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ELECTRONIC

Chains of sawtooth tone generators using
oscillators for frequency control. Undesired harmonics
vibrato stops and six tone-color stops

give five octaves

LECTRIC-KEYBOARD musical in-
E struments may be classified
into two main groups according to
their means of tone production:
(1) electromechanical generators;
(2) glectric-cirenit generators. Me-
chanical systems are either rotary
or vibratory. Both means have
been used to modulate electro-
statie or magnetic fields or beams
of light. Electric circuit types have
employed both vacuum and gas-tube
oscillators as tone generators.

Designers of new instruments
have either imitated existing in-
struments or have devised com-
pletely new pleasing tonal qualities
and controls. However, one of the
greatest complaints against electric

70

of organ-like music with two

are

instruments is that they are gener-
ally too perfect, and therefore un-
natural. Variation is the essence
of musical expression and varia-
tions 'in pitch, loudness, tone color
and vibrato should be within easy
control of the musician. On the
other hand, too many controls con-
fuse or discourage the performer.
In general, new instruments should
be easily operated by masters of
similar existing instruments.

It was required to develop an
organ-like electronic instrument
that would retail for $800, whereas
the cheapest all-electronic organ
then available sold for about $3,000.
Since mechanical economies in the
design and construction of the

10-cent neon lamps are synchronized to master

removed with tone filters to

console and keyboard would class-
ify the equipment as a toy rather
than a musical instrument, it was
necessary to retain the standard
form of the other low-priced organ-
like instruments. The main Save-
ings were effected in parts and pro-
duction costs, with minimum gacri-
fice in performance. A standard
organ keyboard of five octaves or
61 notes covering the range from
C 65 to C 2,093 cycles is used. The
controls consist of eight organ
stops; two are used to select vibrato
rates and the remaining gix are for
tone color. A swell pedal is pro-
vided for output level or volume
control.

The cheapest double-triode vac-
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FIG. 1—Arrangement of
stages in complete orgam.
Frequency value in cycles
iz given for each master
oscillator (top row) and
each of the 61 synchron-
« ized NE-2 neon-tube relax-
ation oscillators compris-
ing the five octaves.

Shaded boxes represent
bass notes

TOP: Complete organ be-
ing played: CENTER:
Rear view of console,
showing general arrange-
ment of electronic units;
BOTTOM: View of chassis
containing the twelve
master oscillators and
twelve octave chains, To-
tal tube complement Iis
eight 68C7, one 6B]7, one
6SL7, two BVEGT, one
5Y3GT, one VR105 and 61
NE-2 neon diodes

RGAN

By ROBERT M. STRASSNER

Monterey Park, Calif.

uum tube, the 6SCT, lists for $2.00.
The cheapest gas diode, the NE-2,
lists for 10¢. For this reason, gas-
tube methods of tone generation
were thoroughly investigated. As
it happens, the sawtooth waveform
of the gas-discharge relaxation o8-
cillator has a high harmonic con-
tent, permitting wide variation in
tone color by removing the unde-
sired harmonics with suitable fil-
ters., The main difficulty was, of
course, with frequency stability.

Actual Design

The block diagram of the com-
plete instrument is shown in Fig. 1.
The twelve separately-tuned master
oscillators generate continuously
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the twelve frequencies for the high-
est of the five octaves provided. For

each master oscillator there is a
chain of sawtooth tone generators,
the first of which is synchronized
to the fundamental frequency. Only
these harmonie-rich sawtooth gen-
erators feed the preamplifiers and
tone-color filters; the master oscil-
lators serve only for frequency con-
trol and are not heard.

Each master oscillator syn-
chronizes its corresponding sub-
multiple notes in cascade fashion.
Of course, octave submultiples are
the only frequencies that may be
synchronized in a mugical instru-
ment, since the others are not ex-
actly related in the equally-temp-
ered scale.

The 61 sawtooth tone generators
are continuously in operation, with
all their output leads terminating
at the keyboard gswitches. Twenty-
four of the generators feed the bass
preamp, and the remaining 37 feed

the treble preamp, When the
musician depresses one or more
keys, the  corresponding key

switches send the tonal combina-
tion to the treble and/or the bass
preamp. Stops ab the control panel
select the desired combination of
tone color. The bass and treble
tone-color filters then separately
modify the upper and lower por-
tions of the keyboard and inject
their combined outputs at the
gecond preamp grid, The input level
to the phase inverter is controlled
by a step potentiometer operated by

the foot of the performer. The sig-
nal continues through the power
amplifier to the dual-speaker com-
bination.

The main faectors affecting the
frequency stability of gas-dis-
charge oscillators were found to be
applied voltage and incident light.
Voltage was readily stabilized
within 2 percent with a VR105 reg-
ulator tube. It was necessary to
introduce a small amount of light
for proper operation at the lower
frequencies. This effect was ac-
complished by placing ordinary six-
volt dial lights near the low-fre-
quency gas diodes.

The necessary additional stabili-
zation was obtained by subjecting
the tubes to a small electrostatic
field at the controlling frequency.
3y using a portion of the output
from one oacillator whose frequency
was already under control to syn-
chronize another at a submultiple
frequency, octave divider chains
were developed, Three or four
turng of hookup wire provided suf-
ficient coupling for reliable control
within plus or minus 10 percent of
the free-running frequency.

Figure 2 shows a typical octave-
divider chain, The charging ca-
pacitorg for the first three stages
are connected so that the output
voltage to the treble preamplifier
approaches —100 volts according to
the relation:

Vo= 100 (1 — ¢#/Rr0)

(1)

The time for discharge is extremely

short compared with the time re-
quired for the voltage to increase
from the extinction voltage V, to
the ignition voltage V,, so that the
free-running frequency of oscilla-
tion is mainly a function of the dif-
ference between these two volt-
ages'., Substituting V, and then 7,
for ¥V and taking the reciprocal of
the difference between the two cor-

responding values of f, the fre-
quency of oscillation becomes
fo= — El (2)
? RO 1 100 ~ V, :
100 =

Thig expression is approximate be-
cause V, and V, are themselves af-
fected by frequency, incident light,
temperature and magnitude of the
discharge current.

At the point of ignition, in the
first three stages, the oulput volt-
age rises very quickly to <100
volts. The last two tubes in the
chain, V, and V., are connected so
that a positive-approaching saw-
tooth is produced. It found
that the steep time at the
point of discharge in the negative
sawtooth is much more effective
in controlling the positive-sawtooth
generators than other combina-
tions, Because the lowest fre-
quencies are the more difficult to
control, the last two tubes in the
chain are both controlled by the
steep negative sawtooth. The first
three tubes in the chain, V,, V. and
Vs, are controlled directly by the
master oscillator.

was
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FIG. 2—Example of octave divider chain. For B-note C chain, FIG. 3—Neonlamp test and ag- FIG., 4—Typical master oscillator
sync signals are injected in slighily different order so that the ing circuit for improving stability  circuit, with component values

two lowest noies (most difficult
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to conirol)

are triggered

of sawtooth oscillators

for the 1.760-cps chain
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The charging resistance was ad-
justed to about 3.3 megohms in all
cases. This value represents a com-

promise between higher values,
which would be more unstable
acainst temperature variations and
would limit the discharge current,
and lower values that operate the
tube too near the border between
oscillation and continuous glow, For
all other factors remaining con-
stant, Bq. 2 shows that if R is in-
creased, € must necessarily be re-
duced if frequency is to remain con-
stant. A reduction in € means less
energy storage in the capacitor and
therefore less discharge current.
If B is too low, the charging cur-
rent will be so high that the tube is
unable to extinguish at the comple-
tion of capacitor discharge, which
results in continuous glow,

Switches S, through S, are
mechanically linked to the playing
keys. When in the up position,
these switches ground the outputs
of all unplayed oscillators and also
parallel the 15-meg resistors from
grid to ground of the preamps, giv-
ing 0.625 meg and 0.405 meg re-
spectively at the bass and treble
inputs. As a key is depressed and
the ground connection removed, a
98-db loss of available oscillator
output for basgs notes and 81-db loss
for the treble is momentarily sent
to the preamps, When the key has
completed § of its stroke, the 15-
meg resistor is shunted, thereby
allowing playing level. In this man-
ner the loud transient click that
would otherwise be present has
been almost completely climinated.

Despite these precautions against
transients, key switches with silver
alloy contacts caused consgiderable
clicking, Evidently these high-im-
pedance circuits were extremely
sensitive to the slightest oxide coat-
ing at the contacts. Even the best
silver forms a slight coating under
normal  conditions. The final
switches were formed from Ni-
chrome V wire., Clicking was un-
noticeable and these switches have
maintained their characteristics for
a long period of time.

After the first experimental
model had been in use for several
months, a few oscillators drifted
out of their range of confrol. Tt
was determined that an aging proc-
ess within the tubes had taken
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FIG. 5—Design curves for determining paramelers of parallel-T networks in master
oscillators

place, It wasg observed that the
glow in troublesome tubes was irre-
gular and unevenly spread over the
electrode area. When these tubes
were tested ag positive and negative
peak clippers in the cireuit of IFig.
3 (switeh S open), they failed to
produce square and symmetrically

clipped sine waves. When the
switeh was closed for several

seconds, allowing about 200 ma to
flow, the glow started unevenly but
gyadually spread over the entire
area of both electrodes. At the com-
pletion of this spread, the gwitch
was opened because continued appli-
cation of this high current over-
heats the eleetrodes and destroys
their photosensitive coating. After
proper aging, the wave is always
gymmetrical and squarely clipped.
Uniform characteristics throughout
the remainder of their life were
thereby assured. The experimental
model has remained in synchronism
for well over a year,

Master Oscillators

At the frequencies corresponding
to the twelve notes in the highest
octave, twelve stable oscillators
were used to control eleven chains
of five notes and one of six to
account for the extra C at the low
end. Because of its high stability
and low parts cost, the parallel-T
circuit was chosen. Stabilities of
0.1 percent are possible without
supply-voltage regulation. Since
only one triode per oscillator is re-
quired, two master oscillators may
be housed in one double triode tube.
Typical cireuit constants of the

A-chain master oscillator are shown
in Fig. 4.

To aid in determining the paral-
lel-T - network parameters, the
curves for Fig. b were plotted from
equationg already derived’. This
presentation assumes zero gener-
ator impedance and infinite load
impedance. Therefore, the net-
work open-circuit input impedance
Z.. should be much greater than the
generator impedance R’ and its
short-cireuit output impedance Z
should be much less than the load
impedance R, in order that the net-
work balance conditiong be least
disturbed, After stage gain A has
been determined by the tube and
load resistor selected, n as a func-
tion of A for various values of m

may be read directly from the
curves.
For sustained oscillation, net-

work attenuation K must be less
than stage gain A. If there is no
loading on the network and con-
stants are to exact tolerance, K
could be taken equal to A. This is,
of course, impossible and for reli-
able operation, K should not be
more than one-half A. In most of
the literature on the subject, m is
taken equal to one. ** Tt should be
noted that inereased selectivity as
well as decreased K occurs as is
increased.

The more common method of in-
creasing gelectivity is to increage A
only. With high-mu triodes the
upper limit on A is about 35, so
that if additional selectivity is de-
sired, increasing m is a convenient
method. With these limits in mind
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the following criteria for the de-
sign of a single-stage triode parallel-
T oscillator were therefore adopted :
(1) A was determined from p, E;
and r,; (2) K was set equal to A/2;
(8) the highest value of m that will
allow Z,. to remain much less than
R, was selected; (4) Z,, was made
much greater than E;; (b) at the
chosen value of m, n was found for
K ecalculated above; (6) only points
well above the K, curve and below
where K changes rapidly with small
changes in n were used; (7) C =
/oR.

Although the. design was time-
consuming and the required low-
tolerance components are expensive,
the production cost per oscillator is
less than for other types and stabil-
ity is comparable with a laboratory
standard.

Vibrato Oscillator

Vibrato in most mugical instru-
ments is produced by combined fre-
quency and amplitude modulation.
However, a rather pleasing effect
may be obtained from frequency
modulation alone. Figure 6 shows
the vibrato oscillator, which is a
gtandard four-section phase-shift
variety." Frequency is adjusted to
about six cycles per second and is
controllable at the stop tabs by
simultaneously varying two of the
1-meg registors in the phase-shift
network. Oscillator output is in-
jected through the 2-meg resistors
gshown in Fig. 4 to the grids of all
master oscillators. The extent of
the frequency swing or vibrato
depth is determined by the ampli-
tude of the injected voltage.

Tone-Color Stops

The raw sawtooth waveform
from the tone generators could
hardly pass for music because of its
improper harmonic distribution.
After this sawtooth has passed
through filter circuits that alter its
harmonic structure, many pleasing
tonal effects are obtained,

The highest note on the keyboard
of this instrument is the 32nd har-
monic of the lowest. A low-pass
filter designed to remove certain
harmonics of the treble notes would
have negligible effect on bass notes.
In like manner, another low-pass
filter with a much Iower cutoff point
would be very effective in coloring
bass notes and yet completely at-

74

CMERE L R
SRl e

Q

ai

w

+2V  +300v

TO MASTER 0SC GRIDS

FIG. 6—Vibrato oscillator circuit. Out-
put frequency is approximately 6 cps
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FIG. 7—Bass and treble tone.color fil-
ters, each using half of the B8C7

tenuate the treble section. If uni-
form tone color were required, a
separate filter for each tone color
of each note would be needed. How-
ever, few instruments have the
same tone color throughout their
range.”” A satisfactory tonal bal-
ance was obtained by splitting the
keyboard at middle C (261 cycles).
Two filter sections were provided.
The 24 notes below middle C were
routed to bass stops or filters and
the 87 above to treble stops. When
a bass note is played and a bass
stop ig cloged, a tone is produced
that in pitch is determined by the
note played, in color is designated
by the stop closed and is at a level
depending on the setting of the
swell pedal. Figure 7 shows circuit
constants of the tone color unit.
One filter in each section is a reso-
nant band-pass type designed to act
as a formant-producing element.
(Formants are caused by boosting
partial tones around a particular
resonance frequency.) The others
are ordinary R-C networks. Thege
combinations produce horn, string
and reed effects. Large amounts
of insertion loss were deliberately
incorporated in each network in
order that output level would be
noticeably increased as more stops
were closed.

Choice of Speakers

The distortion of the 8-watt
amplifier used was held to a mini-

mum consistent with parts cost, but
best speaker performance (oddly
enough) was realized with one of
the least expensive combinations
tested, The final choice was a pair
of 8-inch p-m speakers, one with a
hard cone resonating at 150 cycles
and the other soft for a T5-cycle
resonance. When these were oper-
ated in parallel, their reciprocal
damping effects appeared to reduce
overall resonance and distortion to
a low degree. An 8-watt test sig-
nal that produced objectionable
distortion in a 25-watt high-fidelity
speaker supplied by a prominent
manufacturer was eagily handled
by the 10-watt combination used.
The dual system was also chosen
because it allowed a more uniform
dispersion than could be realized
from even a large single speaker.

Conclusions

It wag pointed out that the pur-
pose of this project was to design
a low-cost, easily-operated organ-
like instrument. Low manufactur-
ing cost was accomplished by using
inexpensive tone generators whose
tiny size lend themselves to gmall
identical subassemblies. Pleasing
tone color was the main standard of
performance. To this end, com-
ments on the results of listening
tests by many musicians and engi-
neers have been most gratifying.
Provided reasonable care is exer-
cised in the seléetion of capacitors
and resistors in the parallel-T net-
works, the instrument should re-
main in tune indefinitely. Eight
organ stops provide 196 combina-
tions of tone color. Any person able
to play keyboard instruments can
play this instrument with little or
no practice.
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