Crystal-Controlled Oscillators

A Review of Modern Crystals, Circuits and Tubes

BY C. VERNON CHAMBERS, * WI1JEQ

rEnionte survey of Lthe helinvior of erystal-
oscillator cirenils is desirnble heenuse of
- Lhe new Lypes of eryslals aml tabwes hat,
appear over oo preriod of Lime, Previoons exonina-
tions of erystal-oscillntor cirenita by Lomb U amd
Goodman 2 resulled in much uselul data per-
tnining to erystals and tubes of prewar design.
Although the ascillutor-tube eomplement has not
grown appreciably sinee Lhe Lime of the work hy
Ciomdiman, considerable development was dlone
it the erystal fichl during Whie years of warline
vesentebh, Pl ecystals s cotnmonly available
aon Lthe regular sl the surplus markels are
simaller sl therelore cannol. haoedle ns maeh
power na Lhose produeed in the past amd, as nore-
sult, the operating conditions of an oseillator
virenit are now more eritieal,

The abyjeel of Lhis Inlest investigation was the
delermination of optimum oporating conditions
Fior Uhree popular oseillnlor eirenils using the new
Lype of eryslals in conjunction with any one of
four popular escillator tubes, The eircuits testod
were the grid-plato, the "U'ri-tel, nid the modificd
Pierce and (he tubes were the T'ypes 6AG7, GF6,
GVGOT and GLG. The operntling charneteristios
sought after were goond keying, low erystal cnre-
reend, reduelion in the fregqueney shilft normndly
eavsnd by Laping of Che plale cirenit, amd weml-
erale power onlput ol the Inndamental nnd the
Linrmonie Treogquencios,

For elarifiention it shoubd by sbated Uhal goned
keying in Lhis instanee means 0 keyed signal free
from ehirp amd that power oulput does not mean
mnximum obtainable power, In these tesls power
oulpul was secontdnry to keying and lreguency
shift, and no nttempt was made to generate more
power than woulid be required to drive another
receiving-type Libe or o low-power Leansnilling
tubie sueh ne Uhe SO7, During the Lest Ui G100 was
aperaled at o higher input than the olher Uhree
Lypes of tubes bt this was done Lo permil stuedy
of the erystals in o power cireuil — nol 18 nn at-
tempt to inerease oulput.

The Test Equipment

The test equipment consisted of d.e, meters for
measuring power input and oscillutor output, two
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receivers, o lregueney slamwdard, an awdio oseil
Lbor, s oseillosenpe soud, st Bl nnl Teast, apair
of Glhan, pilol o, O o Che eeeeivers was
wseed Tooe menibovingg The onlpnil sigonnl of the os
cillalor amd Uhe second reeeiver was us=isl in con-
Junetion with U "seape, the madio oseillabor and
the freomency stoudand 1o provide menns of
menstiring the Teeooeney shilt, Owe pilot lomp,
conneeled as shown in Fig. 1, was wsasd Lo measure
ervstal enrvent, Doving test rans, the brillinnee of
Elais Brpvnepe s conpnprredd wille that of Uhee peeoml
Lo whivh was in toen eonmeseted oo eirenil
eonsisting of o hallerv, o meler aml o polentio
tweter, Innsmeh as the lilvents of Gi-mn, bulls
dor not heeome inenndeseent with o eureent, of less
than 30 ma., the performanes eurves of the os-
cillilors do nol show ervstal earvents less than
thiz value. Fortunately, these anmensureabile cor-
renty nee sufe cnrrenls,

The Test Unit

In the test unit all values of €f, ¥ and 1 wore
made varinble so that oplimum eireuit values
eould be readily determined. A I'vpe 807, con-
necled as shown in Figo 1A, was used ns the os
eillnbor loael, The tabe looed allowed sty of Lhe
keving mwnl Lhe olher charmeloristies of Lthe os-
cilllabors wneder normal working comditions, Inei-
dentally, onlpml data Tor the ozeillalors are ex-
pressel in Lerms of eectilied eareent measaeed at
Lhe griel of Che 807, Dol Tor the feed-hack eon-
tensers were calibrated in Llerms of eapacitance
and the plate-cirenit control was enlibrated in
terms of Mrequeney. These enlibralions permitted
rapid logging of the eireuit values lor different
sets of operating ndjustments.

Inpul to the Types GAGT, 616 and GVEGT was
approximalely 5 wabls in all enses ol the inpub
Loy Lhe GLG was around 10 walls, “Che oulput of
Lhe plate supply was eontrolled by o Varine ol
Lhe sereon voltnge for Lhe tabes wig held eonstant
by a VIRR-150 regulator tube,

It was decided ab an early stage of the game to
make the keying, frequeney-ghilt, eryslal-current
nml  power-ontput  measurements with  7-Me.
creystals providing the Tundamental Trequeneies,
It was felt that the 7-Meo ervstals might he a
little more Lricky to ladle than the 3.5-Me,
erystalys aned we wanted toomake the tests a8 con-
clusive ns possible. However, 3.5-Me, ervstals
were used Tor obilaining the harmonie data be-
cause more relinble cheeks coublld be mmde in the
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Fig. 1 — Circuit diagrams of the crystal oscillators.

Cy — 250-ppufd. variable.

Ca, C3, Cs — Feed-back control condensers (sce text and
Figs. 2, 3, 4 and 5).

Ca, Gy Co— 0.005 mica.

Cy — 100-ppfd. mica.

Ry — 0.1 megohm, 14 watt,

Ra — 15,000 ohims, 10 watta,

range up to 14 Mec. than could be made il the
range extended up to 28 Me.

As work progressed a set of fixed circuit values
was arrived at and these values appear in the
parts list of Fig. 1. The values apply to all three
circuits and are optimum for good keying, mini-
mum frequency shift and output at the lunda-
mental and the harmonie frequencies. Circuit
values that apply to a single circuit are listed
along with the performance curves of Figs. 2, 3,
4 and 5.

General Conclusions

The results of the oscillator tests are best
presented by the curves of Figs. 2 to 5, inclusive.
However, additional data of a general nature
apply to all three circuits and this material will
be covered hefore the individual circuits are
discussed.

The circuit dingrams of Fig. 1 show the usc of
regulated screen voltage. (Actually, it might be
more correct to say regulated plate voltage be-
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Li, Ci— Tuned to crystal frequency or desired har-
monie,

T2, Ca — T'uncd above crystal frequency (sce text).

[ — 60-ma. pilot lamp.

MA — Grid-current milliammeter,

REC — 2.5-mh, r.f. choke.

snuse the sereen grid serves as the oscillator plate
in each of the circuits shown.) ‘The value of this
voltage, 150 volts, was determined by the os-
cillator output when a 250-volt plate supply was
used. Lower screen voltages reduced the output
and higher voltages contributed nothing more
than an increase in erystal current. The regulated
screen voltage has two desirable effects: it pro-
vides a noticeable improvement in keying and
makes the power output of the oscillator more
independent of plate voltage. Cathode current of
a screen-grid tube is largely controlled by the
screen voltage, and with this voltage held con-
stant there is less change in plate current as the
plate voltage is swung around a given value.
With the test circuits shown it was possible, by
means of the Variae, to swing the plate vollage
approximately 100 volts above and below the
regular value without affecting keying, [Ire-
quency shift or output to any significant extent.

The output from each of the circuits was great-
est when a low-C plate tank was used. This fen-
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ture is of particular interest whon harmonie
output has importance. Usually, it is desirable to
obtain nearly equal outpul nt. the fndnmental
and the second-hurmonie froquencies nnd his
condition eannot be obhtnined with a low-C tanlk
circuit at both frequencies. However, o single
tank circuit that can be tuned over two bands
will give the desired effect, boeause the resulting
high-C at the fundamental reduces the oulput at
that frequency, a condition that usunlly can he
tolerated. In one series of tests, when separale
plate voils were used for ench band, oseillator
outpul ol the Mindamental frequeney was nearly
twice that obiained ol the sceond  harmonie,
Changing over to o two-hand tank lowered the
ontpul (expressed in terms of 807 grid current)
from 12 to 9.8 ma. at the fundamental but in-

i
<
3 ]
.
5w
a
'_
3 J 1k
7
MO O5C TN
o THIS REGION !]\
0.~

@

Ip"' W k.,_ﬁ —

120
<
b
I D
Z o ”~ St o]
'E' / e

HO O3 I

4 miﬁ THIS RIGION | /ﬁ_‘“‘\\“'
X ST, L d St B el ] e e "‘.._.___.;_;—__. s )
| o= 3/4
g A (8AGT) BELOW 30 LA,

0
, 44
o
o
I
I
tE i e ) WIS Pl ] | WBRRT T
I
b
>
g A

o =
3
I
L

ke 10 12 14 75 1 80

McC.
PLATE-CIRCUIT TUNING

Fig. 2 — Showing crystal current, relative ontput aml
frequency shift of the grid-plate oscillator when opti-
mum eircuit adjustments are made, Curves A, I, € and
D are for the ‘I'ypes 6AGT, 616, 6VOGT and 61.6, re-
apectively. Critieal cirenit values for the 6AGT are:
Ca= 10 puld.; Cs = 220 pphl. C2 and C3 for the other
tubes are 25 and 100 upfil,, reapectively.
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creased the second-harmonie outpul from 6.3 to
8.2 mn.

A high value of grid-lenk resistanee was seleeted
for the following reasons: (1) beller keying ss
indieated by less chirp, (2) less erystal current,
(3) a reduction in d.e. input (less eathode eur-
rent) withoul affecting plate-circuit output, (4)
it eliminated the need for the customary grid-
circuil r.f. choke, The resistance ean be lowered
to approximately 50,000 ohms hefore grid loading
beeomes great enovgh to warrant use of a choke.

Plade-cireuit keying of the oseillators proved
o e slightly Jess ehivpy Chan did steaight eathode
keyimg, Plite-cirenit keying is neeomplished by
returning the grid leak to eathode rather than to
ground, This arrangement has one disadvantage
in that the key is hot with B4 when the cireult
is open. Anyone interested in experimenting with
other types of oscillatar keying should study the
arlicle by Goodman.?

Although o lump bhully eonneeted as shown in
Fig, 1 serves well as a erysial-cuarrent indicating
deviee, it should not be used ns a permanent part
of & keyed oscillator circuit. The resistance of a
lamp varies as the current through the lamp is
incroased or decreased by, for instance, keying.
This variable resistance affects the activity of the
erystal as indieated by a chirp that can be
eliminated only by removing the hulb from the
circuit.

The Grid-Plate Oscillator

Circuit A of Fig. 1 is different from the grid-
plate cireuit shown in the Handbook only in that
it includes an external feed-back condenser, Cy,
between the grid and the cathode of the tube.
This condenser and 3 form a voltage divider
arross the crystal and by adjusting the ratic of
the two eapneitances il is possible to control the
feed-haek.

Operntion of a cireuit with Loth optimum and
improper feed-back is shown by the curves of Figs.
2 and 3. Fig. 2, showing optimum operation,
indicates that low crystlal current, minimum fre-
quency shift and maximum output are obtained
with a low value of Cyand a fairly large value of
(3. Thig sane eapaeity ratio results in maximum
harmonic ontput, and clean keying,

With o rendly netive ceystnl working along with
a Type GAGT tube, it 15 possible to depend on the
grid-cathode capacitance of the tube as the grid-
cathodescetion of the feed-back divider. However,
an cxlernal condenser — a  15-ppfd. variable
would be best — will permit optimum adjust-
ment for all grades of erystals.

Study of Fig. 2 will show that the Types 6176,
6VOGT and GLG — all popular oscillator tubes
== do not compare favornbly with the GAGT7.-It
will be noticed that the feed-back requirements
( lower ratio between Cy and €3) are greater,
that the eryvstal eurrent is higher and that the
Lubes oscillate only when the plate cireuit is tuned
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PLATE-CIRCUIT TUNING

Fig. 3 — Curves showing the effect on the operating
characteristics of a 6AGT gridk-plate oscillator when the
feed-hack is not optimum, 'T'he excessive erystal eorrent
and increased fregquency shift alao- occur in the other
cireuits under similar conditions, Feed-hack ecapacitance
valucs associated with the three curves are:

— Co= 75 pufd.; C3 = 10 ppfd.
Ay — Ca = 75 pulil.; Cz = 220 uuld.
Az i Cz =10 ,u_uf(].; (,‘3 = 10 ,upf(.l.

to the high side of resonance. urthermore, ag
shown by IFig. 2, the plate-cirenit tuning has con-
giderable control over erystal eurrent, Mrequeney
shift and, naturally, power output. All of thiy
means that tuning to the high side of resonance
gets to be a delicate operation.

The curves of Fig. 2, by showing how the fre-
quency is pulled as the plate tanks for the various
tubes are tuned through resonance, clearly dem-
onstrates the superior isolation qualities of the
GAGT7 as compared with that of the other three
tubes.

The harmonic-generating eapabilitics of {he
grid=plate oseillator are listed with those of the
Tri-tet and the modified Pierce in Table L.
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By using optimum feed-hack along with a
G6AG7, it is possible to obtain good keying of the
grid-plate oscillator when the plate ecircuit is
tuned to resonanee (maximum output) at either
the fundamental or the harmonie frequencies of
the erystal. The Types 6F6 and 6V6GT can bo
made to key well only by careful adjustment of
the feed-back condensers and, because of its part
in feed-hack control, the plate circuit. No set of
operating conditions which permitted good
keying of the Type 616 in a high-power set-up
eould be found and there is no reason to helinve
that thia tube ean be made to key any better
than the Types 6196 and 6VGOVT even when the
input is reduced to a lower level.

The Tri-Tet Oscillator

The circuit dingram of the Tri-tet oscillator
appears as section B of Fig. 1. The general por-
formance of the Tri-tet, shown hy the curves of
Ilig. 4, is quile similar to that of the grid-plate
cireuit. The Tri-tet does offer slightly more out-
put at the fundnmental and the second-harmonic
frequencies, The power-oulput chart shows that
the Tri-tet gives more third-harmonic’ output
than does the grid-plate eircuit when Type 6AGY
or 616 tubes are used. Regardless of the tube used
(any one of the four testod) the Tri-tet does the
best job at the fourth harmonie.

A comparison of the curves of Figs. 2 and 4 is
inferesting beenuse it shows Lthat although the
output of the Tri-tet is greater than that of the
grid-plate circuit, the crystal current is lower.
The one cxception to this rule is eaused by the
use of a Type 6AG7 in which case the Tri-tet still
gives the most output but at a higher crystal
current than the other circuit.

Considerable time was spent working with the
enthode eircuit of the Tri-let oscillator and the
conclusions reached nre as follows: (1) A high-(!
cireuil is bost, froni e REER ) oint of hoth erysinl
current and output. (2) The circuit. should he
tuned to a frequency somewhere between the

TABLE I
Relativo Iarmonic Qulput — Ma.
Harmanic (rid-Plate Tri-Tel  Mod. Pieree Tube
2l ] R.2 no
Al 1.2 4.3 1.1 AAGT
4th 13 2.0 1.2
2nil £.6 8.5
3rd 3.0 23 i 616
4th 0. ¥ 1.2
2l 7.0 8.2 i
3rd 28 2.6 foxt BYOGT
4th 1.2 1.5
2l 12.5 16.0
Bed 55 134 L 616
4th - 28 6.0

31



fundamental and the second-harmonic frequen-
cies. (3) A fixed tuned cireuit is a practical as
well as a eonvenient arrangement, to use for oul-
put at both the fundamental and the harmonic
frequencies.

By a high-C circuit we mean one that employs
approximately 250 pufd. when tuned for operation
with 3.5-Me. crystals. A value of 150 uufd. is
suitable for use with 7-Me. crystals.

The frequency at which the eathode circuit
should be tuned was determined by a series of
test runs mde while using a variable-frequency
cireuit. These tests sevmed Lo indieate that, with
same tubes it iy advisable o tune the enthode
slightly above the erystal hrequeney and that
other tubes aperate best with the eathode tuned
to the second or even the third harmonie. Tow-
ever, an r.f. indieator eoupled to the plate tank
showed that maximum output at the funda-
mental and the harmonic frequencies was ob-
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Fig. 4 -— 'erformanee evrvea for the ‘Fri-tet oscillator,

See text for eritieal cireuit valuea, A, B, ¢ and D gofer
to the 6AGT, 616, 6YOGT and 61.6, reapectively,
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tnined with the eathode tuned approximately
midway bhetween the fundamental and the see-
ond-harmanie frequencies, Output at the erystal
frequency will have high harmonie content if the
cathode is tuned near any one of the harmonies,
When the plate tank was adjusted to a harmonic
frequeney, it was not possible to increase output
by retuning the eathode to a higher frequeney
nor did the r.l. indicator show nn cxcessive
amount of fundamental present in the output.
There does not appear to he a spot frequency
(Tor o particular erystal) to whiecl the eathode
must he taned. I, however, the eirenit is made
varinhle o Taeilitate maximum power oulput
overa wide e of ervstal frequencies, it should
nol. be enpe i of tuning down to the erystal fre-
queney. This adjustment results in oxcessive
feed-back which, in turn, eauses dangerously high
ervsial current, frequeney ereeping and reduced
output. Tubes other than the Type 6AGT won't
cven st to o oseillade consistently  with the
cathode sel too elose to the erystal Tregueney.
Tuning of the plate circuil of the I'ri-tet oseil-
Entor using o Py pe GAG7 Lube ennses slightly less
frequeney shift than does the tuning of a grid-
plate cireuit, using the snme tube. A comparison
of Figs. 2 and 4 proves this point and also shows
cquivalent frequency-shift curves for the two cir-
cuits when the Types GIFG, 6V6GT amnd GLG are
employed. Also pointed out hy Fig. 4 is the fact
that the plate circuit of the Tri-tet must be tuned
to the high side of resonanee when tubes other
than the GAGT are used. From these curves it is

~also obvious that plate-tank tuning has an effect

on feed-hack,

Some frequeney shift does oceur when the cath-
ode eirenit of a Tri-tet is tuned in the vieinity of
the fundamental or the harmonic frequencies,
This information is not presented in eurve form
beenuse it representa an improper cirenit adjust-
tment, which should he nvoided,

Use of the Type 6AGT tube in o T'ri-tet oscil-
lator assures keying free from chirp even when
the plate tank is adjusted for maximum output,
and frequency shift is almost negligible with this
arrangement. Types GI'6 and 6VGGT key well
only at the expense of redueed output, beeause of
the necessity for tuning the plate lank off reso-
nanee, There is no set of cirenit. adjustments
which permits chirp-free keying of the high-power
GLG cirenit,

The Modified-Pierce Oscillator

The circuit diagram of the modified-Pierce
oscillator is given in Fig. 1C. Ordinarily, varia-
tion in screen voltage provides the primary means
of adjusting feed-back in this circuit. However, if
regulated sereen vollage is 1o he employed in the
interests of good keying, il is necessary to find
another method of regulating the feed-hack. This
can he necomplished by adding a fixed eapacity,
Cg of Fig. 10, belween sercen grid and ground.
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Each type of tube requires a fairly eritical value
of external feed-back eapacitance, and optimum
values for the Tour tuhes Lested are listed under
the performance eurves for the oscillator,

Addition of the exterral feed-back control to a
6AG7 modificd-Pierce eircuit raised the relative
output at the fundamental from 6.4 Lo 9.8 ma.
without making any mensurable increase in erys-
tal eurrent or without increasing Lho frequency
ghift caused by plate tank tuning.

Curves of the relative onlput and of the fre-
quency shilt, caused hy plate-eirenit ndjustment,
are given in Fig, 6. Crystal everent earves nee
missing in Chis ense beense they were alwoys
below Lhe mensurable value of 30 ma,

The operational curves show an interesting
trait of the modified-Pierce oscillator. Although
the 6AG7 reacts to plate circuit tuning just as it
does in the other two cireuits, the other three
tubes require (hat the plate tank be adjusted to
the low-frequeney side of resonanee when 7-Me.
erystals are used. Not shown by the eurvesis the
fact that these snme fuhes require o plate-cireait
adjustment, on the high side of resonunee when
3.5-Mc. ervatals are used. "This is possibly due to
a change in feed-back conditions as the frequency
of operation is inereased. In any event, we have
learned that the plate-tank ol the Pierce circuit
requires the same careful tuning as the plate
gircuit of the other oscillators,

Harmonic output data for the Type 6AG7 tube
operated in the Pierce circuit are listed in Table 1.
Ilarmonie output delivered by the other three
tubes wns so low ns to he of no practical use and,
ag g result, the output figures are not listed. Asa
matter of fact, some of the tiubes would not oseil-
late when the plate tank was tuned very far off
the fundamental frequency.

In conelusion, we can say Lhat the modified-
Picree oscillator is a simple, practical cirenit ro
long ns the Pype GAGT tube is used. With Chis
tube, it will key well when adjusted [or maximum
output and the harmonie output eapabilities are

comparable with the other two cireuits. Use of
the modifiec-Pieree in eonjunction with Types
6FG, 6VOCGT and 616 is not recommended if
either gond keying or h'armmu(' output are design
considerations.

Summary

In summary, the following should be considered
in the sclection of any one of the three circuits
discussed above:

1) Regardless of the cireuit selection, use
regulated sereen voltage if good keying is desired.

2) Of the four tubes tested, the 6AGT is by far
the best from every qhnr]pr)mt.

3, The Tri-tet oscillator gives the nm'w[, output
(at both the fundamental and harmonie fre-
quencies). The modified Pieree i second in this
respect, go long as o 'Type 6AGT tube is used,

4) The modified-ierce cireuil is easicst on.the
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PLATE-CIRCUIT TUNING

Fig. 5 — Crystal-current, frequency-shift and ontput
data for the modificd-Pierce oscillator. Feed-hack
capacitances (Cs) for the various tubes are: 6AGT =
220 pufd.; 6F6 = 40 upfd.; 6YOGT = 50 uuld.; 616 =
o0 ppld.

erystals and, exeept when a 6AG7 ia used, the
grid-plate oscillator operates with tho highest
crystal current.

5) With a tube othor #fmn the GAGT in use, it
is not advisable to tunc any of the oscillators for
maximum output because a slight change in cir-
cuit conditions may cause frequency shift.

6) Plate-circuit keying of the circuits results
in less chirp than does the use of straight cathode
keying.

7) Remember — the use of a crystal doesn't
automatically assure a good sounding note. But
the crystal is willing to do its part — if you'll give
it the chance.

e Strays "5

WIAGM and W4GJW report that their diree-
tory of doctor and dentist radio amateurs is
rapidly taking shape. If you are a U. 8. or foreign
amateur engaged in these professions and haven't
alroady done so, you are requested to communi-
ente with WAGJW, Dr. Arthur W. Woods, Wood-
ward  Building, Birmingham, Ala, hefore the
direetory’s dendline of Nay 1st.
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