustained
in the resonant circuits. The oscillations
can be coupled to the output by means of
a wire loop placed in one of the circular
holes. A cutaway view of a magnetron
ig shown in figure 65,

50. Summary

a. Every oscillating system has two elements,
inertia and elasticity, capable of storing and re-
leasing energy from one to the other at a natural
frequency determined by the dimensions of the
elements.

b. A continuous or self-oscillator has three main
components—an oscillating system, consisting of
two elements that are capable of storing and re-
leasing energy; a unidirectional source of energy
that can replenish the energy lost in the oscilla-
tor because of internal resistance; and a syn-
chronous mechanism that can release energy from
the source at the proper time during each cycle
to assist the oscillation.

o. Energy in a tank circuit is stored alternately
in the electric field of the capacitor and the mag-
netic field around the coil. The frequency of nat-
ural oscillations in a tank circuit is approximately
f =L ‘Jm

d. An electrical oscillator acts as an energy
converter which changes d-c energy into a-c
energy.

e. Vacuum tubes can be used as efficient oscilla-
tors, because of their ability to amplify. The




Figure 65. Opcrational and cutaway view of typical magnetron.

essential parts of a triode oscillator are an oscilla-
tory tank circuit, containing L and C, to deter-
mine the frequency of oscillation; a source of
energy to replenish losses in the tank circuit; and
a feedback circuit for supplying energy from the
source in the right phase to aid the oscillation.

/. The amplification factor of the tube and the
amount of energy fed back must be sufficient to
overcome all circuit losses. If losses are over-
come completely, the effective circuit resistance
is zero, and oscillations take place. Positive feed-
back, or regeneration, takes place when the volt-
age fed back is in phase with the voltage in the
grid circuit.

g. In the tickler feedback oscillator, positive
feedback occurs because of mutual induction be-
tween the tickler and the tank coils.

h. Grid-leak bias is used in oscillators to make
the oscillator self-starting and to insure stable
operation.

i. The Hartley oscillator is a modified version
-of the tickler feedback circuit, using a tapped coil
rather than two separate coils.

j- In a series-fed oscillator, both the d-c plate
current and the alternating component of the
plate current flow through a common circuit. In
a parallel-fed oscillator, the plate circuit is di-
vided into two parallel branches, one of which
carries the direct current and the other the alter-
nating current (r-f).

k. The Colpitts oscillator is similar to the
Hartley circuit, except that it uses a split capac-

itor in place of the tapped coil. The tank-circuit
capacitors act as a simple voltage divider.

l. The Meissner oscillator is similar to the
Hartley circuit, except that the tank circuit is
floating and is not directly connected to the plate
and grid circuits. The tank coil serves as an in-
ductive coupling or link circuit between the plate-
circuit coil and the grid-circuit coil.

m. The tuned-plate, tuned-grid oscillator uses
a tuned tank circuit in both the grid and the
plate circuits. Feedback in the TPTG oscillator
takes place entirely through the grid-to-plate ca-
pacitance of the tube. Both the grid and plate
tank circuits must be tuned to a frequency slightly
higher than the desired operating frequency.

n. The natural frequency of oscillation is in-
fluenced by all factors which affect the tank-cir-
cuit inductance and capacitance, as well as those
which affect the effective series resistance of the
tank circuit and the a-c plate resistance of the
tube. Some of these factors are changes in tube
characteristics, changes in temperature, vibra-
tion, and changes in load.

o. Large power output from an oscillator and
good frequency stability are mutually incom-
patible.

2- In an electron-coupled oscillator a common
electron stream couples the load to the oscillator
section. This minimizes the effect of the load on
the frequency of oscillation. A single tube
(tetrode or pentode) fulfills the functions of a
triode oscillator and an amplifier.
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g- The control of frequency by means of crys-
tals is based on the piezoelectric effect. Quartz is
the most suitable piezoelectric crystal because it
is cheap, mechanically rugged, chemically inert,
and expands very little with heat.

r. The temperature coefficient of a crystal is
the shift in its resonant frequency, expressed in
cycles per megacycle, for an increase in tempera-
ture of 1° C. X-and Y-cuts have a poor tempera-
ture coefficient, while AT- and BT-cuts have zero
temperature coeflicient at certain temperatures.

8. At its frequency of mechanical resonance, 8
quartz crystal behaves exactly like a tuned cir-
cuit. '

t. The advantages of crystal oscillators are ex-
treme sharpness of resonance curve and high effec-
tive Q, good frequency stability, and their value as
frequency standards because of harmonic output.

u. The limitations of crystal oscillators are fixed
frequency of operation and relatively low power
output because of crystal heating and danger of
fracture.

v. The Pierce crysal oscillator is similar to the
Colpitts circuit, with the crystal replacing the
tank coil, and the tube interelectrode capacitances
substituting for the tank capacitors.

w. The tri-tet oscillator combines the principles
of a triode crystal oscillator with those of elec-
tron-coupled oscillators, and has some of the ad-
vantages of both.

@. The dynatron oscillator uses a tetrode op-
erated with the plate less positive than the screen
and having appreciable secondary emission at the
plate. It makes use of the negative resistance
characteristic of a tetrode to overcome the losses
in the tank circuit, and thereby generates oscilla-
tions,

y. The transitron, or negative-transconductance
oscillator, makes use of the negative resistance ex-
hibited by the screen-current, screen-voltage
characteristic of a pentode, in which the screen is
coupled to the suppressor grid. This negative re-
sistance can sustain oscillations in a tank circuit
inserted in the screen circuit.

s. The frequency of conventional oscillators is
limited by the inductances and capacitances asso-
ciated with the tube electrodes, increased r-f power
losses as the frequency increases, and the transit
time,

aa. The Barkhausen-Kurz oscillator is & posi-
tive-grid oecillator, capable of generating ultra-
high frequencies. The frequency of oscillations
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is independent of the external circuit, and depends
primarily on the transit time of the electrons and
the grid voltage.

ab. The klystron is based on the principle of
velocity modulation, which forms the electrons
emitted by the cathode into compact bunches, cap-
able of delivering energy to the electric field on the
catcher grids. If feedback is provided, uhf os-
cillations can be generated. A reflex klystron
uses the same set of grids for both bunching and
catching in conjunction with a negative repeller
plate which reflects the electrons. Reflex kly-
strons are used as uhf oscillators.

ao. A magnetron is a diode whose plate cur-
rent is influenced by a magnetic field which is at
right angles to the electric field between the plate
and cathode. Powerful microwave oscillations
can be generated by means of this tube.

51. Review Questions

a.- Describe the three main components of a
continuous oscillator, and state what determines
the frequency of oscillations.

b. Explain how energy is stored in a tank circuit.

o. What is the natural frequency of oscillations
in a tank circuit?

d. A radio cabinet rattles strongly when a singer
reaches a certain note. Explain. State similar
cases from your experience.

e. What is the ratio of energy stored to the
energy lost per cycle in a tank circuit, which has
a resistance of 2 ohms, an inductance of 5 uh, and
a capacitance of 500 uuf ¢

/. Explain the flywheel action of a tank.

g- Why is a vacuum tube not an oscillator in
itself?

h. What are the essential parts of a triode os-
cillator? State the conditions for oscillation.

+. Why must the voltage feed back be in phase
with the grid voltage? How is feedback obtained
in the tickler feedback oscillator{

§. The output waveform of an oscillator is dis-
torted badly. What conditions could cause this?

k. Why is grid-leak bias used in most oscilla-
tors?

{. Why is more power obtained from an oscilla-
tor when operated class C1

m. When the electrode voltages are applied to a
power oscillator, the oscillations start out with a
very tiny amplitude and build up to an equilibrium
value. Explain why the oscillations do not con-
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tinue to build up indefinitely. Why is the equi-
librium stable{

n. Explain the operation of a series- and a
parallel-fed oscillator. What are the advantages
of each?

o. In a Colpitts oscillator, the tank coil has an
inductance of 10 ph, tank capacitor C71=700 puf,
and tank capacitor C2=.0021 uf. What is the
frequency of oscillation! What fraction of the
total voltage across the tank is applied across the
grid?

p. What is the function of the floating tank coil
in the Meissner oscillator #

¢. If the grid-tank circuit of a TPTG oscilla-
tor is tuned to a frequency of 1,260 kc and the
plate tank is set to 1,259 ke, will the circuit os-
cillate? Explain. What should be done?

r. Define frequency stability. Why is it desir-
able to have good frequency stability{

8. State four primary causes for frequency in-
. stability and drift. How are these causes affected
in turn by other conditions? What are some of the
methods used to insure frequency stability$

t. What is the effect of overloading an oscilla-
tor?

- u. Explain three ways in which an oscillator can
be coupled to a load.

v. What makes frequency doubling possible
in electron-coupled oscillators

w. Describe various types of piezoelectric crys-
tals and explain why quartz is the most satis-
factory piezoelectric material for general use.

2. Explain the orientation of the X-, Y-, and
AT:- cuts in respect to the crystal axes.

y. What are the factors limiting the highest
frequency that can be generated by a crystal

2. Define temperature coefficient. Calculate the
frequency drift for an X-cut crystal operating at
9 mc, if the temperature increases from 20 to
40° C.

aa. Why are crystal oscillators used in many
commercial and military installations? Describe
some of their advantages and limitations.

ab. Explain the principles on which negative-
resistance oscillators are based. How do the dyna-
tron and the transitron differ?

ac. Explain the factors limiting the highest us-
able frequency of conventional oscillators.

ad. How does a positive-grid oscillator operate
What determines its frequency of oscillation?

ae. What is the principle of velocity modula-
tion?

af. What are two special tubes which are used
as uhf oscillatorst



CHAPTER 4
CONTINUOUS-WAVE TRANSMISSION

52. Transmission of Information by Radio

a. Purpose of Transmitter. The purpose of the
radio transmitter is to produce r-f energy, and
with its associated equipment to radiate a useful
signal. Any of the oscillators described in chapter
3 may be used to generate a steady flow of r-f

energy.

The transmitted high-frequency power is

called the carrier wave, or simply the carrier.

b. Methods of Conveying Information.

(1) Since the carrier by itself does not con-

(2)

vey any intelligence, information to be
transmitted must be added to the carrier.
The process of adding or superimposing
information on the carrier is called mod-
vlation.

Radiotelegraph information can be trans-
mitted by starting and stopping the car-
rier by means of a switch, which is opened
and closed to control the flow of power to
the transmitter. A telegraph key or an
automatic code machine usually is substi-
tuted for the switch. Messages can be
sent by means of short and long pulses
(dots and dashes) which correspond to
letters and numerals of the radiotele-
graph code. When the operator closes
or presses the key down, the carrier wave

DOT SPAGE
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(3)

(4)

is sent out from the antenna. YWhen the
key is raised or opened, the carrier is cut
off. If the operator wishes to send the
letter A in code, he closes the key for a
fraction of a second, opens it for the same
length of time, then closes it again for a
period of time three times the length of
the first. The length of a dash is three
times the length of a dot. Spacing be-
tween dots or dashes within a letter or
numeral is equal to the length of one dot
(fig. 66). Spacing between letters in a
word is equal to three dots or one dash.
This process of transmitting information
in the form of dots and dashes is called
radiotelegraphy.

The human voice or a wide range of
sound frequencies—for example, a sym-
phony orchestra—can be transmitted by
radio. This form of transmission is
called radiotelephony. A sensitive mi-
crophone picks up the sound and converts
the sound waves into audio-frequency
voltages. These voltagesthen are fed to a
modulator which superimposes the audio-
frequency signal on the carrier wave.
Facsimile is the transmission of printed
or written matter, maps, charts, and other
similar data by radio. The printed mat-

DASH
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Figure 66. Dot and dash in radiotelegraph code.



ter is placed on a rotating drum in the
transmitter. Light is reflected from the
light and dark areas on the copy, con-
verted to electrical impulses, amplified,
then transmitted by radio. The facsimile
receiver converts the signal back to its
original form. At the destination, the in-
tensity of a tiny spot of light, controlled
by the received voltages, affects a sensi-
tized paper on a rotating drum in the re-
ceiver. After being treated with a chem-
ical process similar to photographic de-
veloping, the paper becomes a duplicate
or facsimile of the printed matter at the
transmitter. This is not an instantaneous
process. Some equipment requires 20
minutes to reproduce a 12- by 17%,-inch
photograph.

(5) Television is another application of
radio. This is a process of transmitting
and receiving over great distances con-
tinuous, instantaneous pictures of events.
In addition to viewing the action, the ob-
server hears speech and other sounds
occurring at the place of action by means
of a radiotelephony channel adjacent to
the television picture channel.

¢. Need for Carrier Wave. When any alternat-
ing current is passed through a conductor, an
electromagnetic field is radiated. This principle
forms the basis of a transmitting antenna. It
would seem that information could be transmitted
by feeding a signal, from a microphone or other
pickup device, directly into the antenna. This
is .impractical for two reasons—The amount of
electromagnetic energy radiated from an antenna
for a given power input decreases with a decrease
in frequency. The amount of power required for
direct transmission of audio frequencies over rea-
sonable distances is prohibitive. Even if it were
practical to radiate signals at audio frequencies,
all’ stations would interfere with each other so
that only one would be able to transmit at a time.
The use of a radio-frequency carrier wave ex-
cludes the limitations mentioned above. Radio-
frequency carriers can be spaced every 10 kc for
broadcast stations and even closer for c-w (con-
tinuous-wave) and radiotelephone communica-
tion circuits.

d. Radio-Frequency Spectrum.

(1) The assignment of a radio transmitter
to a definite band of the r-f spectrum

(2)

(3

(4)

(5)

(6)

depends on many considerations. To
avoid confusion, international confer-
ences are held from time to time to
assign frequencies for definite applica-
tions. Specific channels or bands are
provided for marine, aeronautical, and
navigational aids, standard broadcast,
amateur radio, military services, inter-
national shortwave broadcasts, and mis-
cellaneous services. Also taken into con-
sideration are the effective transmitting
range for a given transmitting power,
freedom from interference by other serv-
ices, and effects of seasonal changes on
transmitting range and receiving condi-
tions,

Frequencies below 100 ke usually pro-
vide reliable communication for 24 hours
a day without being subjected to inter-
ference by magnetic storms. Many sta-
tions engaging in international commu-
nications operate in this sector of the
spectrum. Extremely large antennas
are required, some of which are several
miles long.

Frequencies between 100 and 500 ke are
allocated to marine communications, air-
craft beacons, and miscellaneous services.
The band is suitable for medium- and
long-range communication. Antennas
are usually large. The size of antennas
decreases as the frequency increases.
American broadcast stations are assigned
frequencies between 550 and 1600 kc.
The transmitting range of stations in this
band varies with the time of day and
usually is limited to a few hundred miles.
Frequencies in this band are assigned to
other services in some foreign countries.
Frequencies between 1600 and 6000 kc
are suitable for reliable short- and
medium-range communication circuits.
World-wide communication is possible
but under rather unpredictable condi-
tions. Military services, amateur, police,
marine, aeronautical, and miscellaneous
services have frequencies in this range.
Communication circuits are fairly reli-
able both day and night.

International shortwave broadcasts,
commercial circuits, the armed forces,
police, marine, and other services use
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frequencies in the 6- to 30-mc range when
long-range communications are desired
for given periods during the day’ or
night. As the frequency increases, the
transmitting range varies sharply dur-
ing different hours.

Frequencies above 30 mc are used widely
for short-range circuits. Variations
with atmospheric conditions and time of
day make long-range contacts between
fixed locations unreliable, Communica-
tion circuits usually are based on line-of-
gight transmission with the range lim-
ited to a few miles beyond the horizon
or the most distant point that can be
seen from the top of the transmitting
antenna. Television, frequency modu-
lation, radar, experimental broadcasts,
the armed forces, point-to-point stations,

10 KC
VLF
VERY-LOW FREQUENCY
30 KC
LF
LOW FREQUENCY
300 KC
MF
MEDIUM FREQUENCY
3 MC
HF
HIGH FREQUENCY
30 MC
VHF
VERY-HIGH FREQUENCY
300 MC
UHF
ULTRAHIGH FREQUENCY
3,000 MC
SHF
SUPERHIGH FREQUENCY
30,000 MC
EHF
EXTREMELY HIGH FREQUENCY
300,000 MC
T™ 665-257

Pigure 67. R-f spectrum.

public utilities, police and fire depart-

ments, and numerous other services oper-

ate in the frequencies above 80 me. The

radio-frequency spectrum between 10 ke

and 30,000 mc together with the classifi-

cation of each band is shown in figure 67.

e. Modulation. When a-f signals are superim-

posed on the r-f carrier, additignal r-f signals are

generated. The additional frequencies are equal

to the sum and difference of the audio frequencies

and the radio frequency involved. For example,

assume that a 1000-kc carrier is modulated by a

1-ke audio tone. Two new radio frequencies are

developed, one at 1001 ke¢ (the sum of 1000 and 1

kc) and the other at 999 kc (the difference between

1000 and 1 ke). If a complex audio signal is

used instead of a single tone, two new frequencies

will be set up for each of the audio frequencies

involved. The new frequencies are called side-
band frequencies.

53. Classification of Emissions

a. Radio-wave emissions have been classified by
international agreement depending on the type
of modulation used. The ITRC (International
Telecommunication and Radio Conference) which
met in Cairo in 1938 devised the following classi-
fication for amplitude-modulated continuous (un-
damped) waves:

Designator Type of emission
AO.______.. Waves the successive oscillations of whiet
are identical under fixed conditions.
Al _______. Telegraphy on pure continuous waves. A

continuous wave that is keyed according
to a telegraph code.

A2..__..... Modulated telegraphy. A carrier wave mod-
ulated at one or more audible frequencies,
the audible frequencies or their combina-

"tion with the carrier wave being keyed
according to a telegraph code.

A3 . _..... Telephony. Waves resulting from the mod-
ulation of a carrier wave by frequencies
corresponding to the voice to music or to
other sounds.

Ad ________ Facsimile. Waves resulting from the mod-
ulation of a carrier wave by frequencies
produced by the scanning of a fixed image
with & view to its reproduction in a
permanent form.

AS. oo Television. Waves resulting from the mod-
ulation of a carrier wave by frequencies
produced at the time of the scanning of
fixed or moving objects.

(
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b. The foregoing classification of emissions is
still widely used, but is inadequate since there is
no provision for systems such as frequency modu-
lation, pulse-time modulation, frequency-shift
keying and multiplexing. The International Tele-
communication and Radio Conference which met
at Atlantic City, New Jersey, in 1947 adopted a
new system which was more comprehensive and
overcame the deficiencies of the previously adopted
system. This system classifies emissions accord-
ing to type of modulation, type of transmission,
supplementary characteristics, and bandwidth as
follows:

Types of modulation Bymbdol
Amplitude A
Frequency (or phase) F
Pulse. P

Types of transmission
Absence of any modulation intended to carry infor-

mation 0
Telegraphy without the use of modulating audio
frequency. 1

Telegraphy by the keying of a modulating audio
frequency or audio frequencies or by keying of the
modulated emission 2

Telephony 8

4
5

Facsimile

Television —

Composite transmissions and cases not covered by
the foregoing_ 9

Supplementary characteristics

Double side band, full carrier.
Single side band, reduced carrier_______________ a
Two independent side bands, reduced carrier—____ b
Other emissions, reduced carrier— . _ c
Pulse, amplitude-modulated d
e

b4

Pulse, width-modulated
Pulse, phase- or position-modulated
Bandwidth

Bandwidth is indicated by a prefix giving the band-
width in kilocycles.

o. Following are typical examples of the new
ITRC designators:

Designator
0.1 Al

Type of emission
Telegraphy; 25 words per minute, Inter-
national Morse Code, carrier modulated
by keying only.

3 A3a Amplitude-modulated telephony; 3,000 c/s
maximum modulation, single-side band,
reduced carrier.

46 F3 Frequency-modulated telephony; 3,000 o/s

modulation frequency, 20 000 ¢/s deviation.

54. Simple Electron-Tube Transmitter

a. A simple one-tube c-w transmitter can be made
by coupling the output of an oscillator directly to

an antenna (fig. 68). The primary purpose of an
oscillator is to develop an r-f voltage which has a
constant frequency and is immune to outside fac-
tors which may cause its frequency to shift. The
output of this simple transmitter is controlled by
connecting a telegraph key at point K in series
with the B-voltage supply. Since the plate supply
is interrupted when the key is open, the circuit
oscillates only as long as the key is closed. Al-
though the transmitter illustrated uses a Colpitts
oscillator, any of the oscillators previously de-

scribed can be used.
el

T™ 6685-268
Figure 68. Simple electron-tube transmitter.

b. Capacitors €2 and €3 may be ganged to-
gether to simplify tuning. Capacitor C1 is used
to tune (resonate) the antenna to the transmitter
frequency. O, isthe effective capacitance existing
between the antenna and ground. ' This antenna-
to-ground capacitance is in parallel with the tun-
ing capacitors, C2 and 3. Since the antenna has
capacitance, any change in its length or position,
such as that caused by swaying, changes the value
of O, and causes the oscillator to change frequency.

55. Multitube Transmitters

a. General.

(1) The simple one-tube transmitted shown
above rarely is used in practical equip-
ment. Most transmitters use a number
of tubes or stages. The number of tubes
or stages that are used depends on the
frequency, power, and application of the
equipment. In this chapter, c-w trans-
mitters in the following categories are
discussed: master-oscillator power-am-
plifier (mopa) transmitters, multistage
high-power transmitters, and high-fre-
quency and very-high frequency trans-
mitters.
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The mopa is an oscillator and a power
amplifier. Inorder toincrease power and
raise the frequency, it is necessary to use
additional power-amplifying stages and
frequency-multiplying stages. The main
difference between many low- and high-
power transmitters is in the number of
power-amplifying stages that are used.
Similarly, the main difference between
many low-frequency and high-frequency.
transmitters is in the number of fre-
quency-multiplying stages used.

b. Master-Oscillator Power Amplifier (fig. 69).

(1)

. POWER
SUPPLY

For a transmitter to be stable, its oscil-
lator must not be loaded down, which
means that its antenna must not be con-

R-F ANTENNA

—

u 0SCILLATOR AMPLIFIER | SYSTEM
KEY -
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Figure 69. Block diagram of master-oscillator power-
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amplifler transmitter.

nected directly to the oscillatory circuit.
To obtain good frequency stability, there-
fore, it is necessary to send the r-f oscil-
lations through another circuit before
they are fed into the antenna. This addi-
tional circuit is an r-f power amplifier.
Its purpose is to raise the level of r-f os-
cillations of the oscillator to the required
output power level. Any transmitter con-
sisting of an oscillator and a single am-
plifier stage is called a master-oscillator
power-amplifier transmitter. Not shown
in the block diagram is a special network,
called interstage coupling, which consists
of a combination of inductance, capaci-
tance, and, sometimes, resistance, which
is used to effect efficient transfer of en-
ergy from the oscillator to the power am-
plifier.

Most mopa transmitters have only one
tube in the power-amplifier stage. How-
ever, the oscillator may not produce suffi-
cient power to drive a power-amplifier
tube large enough to deliver the required
power output to the antenna. In such

cases, the power-amplifier stages often
are designed to use two or more tubes
which can be driven by the oscillator.
Two or more tubes can be connected in
in parallel (with similar elements of each
tube connected), or in push-pull. In a
push-pull amplifier, the grids are fed
equal r-f voltages 180° out of phase.

(3) One advantage of a mopa transmitter is
that the power-amplifier stage isolates
the oscillator from the antenna and pre-
vents changes in antenna-to-ground ca-
pacitance from affecting the frequency.
A further advantage is that the r-f power
amplifier is operated so that a small
change in the voltage applied to its grid
circuit will produce a large change in the
power developed in its plate circuit.

(4) R-f power amplifiers require that a spec-
ified amount of power be fed into the
grid circuit in order that the tube can
deliver a given power output. Since
there are limits to the amount of power
that can be supplied by a stable oscillator,
there is a corresponding limit to the
amount of power that can be developed
by a mopa transmitter. This is one of
the disadvantages of the mopa transmit-
ter. A further disadvantage is that it
often is impractical for use at very-high
and ultrahigh frequencies. The reason
for this is that the stability of self-excited
oscillators decreases rapidly as the op-
erating frequency increases. Circuit
tuning capacitances are small at high fre-
quencies so that stray capacitances have
a greater effect on the over-all frequency.
Crystal-controlled oscillators are not suit-
able for use at very-high frequencies be-
cause such crystals are too thin and
fragile to be practical.

c. Multistage High-Power Transmitters. The
power amplifier of a high-power transmitter may
require far more driving power than can be sup-
plied by an oscillator. One or more low-power
intermediate amplifiers may be inserted between
the oscillator and the final power amplifier which
feeds the antenna. In some types of equipment, a
voltage amplifier, called a duffer, is used between
the oscillator and the first intermediate amplifier.
The ideal buffer is operated class A and, therefore,
is biased sufficiently negative to prevent grid cur-




rent flow during the excitation cycle. Therefore,
it does not require driving power from the oscil-
lator and thus does not load down the oscillator.
Its purpose is to isolate the oscillator from the fol-
lowing stages and to minimize changes in oscilla-
tor frequency that occur with changes in loading.
A buffer is essential when keying takes place in
an intermediate amplifier or final amplifier op-

erating at comparatively high power.

In the

block diagrams of several medium-frequency

transmitters in figure 70, the input and output

powers are given for each stage. It is shown that

the power output rating of a transmitter can be in-

creased by adding amplifier tubes capable of de-

livering the power required.

d. High-Frequency and VHF Transmitters.

(1) Oscillators are too unstable for direct

frequency control in very-high frequency
and ultrahigh-frequency transmitters.
Therefore, these transmitters have oscil-
lators operating at comparatively low fre-
quencies, sometimes as low as one-hun-

2

dredth of the output frequency. The oe-
cillator frequency is raised to the re-
quired output frequency by passing it
through one or more frequency multi-
pliers. Frequency multipliers are spe-
cial r-f power amplifiers which multiply
the input frequency. In practice, the
multiplication factor is seldom larger
than five in any one stage. The block
diagram of a typical vhf transmitter de-
signed for continuous tuning between
256 and 288 mc is shown in figure 71.
The gtages which multiply the frequency
by two are doublers; those which multi-
ply by four are quadruplers.

The oscillator is tunable from 4 to 4.5
me. The multiplier stages increase the
frequency by a factor of 64 by multiply-
ing successively by four, four, two, and
two. In high-power high-frequency
transmitters, one or more intermediate
amplifiers may be used between the last

|
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Pigure 70. Block diagram of several medium-frequency transmitters.
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Figure 71. Block diagram of vhf iransmitter.

frequency multiplier and the power am-
plifier. Interstage coupling networks
are used between all stages within a
transmitter having more than one stage.

56. Amplifiers for Radio Frequencies

a. Classes of Power Amplifiers. R-f amplifiers
are divided into three classes which may be identi-
fied by the conditions under which each operates.
The classifications are class A, class B, and class
C. The choice of a specific type of operation is
based on the circuit application. Class A opera-
tion is used for voltage amplifiers in r-f buffer
stages and in audio amplifiers. Class B ampli-
fiers sometimes are used in intermediate power am-
plifier applications and also for final power am-
plifiers when low level modulation is utilized.
Class C amplifiers find widest application as fre-
quency multipliers, intermediate amplifiers, and
final power amplifiers.

b. Class A Amplifier. A-class A amplifier is
one in which the waveshape of the output voltage
isthe same as that of the signal applied to the grid
of the tube. The only difference between the in-
put and output signals is in the relative ampli-
tudes. The operating bias is such that plate cur-
rent flows for the entire excitation cycle. Since
the grid is not driven positive, little or no grid
current flows. Consequently, negligible driving
power is required. The place circuit efficiency of
the class A amplifier is approximately 25 percent.

o. Class C Power Amplifier.

(1) Class C power amplifiers are operated
with grid bias two to three times greater
than that required to cause plate-cur-
rent cut-off. The signal applied to the
grid must be large enough to overcome
the'bias and produce pulses of current in
the plate circuit. The efficiency of the

@

circuit increases as the duration of the
plate-current flow is decreased. By mak-
ing the plate-current pulse sufficiently
short, circuit efficiency can be made to ap-
proach 100 percent. However, shorten-
ing the duration of plate-current flow
also can reduce the input power and,
consequently, the output power, even
though the output is obtained at high
efficiency. Therefore, as a compromise
between power output and efficiency, class
C amplifiers usually are operated so that
the plate current flows for about 120° to
170° of the cycle. Under these condi-
tions, the circuit efficiency is between 60
and 80 percent.

When the plate-current pulse occurs, it
stores energy in the plate tank circuit. As
soon as the high grid bias cuts off the
plate current, an oscillation starts in the
tank circuit. The tank circuit may be
considered shock-excited by the pulses
of current and oscillating at its natural
frequency between pulses. The effect of
storing energy in the tank circuit is simi-
lar to the action of the flywheel on a
single cylinder gasoline engine. When
the gasoline is fired, the piston moves
down and stores enough energy in the
heavy flywheel to keep the engine turn-
ing over until the gasoline is fired on the
next cycle. In amplifier circuits, the
tuned-plate tank circuit corresponds to
the flywheel. Thisaction is called the fly-
wheel effect. In addition to the funda-
mental, or input, frequency, many higher
order harmeonics are present in the pulses
of current applied to the tank circuit.
However, the action of the tuned tank
attenuates the undesired harmonic com-




ponents and restores the sinusoidal wave-
form to the voltage output.

(8) For maximum output, a specified amount
of driving power or excitation must be
applied to the grid of a class C amplifier.

Because of losses in the driver plate cir- -

cuit and in the interstage coupling net-
work, the driver stage must be capable
of delivering considerably more power
than required to drive the amplifier.
Therefore, if a class C amplifier requires
20 watts of drive (driving power) the
driver stage must deliver about 85 to 40
watts.

(4) A class C amplifier sometimes is operated
as a push-pull stage. The grids of the
push-pull stage are fed 180° out of phase.
The signal voltage is positive on the grid
of one tube at the instant that it is nega-
tive on the grid of the other. The plate
tank circuit is triggered into oscillation
by the plate-current pulse from the tube
having the pogitive.grid. The other tube
in the push-pull circuit does not conduct
at this time because the excitation voltage
has driven its grid even more negative.
‘When the signal voltage reverses, the first
tube is cut off and the second tube de-
livers its pulse to the plate tank circuit.
Therefore, the push-pull tank circuit re-
ceives a pulse during each half cycle of
the excitation voltage. A push-pull cir-
cuit is used in r-f power output applica-
tions to develop a balanced voltage output
waveform and to effect an increase in
power output. Tubes connected in push-
pull reduce the generation of the undesir-
able second harmonic frequency.

d. Class B Amplifiers. The essential difference
between class B and class C amplifiers is in the
value of the d-c bias voltage. In a class B ampli-
fier, the grid bias is approximately equal to the
cut-off value, so that the plate current is near zero
when no excitation is applied.  Plate current flows
during the positive half of the input cycle. By
careful adjustment of the driving power, the class
B amplifier develops a plate-current pulse that is a
replica of the positive half cycle of the input
signal. The flywheel effect of the tank circuit de-
velops a sine wave in the plate tank circuit that is
an image of the input signal. The efficiency of a
class B amplifier is not over 40 to 45 percent. The

final power amplifier is operated as a class B ampli-
fier when low level modulation is used.

57. Interstage Coupling Systems

a. Neoessity for Interstage Coupling. Interstage
coupling circuits are necessary to insure that the
required amount of r-f energy is transferred from
one electron tube stage to another. For maximum
efficiency, the energy must be transferred with a
minimum amount of power loss and & minimum
amount of loading on the oscillator or driver stage.
The interstage coupling system should also pro-
vide a minimum of stray coupling between stages.
This stray coupling can be either electrostatic or
electromagnetic. In a transmitter, the types of
commonly used interstage coupling circuits are
capacitive, impedance, and inductive (trans-
former).

b. Capacitive Coupling.

(1) A series fed plate and parallel fed grid
circuit is shown in A of figure 72. The
d-c supply for the plate V1 is in
series with the tank coil and the d-c (bias)
supply for the grid of V2 is in parallel
with the tank coil. In the parallel fed
plate and series fed grid circuit shown in
B, the plate supply of V1 is in parallel
with the tank circuit, which is in series
wi%x the d-c supply for the following
grid.

(2) These circuits operate in a similar man-
ner. The voltage developed across tank
coil L1 divides across capacitors 01 and
C2 in proportion to their reactances. The
larger voltage is developed across the
smaller capacitance. The voltage devel-
oped across 2 is applied to the grid of
V2. The amount of excitation (r-f grid
voltage) applied to ¥2 can be increased
by decreasing the value of (2. Since the
tank circuit is tuned by €1 and 02 in
series, any change in the value of €2 must
be counteracted by changing the value
of 31 in the opposite direction. In each
case, the r-f choke RFC provides a load
for the signal.

(8) An advantage of this type of coupling is
that it is possible to provide a continuous
variation in the load. Furthermore, it
makes it possible to vary the grid excita-
tion voltage over a wide range. A dis-
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Figure 72. Capacitive coupling cirowits.

advantage is that the tuning range is
limited.

o. Impedance Coupling.

(1)

(2)

(3

In the circuits shown in figure 73 as ex-
amples of impedance coupling, tank coil
L is tapped so that the voltage applied
to the grid of V2 can be varied. Capaci-
tor co feeds r-f voltage to the grid of V2
while preventing the passage of d-c. Be-
cause of the use of the coupling capaci-
tor, this arrangement is sometimes re-
ferred to as capacitive coupling and the
circuits shown can be called mutual ca-
pacitance couplings.

In A of figure 78, the plate circuit of V1
is series fed whereas the grid circuit of V2
is shunt fed. In B, the plate circuit of
V1 is shunt fed and the grid circuit of
V2 is series fed.

In another type of impedance coupling
(fig. 74), untuned impedances (radio-fre-
quency chokes) are used. The advan-
tages of this circuit arrangement are low
cost and minimum space requirements.
A disadvantage is that the absence of a
tuned circuit between stages makes it pos-

sible for the driver to feed unwanted
harmonic frequencies into the amplifier
where they are amplified along with the
fundamental. Although the harmonic
may be considerably weaker than the de-
sired signal, it can be strong enough to
cause serious interference to other sta-
tions. Furthermore, the indiscriminate
use of r-f chokes or tapped coils can cause
low-frequency parasitic oscillations at a
frequency different from the frequency
the stage is designed to pass.

d. Inductive Ooupling (fig. 75).

(1)

2

In these examples of inductive or trans-
former-coupling circuits, Z1 and L2 are
close together and wound in such a way
that the lines of force from L1 cut the
turns of L2 and induce a voltage in it.
In the series fed circuit, in A, and the
parallel fed circuit, in B, L1 and Z2 are
tuned to resonance by capacitors €1 and
C2 respectively.

Coupling between L1 and L2 can be
varied by changing the spacing between
them or by changing the angle of one coil
in respect to the other. In some applica-
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Figure 73. Impedanoe-coupling circuits.

tions, the procedure is to wind the coils
so that one turn of L2 is sandwiched be-
tween two turns of L1. In other circuits,
L2 is insulated wire passed through the
center of hollow copper tubing which is
used for L1. In figure 76, the coils are
wound in a unity-coupled r-f trans-
former. This method of interstage cou-
pling rarely is used in military trans-
mitters because of the mechanical diffi-
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culties encountered in adjusting the cou-
pling to provide the proper excitation for
the driven amplifier.

e. Link Coupling (fig.77).

(1) Link coupling is a special form of induc-
tive coupling. It requires the use of two
tuned circuits, one in the plate circuit of
the driver tube and the other in the grid
circuit of the amplifier. A low imped-
ance r-f transmission line having a coil of
one or two turns at each end is used to
couple the plate and grid tank circuits.
The coupling links or loops are coupled
to each tuned circuit at its cold end (point
of zero r-f potential). Circuits which are
cold near one end are called unbalanced
circuits. Link coupling systems nor-
mally are used where the two stages to be
coupled are separated by a considerable
distance. One side of the link is
grounded in cases where harmonic elimi-
nation is important or where capacitive
coupling between stages must be elimi-
nated.

87
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(2) Some types of transmitter circuits require TO GRID
the use of a balanced circuit. This is one g > ‘
in which the d-c voltage is fed to the cen-
ter of the tuned coil and equal r-f voltages  TO PLATE
are developed at the ends. In this way,
neither end of the circuit is at r-f ground
potential. Figure 78 shows how an un-
balanced circuit is link-coupled to a bal-
anced circuit.

(8) Link coupling is a very versatile inter- 710 B+
stage coupling system. It is used in
transmitters when the equipment is suffi-

. . . * T0 C~-
ciently large to permit the coupled coils to
be so positioned that there is no stray T™ ee5-206
capacitive coupling between them. Link Figure 76. Unity-coupled r-f transformer.
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Pigure 177. Link coupling. ‘
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Figure 78. Balanoed Wnk coupling.

circuits are designed to have low imped-
ance so that r-f power losses are low.
Coupling between the links and their as-
sociated tuned circuits can be varied
without complex mechanical problems.
These adjustments provide a means of
obtaining very low coupling between
stages. The elimination of stray capaci-
tive coupling makes neutralization easier
and provides for reduction of harmonic
transfer between stages.

58. Tuned Circuits Used for Coupling

a. Need for Tumed Circuits. The maximum
amount of r-f energy is transferred from one stage
to another when the interstage coupling system
includes a tuned circuit which accepts r-f oscil-
lations at the desired frequency and rejects r-f at
all other frequencies. When a circuit accepts the
desired frequency it is said to be tuned to res-
onance, and it is resonated by adjusting the capac-
itor or inductor.

b. Types of Tuned COircuits.

(1) There are two types of resonant circuits.
The parallel tuned circuit has a high im-
pedance at the resonant frequenoy, the
line current is low, but the circulating
tank current ishigh. The impedance of a
series resonant circuit is minimum and
equal to the circuit resistance at the reso-
nant frequency. The reactance across the
inductor and capacitor, individually,
however, is large. Therefore the volt-
age developed across a reactance is higher
than that developed across the entire cir-
cuit. The voltage drops across the react-

2

ances are found from the formulas
X,
R

E0=Ex%9

where £, and E, are the voltage drops
across the inductor and capacitor, re-
spectively, R is the circuit resistance, and
E is the voltage delivered by the genera-
tor. Assume that the resistance of the
inductor is 10 ohms, and that its reactance
is 500 ohms at the resonant frequency.
The generator develops 5 volts across the
circuit resistance, Z. The voltage across
L ig E times X/R, or 5 times 500/10,
which equals 250 volts. Therefore, a
series resonant circuit can be used to pro-
duce a voltage step-up.

Sometimes it is difficult to determine
whether a tuned circuit is a series or a
parallel arrangement without a careful
examination of the circuit. At first
glance, tuned circuits Nos. 1 and 2 in
figure 79 both appear to be parallel res-
onant. Circuit No. 1 is parallel reso-
nant because it receives its voltage from
the plate of the tube to which it is con-
nected. Circuit No. 2, however, is series-
resonant because of the method of ap-
plying the voltage to the circuit.
Instead, the voltage is induced in L2
(the secondary of the r-f transformer)
and is considered to be developed in
series with the capacitor and inductor.
In this transformer-coupled circuit, the
maximum voltage is developed across

Er=EX



L1 at resonance because of the high im-
pedance of circuit No. 1. The voltage in
L1 induces a voltage in the secondary of
the transformer. Since L2 is in a seriee-
resonant circuit, the voltage on the grid
of the tube will be greater than the in-
duced voltage by the ratio of the re-
actance to the circuit resistance.

NO.1 NO.2

Lt Le

P

™ 668-209
Mgure 79. Transformer-coupled stages.

o. Tuning Procedure.

(1) Amplifier and oscillator circuits are
tuned to the desired frequency by select-
ing the proper values of inductance and
capacitance. The resonant frequency is
continuously varied over a wide range by
using a variable capacitor, a variable in-
ductor, or a combination of both.

Most tunable circuits are adjusted by
using a variable capacitor in parallel or
series with a suitable inductor. In mod-
ern transmitter and receiver circuits, it
often is desirable to tune two or more
circuits simultaneously. This usually is
accomplished by using a capacitor hav-
ing all rotorplate sections on a common
shaft and the statorplate sections at the
proper places along the stator frame.

2)

(3)

(4)

Each statorplate section is insulated
from the others and from the frame.
Such a capacitor is called a ganged ca-
pacitor and all circuits tuned by such a
unit are said to be ganged.

Some circuits are designed to be adjusted
to one of a number of preset frequencies.
Figure 80 shows an electron-coupled os-
cillator which is tuned to the desired
frequencies by operating a switch. This
circuit is adjusted to the highest desired
frequency by adjusting €1 with the
selector switch set in position 1. Lower
frequencies are selected by rotating the
selector switch to positions 2, 8, and 4.
In positions above 1, a small variable ca-
pacitor is connected in parallel with C1.
This increases the circuit capacitance and
lowers the frequency.

In some circuits, it is desirable for reasons
of simplicity or design considerations to
tune a circuit by varying the inductance
rather than the capacitance. The most
common method of varying inductance is
to vary the position of a brass or
powdered iron slug within the core of
the coil (fig. 81). This method of tun-
ing is called slug tuning. When a current
is passed through the winding of an air
core coil, there is a certain number of lines
of magnetic force for each square inch
of core area. If a core of magnetic ma-
terial, powdered iron for example, is in-
serted in the coil, the number of magnetic
lines of force will increase within the
core considerably. This causes the ef-
fective inductance of the coil to increase.
The increase varies directly as the perme-
ability of the core. An increase in in-
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Figure 80. Blectron-coupled oscillator with preset [requencies.
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Pigure 81. Slug-tuned coil.

ductance causes a decrease in the fre-
quency of the tuned circuit.

(8) If the tuning slug is made of brass or

other conductor, the opposite effect is ob-
tained. Inserting the slug into the coil
decreases the number of magnetic lines
per given area and causes a decrease in
the effective inductance. By mechanical
means, the slug can be moved in and out

™ ¢63-272

of the coil form to produce the desired Figure 82. Methods of short-cirowiting turna of on
change in resonant frequency. inductor.

(6) Still another method of varying the in-
ductance of a coil, often used when qne  59. Neutralization in R-f Amplifiers
.°°i‘:}:’s:td for ‘.‘t"° or m"f’:}f":““g T8 a Need for Neutralization.
18 ortcircuil some of the turns. 1118 (1) In the fundamental r-f amplifier shown

may be accomplished by a switch con-
nected to taps on the turns (A of fig. 82).
Short-circuiting turns of a coil reduces
the effective number of turns and de-
creases the inductance. For continuous
variation of inductance, the coil may be
wound in a single layer. A small roller
is positioned so that it rides trolley
fashion along the turns and effectively
short circuits all turns between the roller
and one end of the coil (B of fig. 82).

in figure 83 the input signal is applied to
the grid circuit and the power output is
taken from the tuned plate circuit. Both
input and output circuits are tuned to
the signal frequency. This basic ampli-
fier circuit resembles the tuned-plate
tuned-grid oscillator. Therefore, the
amplifier itself can function as an oscil-
lator. The amplifier oscillates because
of the feedback of energy from plate to
grid through the plate-to-grid interelec-

N



(1) Plate neutralisation (fig. 84). Plate, or
) Hazeltine neutralization results when the

degenerative feedback is obtained by
G means of a tapped plate coil. The cir-
cuits shown in A and B are suitable for
use in c-w transmitters operating below

approximately 6 mc. Above this fre-
f_r.) quency, minor unbalances in the induc-

tive portion of the circuit may cause
8- B+ regeneration and the amplifier may be

T™ ses-273 unstable. For amplifiers at higher fre-
Figure 83. Triode rf amplifier.

trode capacitance of the tube. This j Fe
causes an unstable operating condition,

distortion, spurious radiations, and in- ;D
terference to nearby radio receivers. Os- | ”, -

cillation within the amplifier can be pre- .
vented by feeding back to the grid, Cn _I_
through an external circuit, a voltage D——l =
which is at all times equal but opposite in

phase to the voltage fed back to the grid =il = e+

through the plate-to-grid capacitance. BIAS BATTERY A

The voltage through the tube is canceled
out by the voltage fed back through the

external circuit. Since the feedback vol-
tage through the tube is canceled, oscil- \
lation cannot take place. This process -

of preventing self-oscillation is called
neutralization.

(2) Neutralizdtion is necessary in triode am-
plifiers operating at approximately 500
ke or higher. Neutralization seldom is
necessary in an amplifier using pentodes
or beam power tubes which have a very
small plate-to-grid capaeitance. Trans-
mitting-type tetrodes and pentodes are
designed to operate without neutraliza- s+ B
tion when simplicity is important.

b. Neutralisation Systems. There are several
well-known neutralization systems. Two of ct
these, the plate or Hazeltine neutralization sys- =-
tem, and the grid or Rice system, have the advan- =

tage or being useful over a wide frequency range.
Radio-frequency amplifiers having a single tube Cn

or group of parallel tubes may use either a bal- - RFC
anced tuned-plate or a balanced tuned-grid cir-
cuit to supply the feedback voltage in proper phase = Il T =

to prevent oscillation. Circuits in which out-of- BIAS BATTERY
phase voltages are fed back to the grid are degen- s+ C

erative and tend to decrease any change in voltages ™ ces-2%0 ‘
applied to the grid. PFigure 84. Plate neutralisation.

RFC




' quencies, the circuit in C, having a split
stator capacitor, is used. This makes the
circuit balanced and the division of volt-
age independent of mutual coupling be-
tween the halves of the coil. If the
neutralization adjustment is made at the
highest frequency, it will be sufficiently
close to provide satisfactory operation at
lower frequencies.

(2) Grid neutralisation (fig. 85). In the
grid, or Rice neutralization system, the
tapped coil is in the grid circuit. A volt-
age is fed back through neutralizing ca-

c- ™ ¢68-278
Pigure 85. Grid neutralisation.

pacitor Cy to the lower end of the tapped
grid coil. The polarity of this voltage
is reversed at the grid end of thiscoil. As
a result, the feedback voltage is 180° out
of phase with the voltage applied to the
grid through the plate-to-grid capaci-
tance. When the neutralizing capacitor
is adjusted properly, the degenerative
feedback through Cy just balancee the
voltage that is fed back through the tube,
and proper neutralization occurs.

(8) Relative merits. Plate neutralization has
an advantage over grid neutralization in
that one-half as much grid drive is re-
quired, but also the disadvantage that the
plate tank capacitor must be rated at
twice the B-plus voltage. Conversely,
grid neutralization is advantageous be-
cause the tank capacitor may be rated at
the value of the B-plus voltage, and dis-

. advantageous because twice as much grid

’. drive is required as compared with the

. as em e ae s =

plate system.

il —g

w”
Al

Cn T™™ 668-276
Figure 86. Oross mnewiralization.

(4) Croes neutralization (fig. 86). This type

of neutralization is used in push-pull cir-
cuits. The- plate voltage of tube A is
normally 180° out of phase with the plate
voltage of tube B. Therefore, the neu-
tralization can be accomplished quite
simply. A portion of the output voltage
of tube A is applied through a neutraliz-
ing capacitor to the grid of tube B. A
portion of the output voltage of tube B
is applied through a second neutralizing
capacitor to the grid of tube A. When
the neutralizing capacitors are adjusted
properly, correct neutralization occurs.

(8) Link neutralization (fig. 87). This sys-

tem sometimes is used to stabilize pentode
and tetrode amplifiers which are on the
verge of oscillation because of insufficient
shielding between grid and plate circuits
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