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1. SPECIFICATIONS

NOTE

All specifications are typical and may vary
slightly from unit to unit.

POWER REQUIREMENTS

Operating Voltage Range

Power Consumption
CONTROLLERS
Keyboard

Glide Time Slide Control

Tone Source Tune Control
Range ( b—0 )

Polyphony Tune Control
Range ( b—1 )

Modulation Rate Slide Control
Modulation Waveshape Switch

Tone Source Modulation

Slide Control

Filter Modulation Slide Control

Auto Contour Trigger Switch

TONE SOURCE ONE

Reference frequency for Low F
(octave = -2)

Waveforms (N LJ L)

Octave Settings

Sync (Synchronization) 2—1

95—127 volts, 60 Hertz

190—254 volts, 50 Hertz

19 watts, maximum

31 note (F to C)

Linear, continuously vari-

able from b milliseconds to

2.3 seconds

+/- 3 semitones

+/- 3 semitones

0.3 Hertz to 31 Hertz

Triangle, square or
random

Zero to 18 semitones

Zero to b octaves
Triggers contour generator

with modulation oscillator
frequency (rate)

43.65 Hertz

Sawtooth and pulse wave
of 50% duty cycle

0, -1, -2 octaves

Locks the fundamental

frequency of Tone Source
Two to Tone Source One

TONE SOURCE TWO

Reference Frequency for
Low F (Octave = -1)

Waveforms ( N\ I LI'L )

Octave Settings

Detune ( b—0 ) Slide
Control with Sync 2 — 1
Switch Qut

Detune ( b —Q ) Slide

Control with Sync 2 — 1
Switch In

NOISE

Type

BELL TONE
Type

Inputs

Input Waveforms

POLYPHONY

Reference Frequency for
Low F

Waveform

Keying System

Master Oscillator Frequency
CONTOUR GENERATOR

Rise Time

Fall Time

Sustain Level at UT013B
with Key Depressed and
Sustain Switch “IN"

87.31 Hertz

Sawtooth and pulse wave
of 10% duty cycle

+1, 0, -1 octaves

Varies Tone Source Two
+/- 7 semitones relative to
Tone Source One

Varies Tone Source Two's

harmonic spectrum over a
2 octave range

Digital pseudorandom pink
noise

Digital exclusive “OR"
Tone Sources One and Two

Pulse waves

87.31 Hertz

Square

On-Off keyboard keying over
the 31 note range

125 kHz

4 milliseconds minimum
4.7 seconds maximum

10 milliseconds minimum
15 seconds maximum

6 volts



VOLTAGE CONTROLLED AMPLIFIER (VCA)

(ALL OUTPUTS MEASURED AT U1011 PIN 6)

Tone Source One Sawtooth

Tone Source Two Sawtooth

Tone Source One Pulse
Tone Source Two Pulse
Bell Tone

Noise Source

Polyphony (One Note
Depressed)

-30dBm minimum

-30dBm minimum

-25dBm minimum

-33dBm minimum

-20dBm minimum

-30dBm minimum

-30dBm minimum

VOLTAGE CONTROLLED FILTER (VCF)

Type

Filter Keyboard Tracking
Out

1/2

1

Regeneration Frequency
(Self Oscillation) with
Filter Cutoff Centered and
Filter Keyboard Tracking
Out and Contoured Cutoff
at Zero

Patented 24dB/octave
low pass filter

Filter does not track
keyboard

50% of keyboard control
voltage effects filter cutoff

100% of keyboard control
voltage effects filter cutoff

610 Hertz reference
frequency

VOLTAGE CONTROLLED FILTER (VCF)

(Continued)

Range of Filter Cutoff
Control

Maximum Sweep of Cutoff

Frequency by Contour Gener-

ator (with Sustain In)

INTERFACE PORTS
Pitch Scale Factor

Trigger

11 octaves

7 octaves

1 volt/octave

Shorting to ground starts
the contour generator

SIGNAL TO NOISE RATIO

Bleedthrough (From All
Sources)

50dB

WEIGHTS AND DIMENSIONS

Synthesizer Dimensions

Synthesizer Weight

Single Carton Dimensions

Shipping Weight (of One
Synthesizer)

18" long x 12-1/2"" wide x
5-1/4" high
(46cm x 32cm x 13cm)

12-1/2 pounds (5.6kg)
23" long x 14" wide x
7" high

(58cm x 36cm x 18cm)

15 pounds (6.8kg)



2. CIRCUIT DESCRIPTION

‘ For the purposes of this circuit description, all circuit

designations are coded with a numerical prefix.
Control Board 1 = 1000 Series

Keyboard and Jack Boards 2 and 3 = 2000 Series

Example: R29 on Board 1 becomes R1029: R54 on
Boards 2 and 3 becomes R2054.

Since there are separate power supply feeds to different
parts of the circuit, these separate feeds are coded with an
A, B, C or D suffix.

Example: The +12 volt source for Tone Source 1 is listed on
the schematic as +12V (A).

POLYPHONIC TONE GENERATOR

The polyphonic tone generator consists of a high frequency
master oscillator U2001, top octave synthesizer U2002 and
dividers U2003 through U2006. In a simplified operation
summary, the high frequency oscillator produces a 125kHz
square wave. The top octave synthesizer divides this square
wave down by different ratios to generate the frequencies of
the top octave on the keyboard. The rest of the dividers
divide the top octave frequencies by factors of 2 or 4 to gen-
erate the rest of the pitches on the keyboard.

The master oscillator, U2001, utilizes a CMOS phase lock
loop as a voltage controlled oscillator (VCO). The frequency
is set by the current pulled from pin 11 on U2001 plus the
voltage on pin 9. C2001, R2002 and Poly Freq Trim R2001
set the basic frequency of oscillation at 126k Hz. The POLY-
PHONY TUNING control R1076 adjusts the frequency over
+/-2.5 semitones. The square wave output appears on pin 4
of U2001.

U2002 divides down the 125k Hz square wave to form the

top octave notes on the keyboard. The output of U2002
feeds resistors R2009 through R2021 which feed directly to
the keyboard. The output of the top octave synthesizer (TOS)
also feeds the appropriate inputs on the rest of the dividers
U2003 through U2006. The output of these dividers feed
their appropriate 22K resistors connected to the keyboard.

KEYBOARD AND TRIGGER EXTRACTOR CIRCUITRY

The keyboard circuit consists of the keyboard, current

source U2009, KEYBOARD GLIDE control R1063, track
and hold amplifier U1007 A, polyphonic summing amplifier
U2007 A, and trigger extractor U2007B and U2008. When at
least one note is depressed on the keyboard, a DC voltage
appears on the pitch buss and a square wave current from the
polyphonic tone generator is coupled to the summing node on
the polyphonic buss. The trigger extractor detects the output
of the polyphonic summer and generates a voltage trigger,
which stays on as long as any note is depressed. A DC voltage
corresponding to the highest note depressed is coupled through
the GLIDE slider R1063 to the keyboard track and hold
amplifier. The output of this amplifier is routed to both
monophonic Tone Sources and through the KEYBOARD
TRACKING switch to the Voltage Controlled Lowpass

Filter. A rear panel PITCH jack J1007 is provided to control
the pitch of the synthesizer from an external source and to
output the keyboard voltage to an external accessory.

The Monophonic Keyboard Circuit consists of U2009, an
inverter used as a constant current source, and associated
circuitry. Hi End Trim R2057 sets the high end keyboard
voltage at 2.58 volts. R2052 feeds approximately 870
microamps through the 31 resistors in the keyboard, gener-
ating one volt per octave across the keyboard.Since the high
end of the keyboard is fixed at 2.58 volts, we have a high
note priority keyboard. Low End Trim R2051 sets the low
end of the keyboard to 0 volts for 1 volt/octave.

The voltage corresponding to the highest note depressed is
routed to the PITCH jack J1007. J1007 allows the internal
monophonic keyboard voltage to be replaced by an external
voltage source. Without a plug in J1007, the keyboard buss
voltage is routed to KEYBOARD GLIDE slider R1063. With
a stereo plug inserted into J1007, the internal connection is
interrupted. The keyboard buss voltage appears on the ring
of the plug and an input external voltage source appears on
the tip.

The selected input voltage from J1007 is routed to the KEY'-
BOARD GLIDE slider R1063. R1063 and C1013 form a
lowpass filter with an adjustable time constant. With the
KEYBOARD GLIDE slider R1063 set at its lowest value,
each successive note on the keyboard will give a discrete
pitch jump. At high values of the KEYBOARD GLIDE
slider, two successive notes will cause the voltage to slide
between notes. C1013 is buffered by U1007A and the voltage
is fed to the Tone Source summer U1007B, inverter U1008
and the lowpass FILTER through the KEYBOARD
TRACKING switch SW1006.



Unlike the monophonic section, the polyphonic section
produces actual pitches instead of a DC control voltage.
Square waves from the top octave synthesizer and dividers
feed 22K resistors connected to each keyswitch on the key-
board. When any note is depressed, the resistor connected to
that note feeds a square wave current to the polyphonic
pitch buss connected to U2007 A. U2007 A converts the
current to a 1 volt peak-to-peak square wave which feeds
directly to the POLYPHONY level slider R1054 and to the
trigger extractor U2007B.

U2007B and U2008 form the trigger extractor. U2007B
amplifies the output of the polyphonic summer and charges
C2006 through CR2001. As the voltage across C2006 ex-
ceeds 1 volt, it causes the output of U2008 to change from
+12 to -15V, generating a voltage trigger. C2006 and R2047
have a long time constant which yields a constant trigger as
long as any single note is depressed. When all notes are re-
leased, R2047 discharges C2006 causing U2008 to turn off
the trigger. The voltage trigger is fed to the contour
generator.

TONE SOURCE SUMMER AND INVERTER

The Tone Source summer U1007B adds the pitch control
voltage from the PITCH jack J1007, the TONE SOURCE
TUNING control R1068, and the modulation signal from
the MODULATION TONE SOURCE slider R1071. The
pitch control voltage from J1007 can be the keyboard
voltage or an externally applied voltage on the tip of J1007.
The output of UT1007B is inverted by U1008 and applied to
both oscillators.

LINEAR VOLTAGE TO EXPONENTIAL CURRENT
CONVERTER

The linear voltage to exponential current converter circuit
takes the linear voltage from the Tone Source summer/in-
verter and converts it to an exponentially varying current
directly related to musical intervals. After processing by the
converter, each 1 volt increase of the keyboard is converted
to an octave increase (doubling) in current which results in
an octave increase (doubling) in frequency of the Tone
Sources.

The linear voltage to exponential current converter (here-
after referred to as the exponential converter) consists of a

reference current source Q1002 and U1002A and the expon-

entiating transistor Q1001. The reference current source is
used to cancel the increase in reverse saturation current
with temperature.

The reference current (IRgg) is maintained in Q1002 by
U1002A. U1002A senses the voltage drop across R1004 and

R1005 and pulls current out of the emitter of Q1002 to
maintain the voltage drop at 12 volts. With TONE SOURCE
OCTAVE switch SW1001 in the -2 position, it places R1004
and R1005 in series, and the 12 volt drop forces six micro-
amps into the collector of Q1002. Since the base current of
Q1002 can be neglected, the six microamps flows out of the
emitter of Q1002 into UT002A. The TONE SOURCE OC-
TAVE switch SW1001 arranges the connection to R1004 and
R1005 to produce octave increments in the reference cur-
rent. At the -1 setting of SW1001, |gg g equals 12 micro-
amps and at the 0 setting, |gg g equals 24 microamps. R1004
and R1005 are matched to 0.1% to ensure the accuracy of
the octaves. C1001 prevents the reference current loop from
self-oscillating.

The actual exponentiating element is Q1001. The collector
current of Q1001, g, is characterized by the following
formula:

) ViN
Ic=IReF © Vr

where:
IRgE = reference current through Q1002

VIN = input voltage to base of Q1001

VT = kKT~ 28.8mV at room temperature of
a 80.6°9F (300° Kelvin)

k = Boltzmann's constant = 1.380x 10 23
Joules/degree Kelvin

i absolute temperature in degrees Kelvin

1l

q = charge of one electron = 1.6 x 10 =19 Coulombs

At V| equal to zero volts, the collector current from Q1001
equals the reference current flowing through Q1002. For
every 17.9mV increase in the voltage V|, the current through
the collector of Q1001 doubles. This can be verified with a
scientific calculator as follows:

17.9mV

25.8mV

Ic= IReF e #lgep X200t & 2Xipep

Tone Source 1's frequency is directly proportional to the
current flowing through Q1001, and therefore, a 17.9mV



increase in V| means the Tone Source frequency will
double (increase one octave).

R1007, R1006, and R1008 attenuate the keyboard voltage so
a one volt keyboard voltage will result in 17.9mV at the input
(base) of Q1001. Scale 1 Trim R1008 adjusts the input vol-
tage to 17.9mV/octave for exactly 1 volt/octave of keyboard
voltage. FREQ 1 trim R1001 adjusts the “offset” of the
current source to set the reference pitch of the Tone Source.

R1007 is a temperature compensating (T.C.) resistor. An
examination of the formula for the collector current shows
that VT varies with absolute temperature at a rate of 3300
parts per million per degree Kelvin. This causes the octave
relationship to go “‘flat” (decrease) as temperature increases.
For example, it would take an input of 19mV to equal a
change of one octave of collector current at 113°F or 318°
Kelvin. Therefore, as the current source goes flat, so do the
tone sources. To maintain good tuning accuracy, R1007 has
a temperature coefficient of +3300 parts per million to
compensate for the temperature effect. R1007 is mounted
underneath U1001 with thermal grease to maintain good
thermal contact.

TONE SOURCE 1

The exponential current source drives a current controlled
oscillator (CCO) which operates very simply. The exponen-
tial converter pulls a constant current out of a capacitor
causing a ramp voltage which decreases with time. When the
ramp voltage hits zero, a comparator fires, turning on a tran-
sistor. The transistor discharges the capacitor to +12 volts
and the process repeats forming a sawtooth waveform whose
frequency is directly proportional to the current pulled
through the exponentiator. The sawtooth voltage is routed
to another comparator to produce a rectangular pulse.

Now for the more detailed operation, Q1001 draws current
from C1002 through R1009. This generates a linear ramp
starting at 12 volts and decreasing (charging) towards zero
volts. U1002B buffers the capacitor voltage and applies it to
comparator UT003B. As long as the ramp voltage is above
zero volts, the output of U1003B is at +12 volts, Q1006 is
off and C1002 continues to charge towards ground.

When the ramp hits zero, U1003B fires to -12 volts, Q1006
turns on, discharging C1002 to +12 volts. UT003B then re-
sets to +12 volts, Q1006 turns off, and the process repeats
producing a sawtooth wave. Since the output of U1002B
cannot go to exactly +12 volts, the sawtooth wave has a
flat spot on the top of it. C1005 and R1013 add a 1.5

microsecond hyteresis to the comparator to guarantee that
C1006 is fully discharged.

As stated earlier, the CCO’s frequency is directly proportional
to the current through Q1001 which results in a 1 volt per
octave keyboard response. This 1 volt per octave relationship
goes “'flat”’ (decreases) at higher frequencies due to the
influence of two factors; first, at higher currents the expon-
ential current source deviates from a true exponential res-
ponse causing it to flatten out, and second, due to the
oscillator reset time of 1.5 usec. R1009 is added to compen-
sate for both these effects. As the current pulled from C1002
is increased, the voltage drop across Hi Freq Trim 1 R1009
increases causing the voltage from buffer U1002B to go to
ground early. This causes the oscillator to go “sharp” with
increasing current. The ““flatness”” caused by the exponential
current source and the reset time is compensated by the oscil-
lator going ‘‘sharp’’ and true exponential response is main-
tained.

The sawtooth wave from U1002B is routed to the WAVE
SHAPE selector switch SW1002, TONE SOURCE 1 level
slider R1051, and the pulse generator U1003A which com-
pares the sawtooth to a +6 volt reference voltage. The output
of U1003A is high when the sawtooth voltage is above 6
volts and low when the sawtooth is below 6 volts, thereby
generating a square wave. Square Trim R1016 adjusts the
threshold voltage to set the duty cycle of the square wave at
50%. The square wave is also routed to WAVE SHAPE selec-
tor SW1001.

TONE SOURCE 2

Tone Source 2 is identical to Tone Source 1 except in four
areas: it's tuned an octave higher, it has a DETUNE slider
R1025, it can be synchronized to Tone Source 1 and its
pulse generator produces a 10% duty cycle pulse. Tone Source
2 has a timing capacitor C1008 that is one half the size of
C1002, causing Tone Source 2 to be one octave higher at the
same control positions, The TONE SOURCE 2 DETUNE
slider R1025 offsets the current source for Tone Source 2
allowing its frequency to be varied independently from Tone
Source 1. The pulse width output is 10% because R1046 and
R1047 set the threshold of UT006A at a 1.2 volt reference
instead of 6 volt as in the case of Tone Source 1.

Synchronization locks the fundamental frequency of Tone
Source 2 to Tone Source 1. SYNC 2—1 is accomplished by
allowing the Tone Source 1 reset pulse to also reset Tone
Source 2. Tone Source 2 can also reset itself when its own
sawtooth hits zero.



When SYNC 2—1 switch SW1003 is QUT, Tone Source 1 and
2 free run, producing representative waveforms Q and 9
as shown in the illustration (Figure 1) along with their
respective reset pulses for both tone sources. As you can see,
the tone sources are not harmonically related. When the
SYNC 2—1 switch is in the IN position, the negative reset
pulses from U1003B and U1006B are “OR’d"” by Q1013 and
Q1014 and used to reset C1008. This produces a waveform
characterized by waveform {& . Therefore, the fundamental
period of B is the same as the original time period of saw-
tooth €Y .

The SYNC 2—1 switch SW1003 also increases the range of the
DETUNE slider R1025. This increase in range is used to gen-
erate harmonic changes in Tone Source 2 in the synchron-
ization mode. As the DETUNE slider R1025 is increased, the
pitch of Tone Source 2 tries to increase. Since it is locked

to Tone Source 1, its fundamental frequency cannot move.
But as you can see, the increase in drive causes the waveform
of Tone Source 2 to change, generating a new harmonic spec-
trum. As the DETUNE slider is decreased, a waveform similar
to €&) will result. Since Tone Source 2 is trying to run slower,
it will not reach zero to reset itself. Therefore, Tone Source 2
will be only reset by Tone Source 1 producing a sawtooth
identical to Tone Source 1. As the DETUNE slider is de-
creased, the amplitude of the sawtooth will decrease. This
decrease in the sawtooth will also cause the pulse output to
disappear because the sawtooth will always be above the pulse
generator trigger threshold of 1.2 volts.

The actual circuits used in synchronization are quite simple.
Tone Source 1's negative reset pulse from U1003B is
buffered by Q1007 and applied to SYNC 2—1 switch
SW1003. A separate feed to the DETUNE slider R1025

is also routed to SW1003. With SYNC 2—1 QUT, neither

of these are routed to the circuits and the tone sources

free run. When the SYNC 2—1 switch is IN, the reset pulse is
coupled to Q1013 and the DETUNE slider R1025 is coupled
through R1029 to the base of Q1010. The reset pulse from
Q1007 causes Q1013 to fire, resetting C1008. This locks
Tone Source 2 to Tone Source 1. The increased control feed
into Q1010 increases the range of the DETUNE slider for
spectrum changes.

NOISE GENERATOR

Noise is generated by a pseudo random digital noise gener-
ator U1016. U1016 produces a varying digital pulse stream
which has a frequency spectrum of white noise over the

audio range. The white noise output is fed through a 3dB/
octave filter to produce a pink noise. Pink noise is amplified
by U1017B, routed through the MIXER NOISE level slider
R1058 and then routed through the Voltage Controlled Filter.

The amplified pink noise from U1017B is also filtered

by R1162 and C1033, buffered by U1017A and fed to the
sample-hold switch Q1032 to produce a random modulation
voltage. R1158, R1159 and CR1002 limit the negative ex-
cursions on C1033 to prevent accidental turn on of Q1032.

BELL TONE GENERATOR

The Bell Tone output is generated by a digital ““exclusive
OR" gate in U2001. The “exclusive OR" gate has a +12
volt output when either input is at +12 volts but not both
inputs. U2001 has a 0 volt output when both inputs are 0
volts or both are +12 volts. When the square wave from
Tone Source 1 and rectangular pulse from Tone Source 2
are applied to the two respective inputs of U2001, sum and
difference frequencies are generated realizing the bell tone
effect.

Each Tone Source output is level shifted by Q2001 and
Q2002 to +12 volt to 0 volt rectangular waveforms. These
are applied to phase comparator one (P.C. |} in U2001 (the
exclusive “OR"). The output of U2001 is routed to the
MIXER BELL TONE level slider R1056 and through the
Voltage Controlled Filter.

VOLTAGE CONTROLLED LOWPASS FILTER

A lowpass filter attenuates the high frequency components of
the signal while allowing low frequency components to pass.
The Voltage Controlled Lowpass Filter (VCF) used in this
instrument uses a patented Moog design utilizing the incre-
mental base to emitter resistance of silicon transistors as a
control element to vary the cutoff frequency of the filter.
The VCF consists of a linear voltage to exponential current
converter, a four stage current controlled filter ladder, two
buffers and a regeneration amplifier. The exponential current
converter first sums the voltages from the FILTER CUTOFF
FREQ slider R1108, the MODULATION FILTER slider
R1105, the FILTER CONTOURED CUTOFF slider R1117,
the Filter Cutoff Trim R1110, and the KEYBOARD TRAC-
KING switch SW1006. The summed linear voltages are then
converted to an exponential current which is used to vary the
cutoff frequency of the filter ladder.

The current controlled filter ladder consists of Q1015 to
Q1024. The audio input for the filter is the combined
output from TONE SOURCE 1 slider R1051, MIXER
POLYPHONY slider R1054, MIXER BELL TONE level
slider R1056, MIXER NOISE slider R1058, and

MIXER TONE SOURCE 2 slider R1060 which is
applied to Q1024,
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FIGURE 1 TYPICAL TONE SOURCE WAVEFORMS



Q1024 and Q1023 convert the audio signal voltage into a
small differential signal current which is superimposed on the
control current flowing down through the filter ladder. The
four 6dB/octave filter sections in the ladder add to give a
24dB/octave overall filter response. The lowpass differential
signal current is converted to a differential voltage by Q1015
and Q1016 and then buffered by U1010A and U1010B. The
buffered differential signal voltage is applied to the voltage
controlled amplifier (VCA) U1011 and the emphasis ampli-
fier U1012. U1012 converts the differential signal to a

single ended signal and then routes this signal through FIL-
TER PEAK EMPH slider R1100 to the base of Q1023. This
applies positive feedback around the filter producing a reso-
nant peak at the cutoff frequency. The FILTER PEAK
EMPH slider controls the height of the resonant peak.

The overall filter frequency response is characterized by the
accompanying illustration (Figure 2).

The linear voltage to exponential current converter consists

of Q1025 and Q1026. As stated earlier, the exponential cur-
rent converter takes linear voltages from many sources,
combines them and then generates a current proportional to
exponent of them. Since the filter does not require as accurate
an exponential current converter as the Tone Sources, a sim-
ple PNP-NPN transistor pair can be used. In this case, the
temperature dependent base-to-emitter voltage of Q1025

and Q1026 cancel one another.

The current from the collector of Q1026 is approximately
equal to:

MY
'=IRer© Vy
where:
VIN = voltage on base of Q1025
IREF = current through R1115 = 120 pamps
VT = 256.8BmV @ room temperature

Therefore, for every 17.9mV increase in voltage on the base
of Q1025, the current through Q1026 doubles. For a more
detailed explanation, see earlier explanation of “"Linear
Voltage to Exponential Current Converter.”

The current through Q1026 is used to vary the cutoff fre-
quency of the filter ladder. This arrangement allows many
voltage sources to vary the filter cutoff frequency. The cir-
cuits that control the filter cutoff frequency are the Key-
board Voltage, the FILTER CUTOFF FREQ slider R1108,
the Modulation Oscillator, and the Contour Generator. The
keyboard voltage from U1007 A controls the filter through
the KEYBOARD TRACKING switch SW1006. With SW1006
in the OUT position, no keyboard control is allowed.
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+10 dB

EMPHASIS =0

0dB

-20 dB

-12 dB (180° PHASE)
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CUTOFF SLOPE

FIGURE 2 VCF FREQUENCY RESPONSE CURVES
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