





ELECTRONIC CIRCUITS NAYSHIP S
When the plate current reaches saturation, @ steady
{unchanging) magnetic field is produced about tickler coil
L2, and, as o result, a voltage is no longer induced in
inductance L1, 'With no induced voltage present, capacitor
(1 beqins to discharge through inductance L1, and capaci-
itor <% begins to discharge through resistar Rl (and L1
The positive voltage on the arid of V1 decreases as cap-
itor 1 discharges through inductance L1, me this
decrease in the qrid voltage causes the plate current to de-
crease pelow the saturation value. The decrease in plote
current through tickler coil L2 causes the megnetic field
about the tickler coil to decrease and start to collapse, and
i i ge 1o be induced in
colarity of the induced volt-
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the magnetic field about tickler coil Lé was expanding,
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Hence, the induced voligue causes ihe gild 2f V1o be
driven negat:ve with [ec o0t o the ocothode, and the o
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abet tickler cail 12 to onllapse comoletely. As this
occurs, the grid of V1 becomes increasingly negative until
a value is reached which prevents any further dectrease in
plate current {point b on wavetorms). (The veltege induced
in Li during this time aiso aids the dischu e 21 CL)
At this ipstant, capacitor C2 sterts 1o dischaige
o tesictor BE {ond L1), decrensing sligntly the
ative pusential existing between the grid and cathode
of V1. Also, capacitor C1 discharges wnrough inductance
11, producing an expanding magnetic field cbout induc-
tance L1; when capacitor C1 is completely discharged,
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qiso arives the grid of V1 in o positive cire won. As
qrid of V1 hecomes vositive with respect to the sathode,
nlate current begins to flow through tickier coil L2, The
magrelic fisid produced aocut uckler coli L. again increas-
es and induces g voltage in inductance L1, which drives
the grid still further into the positive condition. Grid cur-
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nt again flows through the interal rathode-tn=grid resis-
tance of the tube to prodiuce o negative charge on capacitor
{02, Plate curtent again sises © maximum, 5t which time
e furthor inmrenea in ninte current can take clace (point
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Momentarily, when the signal is less positive, grid current
ceases to flow, and capacitor C2 discharges slowly through
grid-leck resistor R1. Since the volue of Rl is large, only
a small amount of charge is lost by capacitor C2 before
the siqnal aqain is sufficiently positive to cause the qrid
tc again draw current. As a result of this gutomatic
charge-discharge action, an average value of neqgative bias,
approximately the value to which capacitor C2 1s being
cherged, is developed across R, between the grid and
cathode. Whenever the signal amplitude tends to increase,
additienal grid current ‘lows through the internai cathode-
to-grid resistance of the tube, and, therefore, capacitor C2
is charged to a higher value. Censequently, the bias voltage
alsc increases, and the resulting effect is to decrease the
gmin of the tthe. As the anin of the tube decreases, the
output-signal level aiso decreases and feturns Lo
approximately its criging! omplitude, Similarly, when the
signal emplitude tends 1o decrease, there is a decregse 1n
bics valtage and an accesmpanying increase in the goin of
the tube. As the quin of the tube increcses, the output-
signal level also increases and returns to its original
amplitude. Thus, through the regulating action of qrid-
leak bias, the circuit operation is stabilized, and the
amplitude of the output is held essentially constant.

The oscillator output frequency is determined primarily
by the values of inductance L1 and capacitance Cl

- 1
o resonence {fo = m“w)' although interelectrode

capacitances of the electron tube and distributed capaci-
-anmes and inductances of the circult aiso have an effect
upon the cscillator frequency. In most circuits d variable
capaciter is used to change the frequency; however @
variable inductance can be used with a fixed capaciter to
accomplish the same purpose.

‘The osciliator output, which is taken from the tuned
circuit, is generally capacitively coupled (Co) to the
associated load circuit; however, inductive coupling may
also be used with the sutput coupling ceil being mutually
zoupled to L1 near its ground end.

Tuned-Plate Version. The circuit description above
covered the basic Armstrong circuit, in whigh the tank
sail ic i the grid cirenit {tuned grid) and the tickler coil
i3 uit. Another cirenit version in which

circuit. In this circuit, the tank is in the plate circ. it and
the tickler {feedback) coil is in the grid circuit. The opera-
tion of this oscillator is identical ¢~ that of the timed-
arid ~ircuit, axcept for limitations imposed by coupiing be-
wween the plote and grid. This coupling limits the range of
cecillation inthe twned~grid version, but not in the twned-
nlate version. Actually, the ned-plate oscillator 1s
considered less suscentible to frequency changes caused
by power sunply voltage chenges than the tuned-grid oscil-
later. The schematic of the tuned-plate circuit is shown in
the following illustration.

7-A-3






























ELECTRONIC CIRCUITS NAVSHIPS
Thus, for 1 yiven frequency, the tank inductance is iarger
than that used for the previously discussed circuits. Since
it is easier to produce a high-Q coil when the inductance

is greater than the usual hlgh—C tank atferds, the Clapp
sscillator benefits from the low-T tank,
tance voltage divider consisting of Cq and Cp does not
offer ony greater statality in this Zinnn cirenit than in the

- ~ m~mmm ke ~EEA ~
Colpitts, the raiiv of Cgio Cp is huacn 1o afford the

yreatest pessible stability in conjuncticn with the higher
") offered by the series tuned tank. T ininy capacitor C1
3 chosen to have the desited tuninyg range, with suflicient
capacitance to sustain the feedback loop at the higher fre-
quency {feedback increases with decrease of frequency).
Since the basic freque..q -dete'rr.xnm_, port‘on of the

mip the CInIci-

Ciapp clreult i the tank inducter (O, merely funes ove e
desired range), which is coupled capaciti vely through Cl to
the tube, the Clapp tank is generally considered to be more
leozely oaupled i tne tonk circuit af 17> ather ozeilitor
i .

confiqurations Thus tank circait of
Thin fnetar in i H
imized. This fubtux, in combinatic

) obtaincble, provides the Clapp sc1llc1tor w1th very hl.jh
stability in the presence of supply veltage variations, the
trequency changing only a few parts per million for a supply
voltaye variation of 15 petcent.

Variations of the Clapp oscillator circuit may be en-
countered. For example, an PFC may be inserted betwee
cathode and ground to keep the cathode at a high mpedcnce
above ground, and offer a d-c return path to the cathode.
Usually this choke is chosen to resonate with its distributed
Ina m_mnrp ot the fandamental frequency. and occasionally
trimmer is included to adjust the parallel tesonant choke
circuit for proper impedance. In special circuit versions,
tne catnode tank may be used for frequency doubling. These
circuit veriations, however, are not a part of the basic Clapp
oscillator circuit design.

Shunt-Fed Clopp. The complete schematic for @ shunt-
fed Clapp osciilator is shown below. Series plate teed is
never used in this circuit and will not be discussed. Shunt
grid-leak bias is used (Rq and Cg), with shunt plate feed.
Capacitor Ce is the plate blocking end coupling capaciter,
and inductor RFC is the r-f choke. The combination of Ce
and RFC provide an - bypass to isclate the power supply
irom rf. The piste is grounded toif, and Loand T, form the
tank circuit, which is connected across the feedback divider
consisting cf C, and Cy. The catnode RFC pmvldes a d-c
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ot pu'“r\ tey gm.mn for the C .j.nw~ a0 ofL

lnpedcn(‘e to rf to prevent any qhunur'q nt rivicer copactor

ey

J“er"um of the circuit and automatic regulation of the

i3 ian arp the cqme o

chitde by Aeseribad in previous
oscillator discussions. Oscliation s coused by feedback

! 303, as in the
“olpitts oscillator, but the ratio of the ﬁcncmors is chosen
ior tne best {requency stabilily. The output coupling is
usuatly inductive, btut it may be capacitive.

b the capacitance voltage divider,
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FAILJRE ANALYSIS,

No Output. H}gh plate current will be indicative of
non-oscillation and consequent loss of operating bias, with
the tube opetating at essentially zero (contact) blas. He
duced tube yain, if sufficient, will also affect oscillation.
Changes in the value of the bias resistor and capagitor wil i
directly affect the operating bias and the amplitude of os cil-
lating-if the changes are large, osciliation may e pre-
vented: if small, the effect may not be noticeable. Shorted
turns of oscillator coil, in addition to affecting output amp-
litude and frequency, may cause loss of oscillation because
of loading effects. A defective radio-frequency choke (RFC)
: coupling capacitor {C.) may stop oscillation since the
oscillator is dependent on these components for the
development and epplication of feedback voitages.

Reduced or Unstable Output. A relative indication of
ascillator output is provided by the amount of bigs voltage
developed across Rg. Variation from the standord operating
value is an indication of abnomnal operation. A veduction o
plate voltage will decrease the output amplitude. Theretore,
an unrequlated voltage source will produce output amplitude
variations and possitly some frequency change, although
the Clapp circuit is considered to be less affected in tt
manner than the Colpitts {a change of only 3 few pants
in 2 millinn for o 15 per cent plate sueply fluctuation is
claimed). A partially open plate blocking capacitor will
reduce the qrid- Io-pl(lle coupling and feedbock and thus af-

i auttut ar oeoilia
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' r.
~t r. At the hinher freo
Lt the cutpul Of GEC r. A gher freqgu

is possible for weak feedback tw occur through the grid-te-
rinta tnha [slalilatattislilny and sustain osciliation even L.OUC}:’L

the plate blocking capacitor 1s foulty. A leaky piate capac-
by 13ml:nn tho

Vrar My Nauge ra(“ 1

ad or onstahle outout

-1 Ys m A A -

G8CiLaLor of by (educinyg piate vollage by addingt
~

L

snrmal current flow through g series resistance. Core
should be exercised in selecting a replacement for a defec-
tive 1-I choke since an improper replecement choke may
cause unwanted oscillation b{ resonating with distributed
cifcull cgpacitances of wi th the disliibuted Suapacitances o
itz own windings.
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ELECTRONIC CIRCUITS NAYSHIPS
to eliminate such changes. The largest change will be pro-
duced by a change of the tank circuit Q caused by shorted
tumns or poor soldered connections in the tank circuit. An
incorrect output frequency resulting from @ change of tube
transconductance with age is normally corrected by slight
readjustment of the tuning capacitor, Large changes in
ambient temperature may affect the operating frequency of
the oscillator. Such changes could occur through failure of
an escillator oven, changes in filament supply voltage, etc.

TUNED-PLATE TUNED-GRID OSCILLATOR.

APPLICATION,

The tuned-plate tuned-grid (TPTG) oscillator is used
to produce @ sine-wave output of constant amplitude and
fairly constant frequency within the r~f range. - This circuit
is generally used asa variable-frequency oscillator over the
high- and very-high-frequency r-f ranges. It is not often en-
countered in Navy electzonie equipment.

CHARACTERISTICS.

Contains two parallel-tuned L-C circuits — one in the
grid circuit and the other in the plate circuit of the electron
tube — and uses the internal grid-plate tube capacitance for
feedback. -

Operates as Class C with qutomatic self-bigs for
ordinary, or power, opetation and is seldom used for linear
waveform applications.

Frequency stability is good when properly adjusted.

CIRCUIT ANALYSIS.

General, When a tuned L-C tank circuit is connected
hetween the grid and cathode of an electron tube and a
similar tank circuit is connected between the plate and
cathode of the tube with coupling existing between them,
sustained oscillation will occur when these tuned circuits
are resonated to the same frequency, The amplitude of the
oscillation is determined by the amount of feedback from
plate to grid, and is also affected by the tuning of the two
circuits. To provide the proper phese to sustain oscillation,
both the grid tank and the plate tank are tuned to a slightly
higher frequency than the resonant frequency at which
operation is desired. At the operating frequency both tanks
then offer an inductive reactance, and the phase shift
through the grid-plate tube capacitance is of the proper
polarity to sustain oscillation. The cendition for proper
phasing is that the inductive reactance of the gid tank
circuit be less than the capacitive reactance of the grid-
plate interelectrode capacitance at the operating frequency,
To sustain oscillation, it is only necessary to supply the
losses in the qrid circuit, which because of the high-Q
grid tank are relatively small. Consequently, only a small
capacitance is needed to supply sufficient feedback, and
the grid-plate interelectrode capacitance of the triode tube
is adequate for this purpose. When g pentode is employed
in the circuit, it is usually necessary to supply an ex-
ternal capacitor to provide the feedback, because of the
low electrode capacitance inherent in the pentode,

Circuit Operation. The basic tuned-plate tuned-grid
osclilator circuit {s shown schematically below. The grid
tank consists of Cl and L1, while the plate tank consists of
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CZ and L2, no mutual inductance existing between L1 qnd L2,
Feedback occurs through the plate-grid capacitance, Car
(shown in dotted lines), when both tanks are tuned to the
same frequency. The feedback amplitude can be controlled
by detuning the grid tank with Ci- Thus, differences in in-
terelectrode capacitance between tubes can be accommodated
with no adverse effects.

Basic Tuned-Plate Tuned-Grid Osciliater

For simplicity, biasing and plate voltage feeds are not
shown in the basic circuit, but are discussed when applic-
able in the following discussion. ‘Since capacitive feedback
determines oscillation, this circuit is a better oscillater
at the higher frequencies and is not often used in the low-
or medium-frequency ranges. ‘Although other cenfigqurations
may be used, this circuit lends itself conveniently to
grounded-cathode operation, -The grid tank basically con-
trols the excitation and operating stability, and the grid-
cathode tube capacitance is in pataliel with the tank, being
effectively swamped by the tank capacitance. ‘Likewise,
the plate tank capacitor effectively swamps the plate-cath-
ode tube capacitance, and the plate tank is primarily used
to determine the operating frequency, Once oscillation oc-
curs near the desired frequency, the plate tark is tuned to
set this frequency to the desired value, while the grid tank
is adjusted for proper excitation and maximum stability,

Upen excmination of the shunt-fed tuned-plate tuned-
grid oscillater circuit, it is evident that shunt grid-leak bias
(Cq, Rg) and shunt plate feed are used, with C.. serving
as the plate coupling and blocking capacitor. The radio-
frequency choke, RFC, keeps the rf out of the plate supply.
L1, Cl is the grid tank and L2, C2 is the plate tank. The
grounded-cathode connection is shown since it permits
grounding the tuning-capacitor 1oters to eliminate any body
capacitance effects on tuning, - The use of shunt grid-lack
blas {solates the grid tonk as far as de is concerned and
reduces circulating grid current, although series grid bias
could be used as well. ‘Scmetimes a series resistor is in-
cluded between cathode and ground, to provide protective
bias in the event of non-oscillation, Both the picte and
qrid capacitors are sufficlently large so that the tank cir-
cuits are effectively coupled to the grid and plate for rf,
yet isclated as far as dc is concerned. Grid-leak bias ac-
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ELECTRONIC CIRCUITS NAVSHIPS
nen a pentods, instead of a riode, is used as the os-
cillator tube, it is usually necessary to insert a small
feedhack capacitance between plate and grid, because of
the small value of interelectrode capacitance present in the
pentode, The output woveform is also improved by using
1 tuned tank circuit with a fow [/C matio. Since the tuningy
st be such that the tank impedance appears inductive,
tho tank circuit provides an effectively high-Q plate load
when the tank capacitor is set for the proper load capaci-
tance.

FAILURE ANALYSIS,
Mo Output. Since the crysial controls nscillation, the
crystal will not oscillate and no output will be obtained if
ihe wyslil is remevad, H poor or loose holder monnactions
cguee an open of high-resistance circuit, if the plate circut
iz detunad suificiently, or ii no plate voltage is present
hecouse of open- or short-circuit conditions. fihen sustained
roing (woused by too high a crystal 1-f excitation cur-
ent} produces burat spots on the holder or erystal, it will
not oscillate until cleaned (this condition normally does not
ocour in pressure type holders, but may occur in unloaded
or air gap nolders). Navy policy is to return defective
crystals to the crystal laporatory for repair. Do not attempt
10 clean crystals. An open -1 choke or a shori-circuited
olate hypass capacitor will remove plate voltage from the
tube, and the crystal will not oscillate. Poor soldered con-
nections on the tank coil in a series-fed circuit will pro-
duce a similer resuit. An open-circuited grid RFC ina
o qrid or cathode bias resistor will open the
grid circult and prev lation unless the crystels
defective and has a low resistance, Insufficient feedback
copacitance solwasn tube slements {most likely o be aosoci-
ated with pentodes) will cause the crystal © stop esciliat-
ing fthis condition will not occur i an oscillator which has
previcusly oscillated unless the tube becomes defectivel.

€

-

rnstitution ol 4 known good crystwl wii quickiy determin
whether the crystal or circuit is defective.

Reduced Output. Low plate voltage, a detuned plate
tank circuit, of a crystal of low activity will result in re-
duced cutput, An open-circuited tank capaciter will cllow
she citeuil to act s an untuned plate oscillator and, if the
fosiback 13 not too qroathy out-afohnse, mav bermit wedak
oscillation; this trouble may be easily located because the
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and the crystal. A defective crystal, cue to o partiai frac-
tute, may cawse instability of amrplitede and fremuency. A
Jefect causing the output 1o
tal operdtion 1o anothel coul
most instances it would be easily d
would also shange the cperating ke

chonoe from one mode of crys-
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incorrect Frequency. Since frequency is primarily deter-
nmined by the crystal and tank circuit tuning, either a defec-
tive crystal or tank circuit may cause a change of frequency.
The most probable trouble would be a defective, burnt,
dirty, or fractured erystal. Changes of frequency on the
order of only a few cycles per second may be dus to tank
detuning ar tempercture effects; changes gredater than a few
cycles per second indicate u chuuge of crystal parometers.
Temperature variations are generally indicated by a slow
change of frequency in one direction with an increase of
tempercture; such variations may occur if the ambient tem~
serature is above the range of thermal compensation pro-
vided. A slight change in frequency, due to aging or a
change in drive level, can normally be compensated for
by a slight change of tank tuning; stherwise, the crystal
must be repluced,

GRID-PLATE {PIERCE) CRYSTAL OSCILLATOR.

APPLICATION.

The Pierce crystal osciliotor circuit is used 1o supply
approximately a sine-wave output of relatively constant fre-
quency, usuaily within (although not restricted o) the t-f
range. This circult is used wherever a specific frequency
of extreme stability and of mederate power output is needed,
such az the basic oscillator in multistege transmitters, test
equipment, 1eCelver-Converters, etc. it is usually inter-
changeable with the Miller oscillator in low- and medium-
frequency applications, but it is not often used in high-
frequency applications, mostly because of its low output.

CHARACTERISTICS.

tilizes riezoslectric effect of o natural or synthetic
crystal to contrel frequency ol nscillation.

Crystal is connected hetween grid and plate (or any
other element acting as an anode) of an electron tube.

Noas not require 1 1.0 tonk circuit for fundamental
mode opeTanon.
-1 tesdback ocours orly through crystal.
Operates normaily with class B or C cutcmatic seli-bias,
bt may be operated class A ot with combination fixed and
{i-hins for soecial design.

Frequency stability is excellent, with or without tempera-
ture compensation.

Motoat amplitude is relatively constant.

CIRCUIT ANALYSIS.

General, The generaiiries applicable W the basic crystal
sseillator in the Tiszuesion OI tne Miller Circui 4t Gi50
anolicable to the Pierce circuit. The simplicity of the
Uiaroa aerillater, witn 118 lock ol unec piale @ax and its
qhility 10 oscitlate easily over a pread range of frequencies
wiih dilferent crystals, makes it popular tot use in Ty st
caliketars, receivers, and test equipment, and in trans-
mitters not reguiriag much drive. The Pierce circuit is
mac considered ns the inverse of the Miller circuit
since it exhibits cpposite effects. Thus, insteacd of operat-
ingy oz gn inductive reacrance us the Hiller cirouit does,

e Diarge cifcuit Nperates as o capacitive reactance {when

e
G z

e le mleman 4 im o i 1 = : R T ItY
G tank citoult is emploved atas always tned lor @ wwet
o

trequency). i nE CIYSWI eauluton voibuge wol o)
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ELECTRONIC CIRCUITS NAVSHIPS
Provides an opproximate sine-wave output of relative-
ly constant amplitude.

CIRCUIT ANALYSIS.

General. At the prasent time, the Butler cathode-coupled
two-stage oscillator is probably the most widely used of
the series mode nsciilators because of its simplicity,
versatility, frequency stability, and comparatively great
religbility. This circuit seems to be the least critical to
design and adjust for operation at ¢ given harmonic with
any type crystal. The balanced circuit, plus the fact that
twin triodes within a single envelope can be used, contri-
butes to a saving in space and cost and provides for short
leads. The cathode—coupled clrcuit car also be used for
operutiun v he towei 1adio ficquencics, provided that the
resistance of the crystal unit is not grecter than G few
hundred ohms. However, the power output is less than that
of the Miller circuit for the same crystal power, and the
troad bandwidth of operction without tuning a5 provided by
the Pierce circuit is not possible.

At series resonance, the crystal elemen? appears as 3
resistance, so that in the normal circuit it can be short-
circuited ot replaced with a comparable resistor without
stopping oscillations, Although circuit operation of the
series-mode oscillator is Jess complicated than that of the
parallel-mode cscillator, the circuit design becomes in-
creasingly critical at the higher frequencies and higher
overtones. It is vitally important to keep stray capacitance
ot ¢ minimum, and allleads must be as short as possible 10
aliminate vnwanted resonances. [t {s sometimes necessary
to nullify the shunt crystal capacitance by paralleling the
crystal with an inductor which is antiresonant with the shunt
crystal copacitance dt the operating frequency. It may alsc
be desirable to connect ¢ capacitor in series with the crys-
tal to tune out the stray inductance of the crystal leads,
and tuned output circuits must be provided to select the
propet overtone. For maximum {requency stability, the
etfective resistance of the circuit facing the crystal unit
should be as small as possible. At the higher frequencies,
stray capacitances limit th impedances obtainable with
tuned circuits, making them more selective, and maore effec-
tive in influencing the frequency and increasing instability.

Usually, the output it token from the plate or rathode
of either tube. Sometimes the cathode follower is a pentode
tupe utilizing the cathode, screen, and giid slements a8
he basic osciliator, which 13 2iectron-coupled o the olate
Inad. This provides grecter stapility and affords the possi-
Hility of naning the ninte circult 16 @ higher harmonic.

Circuit Operotion. The accompanying illustration shows
vhe hazin marhade—conpled circult ssing triodes.

Tube V2 is a grounded-grid amplifler whose cutput is
fod hack to the cathode (input circuit) through cathode
fcllower V1 and the series—connected crystal. Cathode bias
is supplied trough R1 and R2, and V1 normally conducts
more heavily than V2 {both tubes cte identical triodes).
‘I'ne feedback voitege is coupled vapuciiively through Cy
to the grid of V1, and grid resistor Rg provides conventionai
the excitation supplied.

ireent iz drown, and there

ced across R In tnis insionce

R, acts solely as the grid-return resistor in J conventional
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V2

Basic Cathode-Coupled Crystal Oscillator

R-C coupling network, and the bias is produced by Hi
alone. In class C operation, grid current is drawn, end grid
drive bias is produced exactly as in the conventional r-f driven
amplifier. In this case, the total bias consists of the seli-
bias produced through cathode resistor Ri, plus ihe d

bias in the grid circuit. The tuned tank circuit (L1 and

'3} in the plate of V2 olfers maximum impedance ot the
frequency to whichit is tuned. The maximum cutput volt-
age (and feedback) cccurs at this point, neglecting crystal
operation.  The crystal is normally an overtone type, and

is ground for maximum activity at the overtone freguency
{fundamental frequency crystais are socasionally used with
this circuit, but this fact does not materially affect the
theory of operation of the circuit). Usuaily the circuit will
oscillate when the crystal is shortcircuited or replaced
with an equivelent resistance, operating ot the frequency

of the tank circuit. Resistor R4 and capacitor C2 are @
conventional plate voltage dropping and decoupiing NETwork
~rovided for series plate feed of V2. Resistor R3and Cl
perform a similar function for V1 with sufficient capacitance
1o eftectively ground tne niate of Vi for rl 4l the lieguency
ot operation. The output 15 taken from the plate of V2
through coupling Sapacitor Lo, but it couid aiso be ke
from V1 or irom the cathode without materially changing
noeration.

Off resonance, the crystal exnibits a high resistance,
which eflectively raduces 2 fsedbork und revents oscil-
lation. Al the series resonant frequency, i Y
tibits a low resistance and the circuit oscillates vigorous-
ly. Since the aain of the cathode follower tube connot
exceed unity, there is partizl control of excitation because
V1 cannot amplify the feedback from V2; as 2 result, greater
feedbark is provided for o wack erystal

than for o strong
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ELECTRONIC CIRCUITS
MAGNETRON QSCILLATOR.

APPLICATIONS.

The magnetron oscillator is used in the regicn of
100 me to 30 g¢ and beyond, to develop r-f energy. It is
used in test equipment, in low-power CW transmitters, in
beacons, and particularly in radar equipment, as a source
of high-power pulsed r-f energy.

CHARACTERISTICS.

Utilizes a specially constructed tube with a resona-
tor surrounded by a permanent magnetic field to pro-
duce the r-f enerqgy.

Operates with grounded anode.

Is usually operated by o negative pulse applied
to the cathode.

Has either coaxial or waveguide output, depending
upen the frequency of operation,

CIRCUIT ANALYSIS,

General. There are, generally speaking, two types
of magnetrons: the split-onode negotive reststance
(or dynateen) type, and the tronsit-time (or electronic)
type. The negative resistance type uses the principle
of neqative resistance between the two anodes to produce
oscillaticn, and eperates only at frequencies which are
low with respect to the transit-time frequency (on the
order of 100 me to 1000 mc). The efficiency is low in
comparison with the efficiency obtainable with transit-
time operation; therefore, it is not very popular, being
more ot less supplanted by the power type klystron at
these frequencies, The frequency of oscillation in this
type of magnetron is controlled entirely by the resonator
with which it is used, as in conventional LC oscillators.
On the other hand, the trensit-time type of magnetron
depends entirely upon the transit time to determine the
frequency, with the resonator(s) providing greater
efficiency and proper phasing for maximum output. A
short trectment of the negative resistance type of magnetron
is given below for the sake of completeness, with the
remainder of the discussion devoted to tronsit-time
magnetrons, which are in greater use,

Circuit Operation. Before discussing the twa types
of circuits, it is necessary to establish the funda-
mentals of operation. The accompanying figure shows a
simple magnetron. As can be seen, the tube is a diode
with a cylindrical plate surrounding a coaxial cathode
or filament. A negative voltage is applied to the cathode,
in addition to the heater voltage needed for filement
emission or heating of the cathode, depending upon whether
direct or indirect hecting (filament) is used. Becguse the
plate is pasitive with respect to the cathode, an electrical
field exists between cathode and plate (anode): an
external d-c magnetic field {s placed perpendicular to the
electric field, and is produced by a strong permanent
magnet, {While an electremagnet could be used and the
magnetic field could be altemating, as well, this is done
only on the low frequencies for special effects, and will
not be discussed further.) In these discussions it is
assumed that the magnetic field is produced by o permanent
magnet. The tuned tank circuit in which the oscillations
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PERMANENT MAGNET

~Ebb D-C BLOCKING
CAPACITOR

Elementary Magnetron

take place is connected between the plate and the
cathode. This can be a tuned LC circuit, o coaxial cavity,
or a special cavity resonator built into the tube.

CYCLOIDAL
ELECTRON

NEGATIVE POSITIVE
ELEMENT PATH PLATE
{CATHGDE {ANODE }
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ELECTRIC FIELD
MAGNETIC FIELD
INTO PAGE BETWEEN PLATES

Mation - of Electron in Elactric and Magnetic Fields

Consider now the effect of the electric field on the
electrons emitted from the cathode. In the absence of
the permenent magnet field there would be a continuous
eiectron flow in cll directions, radially, direct from the
cathode to the plate. But with the magnetic field applied,
as the electrons are attracted toward the tlate they
encounter a force (due to the magnetic field) that tends
to push them in a direction perpendicular to the forces
applied. Since two fields are involved, the plate-to-
cathode—voltage induced electric field and the permanent
magnet field, and since they are ot right angles with
respect to each other, the electrons cre affected by the
vector sum of these forces; with a strong enough field the
electrons are deflected in a cycloidel path as shown in the
above illustration. Thus they are effectively bent back
toward the cathode. The following {llustration shows
the path followed by o single electron as the external
magnetic field is increased. At some low value of field
{A in the figure), the electron travels in a slightly curved
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mode) , so that when traveling from one cavity to the other
in the interoction spoace, each cavity is oppositely pelar-
ized. Thus the crigina! neqative-to-positive charge in
cavity 1 is now a positive-to-nequtive charge in cavity 2,
and likewise for the other cavities arcund the interaction
space. A complete cycle of rotation around the anode
block is produced in 360 degrees of rotation or some mui-
tiple thereof. In the case illustrated, since there are eight
cavities {only half are shown) and the phase shift between
the cavities is 180 degrees, there is a total of 8 pi radians
shift which, when divided by 2 pi {for one full 360° of ro-
tation), gives a number of 4. This arbitrary number is called
I mede number. As might be surmised, magnetrons can be
~onstructed so that thev will operate at a different number
ol modes ior the same frequency.

Exzmine the illustration and observe the effect of the
fieids produced. First the r-i tield at the enwance to the
~rivity is strong at the lip but weaker as it extends into
the interaction space, as shown by the widely separated
lines. Arrows indicate field direction. The straight iines
between the anode ond cathode represent the d-c field pro-
duced electrosictically by the unode-to-cathode potentil.
The d-c field is steady except where reinforced or reduced
by the changing r-f field. The permanent magnet field is at
right angles to it {into the page), and is not shown. Thus
two fields are always present in the cavity, ond the result-
ing iield affecting the electron is the vector sum of the two.

Recalling from basic magnetron theory that when an
electron approaches an anode it induces a positive charge,
and ag it racedes fram the ancde it induces @ negative
charge It is evident that as an electron opproaches an

i moing positive (because of the r-f cavity

osclilatons. 1f the electron recedes from the anode as it
is going negative, cscillations ajso will be aidec. On the
sther hand, if the electron approaches the anode as it is
swinging negaiive, or recedes as it ::wxng.b posi
wlectron tends to oppose oscillatio 1f suflicient elec-
trons were so phased, oscillation woulci stop. Therefore,
1o sustain oscillation the phasing must be such as to pro-
duce more aiding than opposing electons, of W remove
those that oppose the oscillation, retaining cnly those that
aud,

Tn nddition to the i fields existing beccuse of cavity
regonance, assume that the maqnetic field is just shuhtlv

FYTS Y
V&, Ui

potar than 1the mnr\rt u‘r‘]m@

Tre Inl—'rF-'l(Jl'é‘ il the -1 escili-
ating tizid did not exist, Of Were zers ui G polit il ng in-
texgciion space, e elactron emitten ot the Cothode winid
be returned by the eifect of the d-¢ magnetic field. On the
nther honn wnen the -1 hieid 1S gownd posilive, e elec-
ield is enhanced, and an electron emitted at a point
fected by this feld woulg be attracted toward the anoce.
Recause of the effects of the two fields, the eleciron is
‘arred to trave! in g cycloidal path instead of straight, and
around the interaction space in @ elackwise or counterclock-
wise direction {depending on the po rity of the mugnet).
if the distance between the cavity segments is such that
the elertron maverses the space beiween adiacent siots in
time agual to one-holf cycie of r-f nacitintion, when e

[#]

2 L N R A P £-o0 2 SRV L. .. 4
eCconG sS1GL L .t.'uk.l‘t‘u L2 C1B Ui LiT it Till WA ab fioiss

e
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the nexi huli- Cyc le of 1-f oacillation is now S{C:U"."} and
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will still be in an qiding direction, Because of the curved
path, however, the working electron is traveling in a long
path and through a decreusmg potential {since the potential
through which it falls is less as it approaches the anodel.
The result is a change in phase of such a nature that by

the time the electron approuches the third slot the polarity
is opposing and Tepels the electron, Thus the electron is
forced to curve back upon itself, and, by ihe iime it is
treveling towards the direction from whence it started, the
field in segment 2 is aguin attracting it, ond it again curves
toward the anode. Likewise, because of the curved path it
enters the number 1 seqment field when the field is in a
direction that pushes it hack toward the number 2 and 3
segments. In this way the warking electron follows a series
ot tooned DIths between WG SEGMENTS, S SROWL In e
figure until it reaches the anode. During the time it is be-
ing attmcted by the field, it effecuvely aids oscillation in

as if an additienal charge were induced

Eisctron Path

into it. Because of the curved path It is in an aiding con-
dition longer then it {s in a position where it removes en-
ergy from the cavity; therefore, the net result is to enhance
the oscillations. Since the distance uwaversed between seq
ments is eff ectively 180 degrees, the electron is operating
in the pi mode. Thus in an eight-cavity magnetron, four
pawrs of seqments are operating simultaneously, and the
effect is the same as thet existing in a polyphose motor;
that is, an effective traveling field is produced which ro-
tates around the circumferen ce of the interaction space,
and oscillation is successively enhanced in each cavity

as the field rotates past the slot. The effect is as though a
wheel of four spokes were being related, as shown in the
tA\juhL'-

—~
i
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sisely, the non-working 2leCtin 13 2mit
time during which the - field opposes and i
Cliected bock 1o the cothode. ™
in that it strikes the cothode with considerabie force and
ends o destroy it. Since this back redistien cannot be
inated, it is used to produce secondary electrons and
economize on filament heatng.

Since there are electrons emitled from all points on the
cathode, there qre electrons which start at intermediate
onints of changing field, and are not attracted or repelled

stror ,ly as thp workmq electron; therefore, their mths
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Voltage divider bics is used for easy starting and is sup-
plied by Rl and Rp, with R providing emitter swamping
resistance for stabilization of the transistor, Feedback

is provided from collector to ground. With the base effec-
tively bypassed by C3, the capacitive voltage divider
consisting of C1 and CZ is effectively connected belween
collecior and base for tf. Both feedback divider capacitors
are variable to permii udjustinent and control of feedback.
Capacitor C1 alsc serves to bypass f around emitter
swamping resistor Re. Capacitor (2 is the primary feed-
sack control, and is usually made variable to facilitate
operation with more thon one type of transistor and crystal,
The crystal is connected between the collector and ground
4nd operates in the paratlel mode. The collector is saries-

fad throuab fra B2
rod nrough TheE

ana conventivnul Lywass Capd
©4. The output is taken copacitively through Coe from the

collector.

f

-3

he operction

0i 01 and £2. Assume that the oscillator is first turned

on. With fixed class A biss supplied by bias voltage
divider Bl, Ry, collector current flows, and a voltage
appears across the C1, C2 divider. The vcltuge appearing
across Cl is in parallel with emitter resistor Re. Assume
that a noise pulse caused by thermal action in the trongistor
causes the collector current to increase. A pottion of the
noise pulse voltage is then {ed back through C2 to the
emitter, causing the collector current to increase further
(this is o regenerative action), At the same time, this

i ize vnliage ot the collector also appears
across crystal Y. Thus, the orystel is slightly strained
mechanicaily by piezoelectric action. When the collector
current reaches saturation, no further changs in e oCouss,
and the reqenaiative cction ceases, At this time, the
electrostatic strain actoss the crystal begins 1o reduce as
capacitor (02 discharges (the heavy current tlow from
collector ta emitter effectively shunts the COpaciter.
Thus, the emitter to qround voltage is reduced, the forward
bigs is reduced, and the collector current starts to tall.
his action is giso regenerative, and the transister
quickly reaches cutotf. As the collector current reduces,
the voltoge across the crystai approaches that of the supply
{becomes more negaiive;, and the cryotal is now strained
in the opposite direction. As a result, as each cycle of
this action continues, the cryswi osciilules ai its paratlel-
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e emilla thp mrgoin
w O5CLILS e Jrystil

Want " 1Y,

—roduces o omitane arross H, Once stariea into vibration,

vai mombimees in sesilnte, Sinee the civatal io
rom ~ollector to

claracnnant 13

uy

round, it effectively

apducting sortion of the transistor Sperating
effectively reinforced by the ensuing pulse

ot collector cusrent, und during the o noonducting portion
of the cycle, it supplies wha would otherwise be the
missing hali-<cycle of oscillation L. flexing in the rovorse
and capacitor C1 form an

I RS I
r — - HOT

tor. It is evident that the crysia
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a
| must be capable ot
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hendling the power developed, since if driven too hard it
will fracture. However, at the normally low milliwatt outputs
obtained with transistors, this is no problem. It does indi-
cate, however, that the transistor crystal oscillator

requires additional stages of amplification to produce the
came rf drive as on electron tube crystal oscilluter.

A typical Colpitts crystal oscillator of the ultraudien
form is shown in the tollowing iilustration and way be
compared with the basic version. This circuit is cnalogous
{0 the Pietce type crystal oscillator, and is more easily
recognizable because the crystal is connected directly
hetween collector and base. The common-emitier con-
figuration is alsec used in this version, and feedback is
orovided directly through the ctystal. Voltage divider
~lmas A hios is obtained by means of H1 and Rp for easy
starting, with emitier swoliplivg LShg prowided By B,
bypassed by C2.

Ultraudion Colpitts Crysta! Oscillator

The ocutput is taken capacitively from the cotlector
clrcuit through Coee In this instance, C3 is a variable
contrel which permits udjustment for feedback and tran-
sistor variations. Soth this circuit and the Plerce electron-
ube circuit operate almost identically. The {eedback
capacitive divider in this case consists of the total shunt
caparitance across the crystal {including holder and stigy
wiring capacitanes, plus the internal collector-base capaci-
tance, shown dotted as U1} and external copacitor Z3 0
ground. In this circuit version, the crystal and feedback
network appear to be in the base circuit, rathar than the
~niisptor mipeuil AS in the olher version. 1 he difference
in that, like the vitroudion electron-tube oscillator, t
Srysial 18 consicereq to oe 0 1UNK clfcuil Opereling i
narallel mode, and since the capacitance of Cland C3 is
neuatly less than that ol G and COZ i IS pieviswe CHOGN
version (the emitter-collector capacitances 15 much iarger

P 3
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thion the bose-co or capacttunce), the diraudion Clrsult
H [ e JEER. -

rerdds to De operable Gt higner Tequencies than the external

cagucitive-divider circuit, Also, phase shifts within the
transistor due to tranzit time etfects ore such that they
aid in producing the correct feedback nolarity.

“iow consbier one oycle of cperation. Assume that
crystal Y ois ai rest and tho circult, as illustrated above,
ig noperative with no coliectorn voltage applied. At rest
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