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The electronic music synthesizer is a machine that produces music from a coded record. The coded record 
is produced by a musician, musical engineer, or composer with a fundamental understanding of the composi- 
tion of sound. The electronic music synthesizer provides means for the production of a tone with any fre- 
quency, intensity, growth, duration, decay, portamento, timbre, vibrato, and variation. If these properties 
of a tone are specified, the tone can be completely described. The advantage of the electronic music synthe- 
sizer is that it can produce new and radical tone complexes for musical satisfaction and gratification. The 
new system does not displace the artist and musician of today. It does not take the place of talent combined 
with work. The electronic music synthesizer provides the musician, musical engineer, and composer with a 
new musical tool with no inherent physical limitations. 

INTRODUCTION 

USIC is the art of producing pleasing, expressive, 
or intelligible combinations of tones. The sounds 

of original music are produced by the human voice or 
by an instrument actuated by a musician. Most music 
is recorded and translated into sounds by means of a 
symbolic notation on paper. The ultimate objective 
destination of all musical sounds is the human ear. 

Thus the production of music consists of the following 
processes' The symbolic notation upon paper by the 
composer, the translation of the symbolic notation into 
musical sounds by the musician, employing either his 
own voice or a musical instrument or both, and the 
actuation of the human hearing mechanism by the 
musical sounds. 

The physical properties of a sound are frequency, 
intensity, wave form, and time. The psychological 
characteristics of a sound which depend upon the 
physical properties are pitch, loudness, timbre, and 
time. Every sound in nature may be described in 
terms of these attributes of a sound or tone. 

Once a sound or a tone has been described by means 
of the above characteristics, it is possible to generate 
or produce this tone by electronic means. Thus it will 
be seen that it is possible to generate any tone produced 
by a voice or a musical instrument by employing an 
electronic system. In addition, it is possible to produce 
musical tones which cannot be produced by the voice or 
conventional instruments. In other words, the process 
of translating the musical notation on paper into the 
corresponding musical sounds can be accomplished by 
an electronic system. Furthermore, the electronic 
system can reproduce or create any sound or combina- 
tions of sounds, which have or have not been produced, 
that may have any possible musical significance. 
The electronic system for the production of musical 
sounds has been termed an electronic music synthesizer. 

One of the uses for an electronic music synthesizer is 
for the production of phonograph records. Of course, 
the phonograph records thus produced can be played 
in the conventional manner. The use of a synthesizer 

for the production of musical sounds opens an entirely 
new field for the production of recorded music. For 
example, there is the possibility of entirely new tone 
complexes and combinations which cannot be achieved 
in conventional instruments. Furthermore, in the case 
of conventional instruments, the musician is limited to 
the use of ten fingers, two hands, two feet, and the lips, 
either separately or in various combinations, to perform 
the different operations. This limitation does not 
exist in the synthesizer. Conventional instruments 
produce various noises such as the rushing of wind in 
wind instruments, bow scratch in the viol family, 
various clatters and rattles in plucked and struck 
string instruments, and mechanism rattle in any 
instrument in which keys, valves, levers, and shafts 
are used. These undesirable noises do not exist in the 
electronic music synthesizer. With the advent of the 
electronic method for the production of musical tones, 
new musical compositions can be written which take 
advantage of the superior characteristics of the elec- 
tronic music synthesizer. 

It is the purpose of this paper to describe an electronic 
music synthesizer capable of producing any pre- 
determined musical tone and any combination of series 
of musical tones combined with a system for translating 
the symbolic notations of a musical composition into 
the corresponding tones and means for recording these 
sounds on a phonograph record. 

PHYSICAL CHARACTERISTICS OF MUSIC • 

The medium of transmission from the musician and 
musical instrument to the listener is sound waves. A 
tone is a sound wave capable of exciting an auditory 
sensation having pitch. The properties of a musical 
tone are frequency, intensity, wave form, and time. 
It is more convenient to describe the properties of a 
tone in terms of frequency, intensity, growth, duration, 
decay, portamento, timbre, vibrato, and deviations. If 
these properties or a tone are completely specified, the 

• H. F. Olson, Musical Engineering (McGraw-Hill Book Com- 
pany, Inc., New York, 1952). 
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Fro. 1. Properties of a tone. 

tone can be completely described. The electronic music 
synthesizer described in this paper is based upon the 
breakdown of a tone into these characteristics. There- 

fore, it appears appropriate at this point to define the 
properties of a musical tone. 

Frequency--Pitch 

Frequency of a sound wave is the number of cycles 
occurring per unit of time. 

Pitch of a sound wave is the psychological counter- 
part of frequency. The pitch of a sound is that attribute 
of auditory sensation in terms of which sound may be 
ordered on a scale extending from low to high, such as 
a musical scale. Pitch depends primarily upon the 
frequency of the sound stimulus, but it also depends 
upon the sound pressure and wave form of the stimulus. 

In order to take full advantage of the frequency range 
of the human hearing mechanism, the electronic 
synthesizer should cover the entire audible frequency 
range of 30 to 15 000 cycles as shown in Fig. 1. 

Intensity--Loudness 

The sound intensity in a sound field in a specified 
direction at a point is the sound energy transmitted 
per unit of time in a specified direction through a unit 
area normal to this direction at the point. 

Loudness of a sound is the psychological counterpart 
of intensity. Loudness is the intensity attribute of an 
auditory sensation, in terms of which sound may be 
ordered on a scale extending from soft to loud. Loudness. 
depends primarily upon the intensity of the stimulus, 
but it also depends upon the frequency and wave form 
of the stimulus. 

In order to take full advantage of the intensity 
range of the human hearing mechanism, the electronic 
music synthesizer should cover a volume range of 0 to 
120 decibels (Fig. 1). In general, the lower 20 decibels of 
this range is of little practical significance because 
sounds in this intensity range are masked by the 
ambient noise level which exists in all conventional 

living rooms, halls, and theaters. 

Duration 

Duration is the length of time that a note persists or 
lasts without interruption or discontinuity in the sound 
output (Fig. 1). From the standpoint of the duration 
of a tone, musical instruments may be classified as 
follows: fixed duration, variable but fixed maximum 
duration, and unlimited duration. 

The electronic music synthesizer should be capable 
of producing all these variations of the duration of a 
tone. 

Growth and Decay 

The growth of a tone involves the time required for 
the sound to build up to some fraction of the ultimate 
value (Fig. !). The decay of a tone involves the required 
time for the sound to fall to'some fraction of the original 
intensity (Fig. 1). Most of the growth and decay 
characteristics of musical instruments are exponential 
functions. 

The electronic music synthesizer should be capable 
of producing any desirable growth or decay charac- 
teristic. The electronic synthesizer is not limited to an 
exponential function but can produce almost any 
type of growth and decay characteristic. For example, 
it appears that linear growth and decay characteristics 
are more pleasing in some cases than the exponential 
type. This can be achieved by electronic means but 
not by a natural vibrating system. 

Frequency Glide--Portamento 

Portamento is a special case of frequency, growth, and 
decay in which the passage from a tone of one frequency 
to a tone of another frequency takes place in a con- 
tinuous glide through all the intervening frequencies. 

The electronic music synthesizer should be capable of 
gliding from one frequency to another frequency. 

Wave Form--Timbre 

A complex sound wave or tone is made up of the 
fundamental frequency and overtones. The timbre of a 
tone is expressed in the number, intensity, and phase 
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relations of the components, that is, the fundamental 
and overtones. Timbre then may be said to be the 
instantaneous cross section of the tone. For practical 
considerations timbre is the tonal spectrum. A spectrum 
graph is shown in Fig. 1. The relative amplitudes of the 
components of the resultant tone are depicted as a 
function of the frequency. The heights of the vertical 
lines are proportional to the amplitudes of the funda- 
mental and the overtones. The position along the 
abscissa determines the frequency. 

The electronic music synthesizer should be capable 
of producing a tone of any spectrum together with 
means for changing this spectrum during the sounding 
of the tone. 

Low-Frequency Modulation--Vibrato 

Vibrato is a term to designate primarily a frequency 
modulation of a musical tone (Fig. 1). The vibrato is 
accompanied by an amplitude modulation (Fig. 1). 
In some cases the frequency and amplitude modulation 
is accompanied by a variation in the timbre at the 
modulation frequency. The vibrato is used as an 
artistic embellishment in the voice and in a large 
num k• • in•f•,,,•o•f• In rreneral the modulation 

frequency is seven cycles. 
The electronic music synthesizer should be capable 

of producing either or both amplitude or frequency 
modulation of any desired frequency as well as a 
variation in the timbre. 

Irregular Deviation 

One of the beautiful and artistic characteristics of 

some types of music is the lack of a mechanical quality 
of the rendition. Unless specific steps are taken in the 
rendition of some musical selections by means of the 
electronic music synthesizer, the result will be too 
regular and, therefore, inartistic. Therefore, means 

must be provided in the synthesizer to obtain a devia- 
tion from the regular when this is desired. Of course, 
there are many instances where the performer cannot 
obtain the required mechanical quality which is 
desired. In these cases, the synthesizer is, of course, far 
superior. It can also be superior for the cases where 
random effects are desired, because the results can be 
made even more random than is possible by human 
means, as for example, by the use of the random nature 
of thermal noise to control the random effects. 

SYNTHESIZER REQUIREMENTS 

From the preceding section it is evident that in 
order to synthesize any musical tone whatsoever, the 
synthesizer must provide the following facilities. 
Means for producing a tone with any fundamental 
frequency within the audio-frequency range; means for 
producing a tone with any overtone structure; means 
for producing a tone of any growth, duration, or decay 
characteristic; means for changing the overtone 
structure at any time; means for introducing a vibrato; 
means for changing the intensity of the tone; means for 
providing a portamento or glide from a tone of one 
frequency to a tone of a different frequency; means for 
providing a deviation from the regular. It is the purpose 
of the section which follows to describe an electronic 

music synthesizer satisfying the above requirements. 
A schematic block diagram of an electronic music syn- 

thesizer with means for producing all the characteristics 
of a musical tone outlined above is shown in Fig. 2. 
The coded paper record controls all the functions of 
the electronic music synthesizer. The output of the syn- 
thesizer is recorded on a disk record. The coded paper 
record and the phonograph recorder are driven in 
synchronism by an interconnecting cable drive. In 
the complete electronic music synthesizer two complete 
channels, as shown in Fig. 2, are used and operated 
from the single coded paper record. This makes it 

CHANNEL I 

'Y AND H LP' I•J VOLUME IJ FREQUENCY H RE$ON&TOR H TIMBRE • 

II II co.,,o i i 
TURNTABL , " 

DRIVING CABLE 

CODED PAPER 
RECORD 

CHANNEL 2 

FIG. 2. Schematic diagram of the electronic music synthesizer. 

Downloaded 19 Feb 2013 to 160.39.22.56. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



598 H. F. OLSON AND H. BELAR 

TUNING 
FORK 
UNIT 

I 
I 
I 
I 
I 
I 

SN' 

OUTPUT 
+B 

Fro. 3. Circuit diagram 
of the combination tuning 
fork and electronic 
oscillator. 

possible for the coded paper record to set up one 
channel while the other channel is in operation and 
producing a tone. Furthermore, one channel can start 
playing a tone before the other channel stops playing 
a tone. Everything is duplicated in the second channel 
except the twelve tuning fork oscillators which supply 
the tones in one octave. It is the purpose of the sections 
which follow to describe the elements of the electronic 

music synthesizer shown in Fig. 2. 

FREQUENCY SOURCE 

The first requirement in a synthesizer is the genera- 
tion of the fundamental frequency. The fundamental 
frequency source in the electronic music synthesizer 
consists of twelve electrically driven tuning forks with 
frequencies corresponding to an octave in the equally 
tempered scale. The use of an electrically driven tuning 
fork makes it possible to maintain the fundamental 
frequency to an accuracy of better than one part in ten 
thousand or one-eighth of a cent, a cent being one 
twelve-hundredth of an octave. 

A schematic circuit diagram of the combination 
tuning fork and electronic oscillator is shown in Fig. 3. 
The tuning fork supplies the highly resonant system 
in the combination mechanical and electronic oscillator. 

The tuning fork is set into vibration by the forces 
generated by the magnetic field of the current carrying 
coil acting upon one of the tines. The motion of the 
other tine varies the flux linking the other coil and 
thereby induces a voltage in the coil which corresponds 

TA]•.E I. The frequencies of the octave covered 
by the twelve tuning fork oscillators. 

Note Frequency 

Gat, 739.989 
Ga 783.991 

A at, 830.609 
a 880.000 
Bah 932.328 

Ba 987.767 
Co 1046.502 

DoE, 1108.731 
Do 1174.659 

E•b 1244.508 
E0 1318.510 
F0 1396.913 

to the motion. The input and output coils of the tuning 
fork are electronically coupled to a vacuum tube 
system to provide the resonant element of the oscil- 
lating system. The tuning fork is housed in an evacuated 
chamber to reduce the damping effects which would be 
introduced by surrounding air. The twelve tuning 
forks cover the octave from Fs• to F6. The frequencies 
in this octave for the equally tempered scale are shown 
in Table I. 

In order to reduce the number of contacts required 
to select the proper frequency in an octave, a binary 
coding system is used as shown in Fig. 4. This binary 
coding employs a relay tree which makes it possible 
to select any one of the twelve frequencies by means 
of four circuits in the master control system. The 
code for the frequencies in this octave is shown in 
Table II. 

o 
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Fro. 4. Schematic diagram of the frequency selecting 
system for one octave. 
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TABLE II. The code for selecting any frequency in an octave. 

Note Frequency Code 

F•g G•b 739.989 2 
G• 783.991 10 

G• A •b 830.609 6 
A • 880.000 14 

A•g B•b 932.328 1 
B5 987.767 9 
C6 1046.502 5 

Crg D•b 1108.731 13 
D• 1174.659 3 

D•g, E• 1244.508 11 
E6 1318.510 7 
F• 1396.913 15 

Noise All 12 

The storage system in the electronic music synthe- 
sizer is a punched paper tape record 15 inches in width. 
The punched paper record stores all the information 
on frequency, growth and decay, duration, volume, 
timbre, vibrato, portamento, and deviations. See Fig. 5. 
The two edges of the paper are provided with sprocket 
holes which engage teeth in the metal driving drum and 
thereby insures a positive drive of the paper record. 
The drum is driven by the turntable motor so that 
the drum and turntable move in synchronism. The 
holes in the paper are punched by means of the key- 
board system shown in Fig. 5. The brushes make 
contact with the drum through holes punched in the 
paper at appropriate locations. The paper may be 
moved at a speed of from 2 to 8 inches per second. A 
detailed description of the coded paper record will be 
given in a later section of this paper. 

In addition to the twelve frequencies in the equally 
tempered scale, it is possible to employ three additional 
sound sources in the four circuits in the master control 

system as shown in Fig. 4. One of these sources is a 
random noise source. 

Random noise is useful as an addition in simulating 
such instruments as drums, maracas, tambourines, 
and string and wind instruments. When used with 
band pass filters with a narrow frequency pass band, 
the noise source can be used to produce weird and 
unusual sounds. A schematic circuit diagram of the 
random noise source is shown in Fig. 6. The source 
of noise is hot cathode triode gas tube. The supply 
voltage to the noise is kept at a constant value by the 
cold cathode gas tube. The output of the noise tube is 

Fro. 5. Photograph of the punched paper record, the keyboard 
punches, the brushes, and the paper drive mechanism. 

amplified by a conventional three-stage resistance- 
coupled amplifier. The frequency output of the noise 
amplifier is random with a power distribution per 
cycle which is independent of the frequency. 

OCTAVE SELECTOR 

The tuning fork oscillator covers fundamental 
frequencies in an octave of the equally tempered scale. 
Frequency dividers and multipliers are used to cover 
the fundamental frequencies of the equally tempered 
scale in the frequency range from F0• to Fs, that is, 
23.124 cycles to 5587.65 cycles. A schematic diagram 
showing the frequency dividers and multipliers and 
the octave selecting system is shown in Fig. 7. This 
system is termed the octaver. Any of the eight octaves 
can be selected by means of three circuits in the master 
control system. The code for selecting any one of the 
seven octaves from F0• to F8 is shown in Table III. 

Schematic diagrams of the frequency multipliers 
are shown in Figs. 8 and 9. The incoming sine wave 
supplied by the tuning fork oscillators is converted 
into a rectangular wave having the same fundamental 
frequency as the sine wave input by the first two 
vacuum tubes. The next two tubes convert the square 
wave into a saw tooth wave. A saw tooth wave contains 

all the harmonics of the fundamental. The spectrum 
showing ratios of amplitudes of the harmonics to the 

•B 

FIG. 6. Circuit diagram 
of the random noise source. 
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Fro. 7. Schematic diagram of the frequency dividers and 
multipliers and the octave selecting system. 

amplitude of the fundamental for a fundamental 
frequency of 440 cycles for a saw tooth wave is shown 
in Fig. 10. Thus it will be seen that each tone in the 

TA•.•. III. The code for selecting any one of seven octaves. 

Octave Code 

F0• to F• 5 
F• to F•. 1 
F•.• to Fa 6 
Fa• to F4 2 
F4• to F5 4 
Fs• to F6 0 
F6• to F7 3 
FT• to F8 7 

FREQUENCY DIVIDERS 

SHAPERS 

SHAPERS 

FREQUENCY 
MULTIPLIERS 

SHAF•RS 

Fro. 8. Schematic diagram of the frequency 
dividers and multipliers. 

range from F0• to F8 contains the fundamental and 
all the harmonics with the ratios shown in Fig. 10. 
By means of the frequency discriminating systems to be 

i•P, 

6SN71 

•1 6SN? 

Fro. 9. Schematic circuit diagram of the frequency multipliers and dividers. 

Downloaded 19 Feb 2013 to 160.39.22.56. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



ELECTRONIC MUSIC SYNTHESIZER 601 

O , 

m -I0 

m .-20 

ß -$0 ..... 

'4010E P' 4 8 I0 $ P' 4 8 I0 4 
R,•,,.•._Q_•ENCY IN CYCLES PER SECOND 

Fro. 10. Spectrum of a saw tooth wave having a fundamental 
frequency of 440 cycles. 

described in a later section, it is possible to obtain 
practically any overtone structure in any tone produced 
by the electronic music synthesizer. 

The combination of the system shown in Figs. 4 and 
7 makes it possible to select any frequency from F0• 
to Fs, a total of ninety-six separate frequencies by 
means of seven circuits or seven brushes and seven 

rows of holes in the paper record. This shows the 
advantage of a binary coding system in reducing the 
number of rows of punched holes required in the paper 
record. For example, in the eighty-eight note player 
piano, eighty-eight rows of holes in the paper record 
are used to select the frequency. 

GROWTH, DECAY, AND DURATION CONTROL 

The time required for a tone to build up to some 
fraction of its ultimate value varies over a wide range 
in different musical instruments. For example, in the 
plucked and struck string instruments and practically 
all types of percussion instruments the buildup time is 
relatively short. On the other hand, the buildup time 
of an organ pipe is relatively long. The time required 
for a tone to fall to some fraction of its original intensity 
varies over a wide range in different musical instru- 
ments. The growth and decay characteristics of a tone 
influences the character of a tone to a very marked 
degree. In practically all conventional musical instru- 
ments the growth and decay characteristics are ex- 
ponential functions. 

For example, in the growth of a tone, the sound 
pressure p, in dynes per square centimeter, produced 
by a musical instrument is given by 

p=p0(1- e-kt), 

where p0 is the ultimate or steady-state sound pressure, 
in dynes per square centimeter, k is the constant of 
the instrument, and t is the time in seconds. In the 
decay of a tone, the sound pressure p, in dynes per 
square centimeter, produced by a musical instrument 
is given by 

p=Poe -kt, 

where po is the sound pressure, in dynes per square 

• • • RELAYS J- 8RUSHIS / 
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Fro. 11. Schematic diagram oœ the electronic system for producing the growth and decay of a tone. 
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Fro. 12 Typical growth and decay patterns obtainable 
with the system of Fig. 11. 

centimeter for t-0. In an electronic system it is 
possible to obtain growth and decay characteristics 
which are exponential functions as well as all manner of 
other functions. This it will be seen that the possibility 
of new types of growth and decay characteristics in an 
electronic music synthesizer opens a new vista of tone 
possibilities. A schematic diagram of the electronic 

AMPLIFIER 

I FIL 

RATOR GENERATOR AMPLIFIER 

DC DC 

FIG. 13. Schematic diagram depicting the elements of 
the frequency glide follower. 

growth, duration and decay system used in the elec- 
tronic music synthesizer is shown in Fig. 11. Eight 
different growth and decay characteristics can be 
obtained from three circuits in the master control 

system. In addition, different values of the growth and 
decay can be preset in the electrical circuits. The 
growth and decay is accomplished by varying the 
amplification of the push-pull output stage by changing 
the dc bias applied to the grid of the control tubes. 
The voltage bias applied to the grids during the growth 
steady state and decay periods is obtained through the 
application of a network consisting of vacuum tube 
rectifiers, resistors, and capacitors. A few of the typical 
growth and decay patterns obtainable with this system 
are shown in Fig. 12.. 

The graph A of Fig. 12 depicts a growth and decay 
characteristic described by exponential functions. The 
growth and decay are moderate with respect to time. 
The graph B of Fig. 12 depicts a very rapid growth 
characteristic. The decay characteristic is an exponential 
function with a sudden decrease in the decay rate during 
the decay period. The graph C of Fig. 12 depicts 
discrete changes in both the growth and decay charac- 
teristics during the growth and decay cycles. The 
graph D of Fig. 12 depicts relatively long growth and 
decay characteristics. 

The growth, duration, and decay system performs a 
double function, namely, it opens and closes the synthe- 
sizer channel and controls the growth, duration, and 
decay. That is, all the elements of a synthesizer channel 
are established before the system is unblocked by 
the growth system. 

FREQUENCY GLIDER 

Portamento is a continuous glide in frequency from 
a tone of one frequency to a tone of a different fre- 
quency. A portamento can be executed by voice, 
trombone, violin, and other instruments of the variable 
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Fro. 14. Schematic circuit diagram of the frequency glide follower. 
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A TIME IN SECONDS 

TIME IN SECONDS 

C TIME IN SECONDS 

FIG. 15. Typical fre- 
quency glides obtain- 
able from the system of 
Figs. 13 and 14. 

D TIME IN SECONDS 

pitch type. In one type of portamento the frequency 
transition occurs in a single smooth glide. In another 
type of glide, the second frequency is approached in a 
series of successive approximations. 

The system for obtaining a glide from one frequency 

to another frequency is shown by the block diagram of 
Fig. 13. A circuit diagram of the frequency glide 
follower is shown in Fig. 14. The incoming signal is 
amplified and converted into a series of negative pulses. 
The pulses are sent through an integrator and a low 
pass filter. The resultant direct current is amplified 
and fed to an oscillator in which the frequency is a 
function of the direct current input. The output is fed 
to an amplifier and pulse generator. The output of the 
pulse generator is opposite to that of the pulse of the 
incoming signal. The system is a comparison system in 
which the frequency of the oscillator adjusts itself to 
the input frequency. If the input frequency changes 
from one frequency to another different frequency in a 
discontinuous step, the direct current oscillator changes 
from this frequency to the new frequency in a con- 
tinuous manner. The comparison system can be 
adjusted so that the glide is accomplished in a smooth 
transition or in a series of approximations by the 
amount of amplific. ation between the oscillator and the 
second pulse generator. 

The glide system will execute a single type of glide 
without any outside control. However, if it is desired to 
have the glide change in any part of a musical selection 
being synthesized, the changes are controlled by means 
of a relay tree actuated by contacts and a row of holes 
not used for other purposes. 

A few typical frequency glides which may be obtained 
by means of the system shown in Figs. 13 and 14 are 
shown in Fig. 15. The frequency glide of Fig. 15A 
depicts a relatively rapid and smooth transition from 
one frequency to another frequency. The frequency 

INPUT 

o 

I I 

I 

i I 
I I 
i I 
I I 

I 

6BE6 

6BE6 

t "]'- +• 
I ! 

! I I 
• I 

! ! I 
I I I I 

I I 

DRUM 

••j o OUTPUT 

o 

RELAYS 

16. Schematic diagram of the electronic system for controllong the volume of a tone. 
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Fro. 17. Typical volume change characteristics obtainable 
with the system of Fig. 16. 

glide of Fig. 15B depicts a relatively slow and smooth 
transition from one frequency to another frequency. 
The frequency glides of Fig. 15C and D show that the 
second frequency is approached by a series of approxi- 
mations. All of the frequency glides shown in Fig. 15 
can be executed by the voice or by musicians using 
conventional instruments. The type of frequency glide 
depends upon the particular effect that is desired to 
obtain the proper artistic effects. 

VOLUME CONTROL 

The control of the volume or intensity of a tone is 
another important requirement in a synthesizer. A 
schematic diagram of the volume control system in the 
electronic music synthesizer is shown in Fig. 16. The 
amplification of the push-pull amplifier is a function of 
the voltage applied to the No. ! grids. This voltage is 
supplied from the combination of a dc voltage supply, 
a potentiometer, and a relay tree. In this manner a 
series of fifteen steps in voltage can be obtained from 
four circuits in the master control system. The use of 
the combination of a potentiometer and a vacuum tube 
eliminates the switching transients and ambiguities in 
the relay tree during the actuation cycle. The resistance 
values of the potentiometer are selected so that the 
over-all variation of the system follows an exponential 
function. Input and output volume controls are pro- 
vided for presetting the volume range. The volume 
control system controls the over-all volume of the tone 

o I INPUT 

o 

OUTPUT 

-o 

884 

Fro. 18. Circuit diagram of the electronic low-frequency-modu- 
lation system for introducing vibrato and tremolo. 

LOW PASS FILTERS HIGH PASS FILTERS 

IN 

• OUT 

0 

Fro. 19. Variable high and low pass filter system. 

in the music synthesizer. In addition, the volume of a 
tone may be changed during the sounding of the tone. 

A few of the typical volume changes that may be 
obtained by means of the system shown in Fig. 16 are 
shown in Fig. 17. A change in volume of three successive 
tones but no change in volume during the sounding 
of each tone is shown in Fig. 17A. A change in volume 
during the sounding of a tone is shown in Fig. 17B. 
Many variations of the effects depicted in Fig. 17 may 
be obtained with the volume control system of Fig. 17. 

LOW-FREQUENCY MODULATOR 

The vibrato is a complex modulation involving 
either frequency, amplitude, or wave-form modulation 
or the combination of all three. Tremolo is a term used 

to designate amplitude modulation. In musical instru- 
ments and the voice the resultant low-frequency 
modulation termed "vibrato" or "tremolo" involves 

the combination of amplitude, frequency, and wave- 
form modulation. Therefore, the means for producing 
the vibrato or tremolo in the music combines all three 

types of modulation. The circuit diagram of the system 
for producing the vibrato is shown in Fig. 18. The 
circuit consisting of a gas triode employing a hot 
cathode generates a saw tooth wave. The saw tooth 
voltage is applied to the grid of the push-pull control 
tubes. The amplification of these tubes is a function 
of the bias applied to the grids of these tubes. There- 

Ic 
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FREQUENCY IN CYCLES PER SECOND 

Fro. 20. Response-frequency characteristics of the variable 
high and low pass filter system of Fig. 19. 
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fore, the over-all amplification of these tubes varies in at 
low rate and in a function which approximates a saw 
tooth. Under these conditions the resultant output is an 
amplitude wave-form modulation of the incoming 
audio wave with a large number of side bands equally 
spaced with respect to frequency. The modulation is 
of the order of 6 to 7 cycles per second. 

TIMBRE CONTROL 

The timbre of a tone depends primarily upon the 
overtone structure of the tone. In order to obtain tones 

of different overtone structures, means must be provided 
in the synthesizer for varying the overtone structure of 
any tone produced by the synthesizer. 

One of the most effective frequency discriminators 
is the combination of a high and low pass filter system 
with variable cutoff. A schematic diagram of a high 
and low pass filter system is shown in Fig. 19. The 
response frequency characteristics obtainable with this 
filter system are shown in Fig. 20. A few typical ex- 
amples of the effect of the high and low pass filter 
system upon the spectrum of a saw tooth wave having 
a fundamental frequency of 440 cycles is shown in 
Fig. 21. It will be seen that the fundamental and low- 
frequency components can be attenuated and the 
effect of the higher order harmonics thereby accentu- 
ated. It will also be seen that the high-frequency 

components can be attenuated, thereby accentuating 
the fundamental and lower-order harmonics. 

In addition to the simple discriminator described 
above, means must be provided in the electronic music 
synthesizer for accentuating single harmonics or group of 
harmonics and attenuating single harmonics or groups of 
harmonics. This type of accentuation or attenuation can 
be accomplished by means of the resonator chain shown 
in Fig. 22. The circuit diagram of one element of the 
resonator chain is shown in Fig. 23. It will be seen that 
this is a vacuum tube amplifier with a shunt resonant 
electrical network in the plate circuit of the vacuum 
tube. The two-stage amplifier employs voltage feedback 
so that the voltage output of the second tube will be 
practically independent of the impedance of the load. 
A typical response frequency characteristic of this 
amplifier shown in Fig. 23 is shown in Fig. 24. Employ- 
ing a chain of these amplifiers each tuned to a different 
frequency, it is possible to obtain all manner of overtone 
structures. Two typical examples of the effect of the 
resonator chain upon the spectrum of a saw tooth 
wave having a fundamental frequency of 440 cycles 
is shown in Fig. 25. It will be seen that the funda- 
mental, certain harmonics, or groups of harmonics 
can be eliminated by means of the resonator chain. 
This is equivalent to accentuating other harmonics or 
groups of harmonics. 

Fro. 22. Block diagram of a 
chain of eight resonators. 

OUT 

+B 

Fro. 23. Circuit diagram of 
one element of the resonator 

chain of Fig. 22. 
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Fro. 24. Response-frequency characteristic of one 
element of the resonator chain. 

A schematic diagram of the system for controlling 
the timbre is shown in Fig. 26. In this system sixteen 
different timbre selections can be obtained from the 

four circuits in the master control system. 

CODED RECORD 

The paper record is punched by means of the key- 
board punching system shown in Fig. 5. The keys are 
colored to facilitate the operation of punching the 
codes. The note-selecting group of 1, 2, 4, and 8 are 
white. The octave group 1, 2, and 4 are red. The timbre 
group 1, 2, 4, and 8 are green. The growth, duration and 
decay group 1, 2, and 4 are blue. The volume control 
group 1, 2, 4, and 8 are yellow. 

It will be seen (Fig. 5) that the punched record 
consists of rows of holes. Each row of holes passes 
under a brush. Each brush is equipped with several 
springs arranged so that the brush never breaks contact 
before making contact at the adjacent hole. Thus, a 
row of holes will provide continuous contact and at the 
same time give the same result as a slot in the paper. 
Slots cut in the paper will result in a very weak record 
that can be easily torn and with poor lateral rigidity. 

A simple punched record for playing a phrase of 
"Home Sweet Home" is shown in Fig. 27. The record 
is drawn to scale and has the length indicated in inches. 
A paper speed of two inches per second is about the 
correct speed to run the paper record through the 
machine panel. The corresponding phrase in conyen- 

tional musical notation is also shown in Fig. 27. The 
holes in a continuous horizontal line at the top of 
Fig. 27 are not part of the record. These are shown for 
comparison purposes, one hole having bee_n punched 
by each of the keys. These holes are numbered like 
the keys of Fig. 5 in the binary code numbering. 
Referring to Fig. 27, it will be seen that the coding 
on the left half is for one synthesizer channel and the 
coding on the right for the other synthesizer channel. 
Referring to the growth, duration, and decay coding, 
it will be seen that the notes are executed alternately 
by the first and second channel. For illustration 
purposes, Fig. 27 shows more changes in timbre, 
growth, decay, and volume than would be the case in 
this musical selection. 

DISK PHONOGRAPH RECORDER 

When the paper record has been punched and the 
various elements of the synthesizer have been set, 
the next step is a recording of the output of the synthe- 
sizer. The elements of the disk phonograph recording 
system are shown in Fig. 28. A photograph of a part of 
the electronic music synthesizer including the disk 
recording system and the interconnected paper drum 
drive is shown in Fig. 29. The recording system consists 
of a lateral cutter and a conventional 33« rpm turntable 
driven by a synchronous motor. The disk recorder is 
coupled to the paper drum drive by means of a flexible 
cable. In this way the paper record is synchronized 
with the disk record. 

The synthesizer is purposely limited to the production 
of two simultaneous tones. The reason will be evident 

in the description which follows. In general, due to the 
characteristics of most musical sounds, the system is 
actually limited to a series of single tones. That is, 
the system can simulate any single wind instrument, 
such as a clarinet, saxophone, oboe, trumpet, etc., or 
one string of a string instrument, such as a guitar, 
violin, etc., or one finger playing of a keyboard instru- 
ment, such as a piano, accordion, organ etc. Thus it will 
be seen that in order to simulate an orchestra, each 
individual instrument must be coded and recorded 

separately and then the group of instruments combined. 
In the case of keyboard instruments, the number of 
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FTG. 25. Sound spectrums of a saw tooth having a fundamental frequency of 440 cycles modified by resonator 
chain for two different settings of the resonator chain of Fig. 22. 
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Fro. 26. Schematic diagram of the timbre selecting system. 

separate records required will depend upon the number 
of tones that sounded simultaneously. The system for 
combining the different recordings produced by the 
synthesizer will now be described. The sixteen-inch 
disk record can accommodate six three-minute record- 

ings. After six complete recordings have been made, 
which represents six different musical renditions, the 
six recordings are combined into a single recording by 
means of the double turntable recording system shown 

EV .... ER SO HUM-BLE 

Fro. 27. The punched paper record. 

in Fig. 30. A photograph of the disk recording system 
is shown in Fig. 31. In combining the individual records 
the levels can be adjusted by means of the mixers. 
Employing the system shown in Figs. 28, 29, 30, and 
31, it is possible to record 36 individual records. In 
the next step, the record on the upper turntable con- 

Fro. 28. Perspective view and 
sehcmatic diagram of the paper 
record and the disk recording 
system of the music synthesizer. 
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Fro. 29. A photograph of the recorder, paper record drive, and 
half of the electronic system of the synthesizer. 

taining the combination of 36 individual records can 
be transferred to the lower turntable and the recording 
process repeated. In this next step 216 records can be 
recorded. In this way any number of individual records 
can be recorded. 

There are many advantages in the above system as 
follows' Each individual synthesized selection is a 
separate entity and can be worked on until the operator 
is satisfied with the product. The levels of the individual 
selections can be adjusted until the optimum mixture 
is obtained. The individual recordings are always 
synchronized. Unlike a group of musicians, once a 
result has been obtained, it can always be duplicated. 

COMPLETE ELECTRONIC MUSIC SYNTHESIZER 

A block diagram of the complete electronic music 
synthesizer and disk recording system is shown in 

Fig. 2. A photograph of the complete system is shown 
in Fig. 32. A photograph of the disk recording system, 
the keyboard, coded paper record, and cabinet racks 
one, two, and three, with some of the front panels 
removed, is shown in Fig. 29. A "close-up" photograph 
of the keyboard and coded paper record is shown in 
Fig. 5. A photograph of cabinet racks four, five, six, 
and seven, with some of the front panels removed, is 
shown in Fig. 33. 

RESULTS OBTAINED WITH THE ELECTRONIC 

MUSIC SYNTHESIZER 

The electronic music synthesizer has been used to 
produce simulations of the voice and existing musical 
instruments as well as entirely new musical tones which 
cannot be produced by the voice or existing musical 
instruments. A few of the results obtained are as follows: 

Simulations of Plucked, .Struck, and Bowed 
String Instruments 

The work on simulating the plucked string type has 
been directed towards combining the desirable charac- 
teristics of the tones of the banjo and guitar. The tone 
produced is smoother and more pleasing than the 
conventional plucked string instrument in that the 
contact noise produced by the finger or plectrum 
against the string does not exist in the tones produced 
by electronic system. The work on the struck string 
type has been directed towards obtaining the most 
beautiful piano type tones, that is, the correct buildup 
and decay. In addition, more fundamental can be 
obtained in the low-frequency range than is possible 
with a concert grand piano. The objectionable noise of 
the hammer striking the string together with mech- 
anism rattle of the piano does not exist in the tones pro- 
duced by the electronic system. Violin type tones can be 

PICKUPS 

POWER 

AMPLIFIER 

PRE 
AMPLIFIERS 

MIXERS 

Fro. 30. Perspective view 
and a schematic diagram of the 
elements of the rerecording 
system. 
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FIG. 31. A photograph of the recording and 
rerecording system. 

produced, incorporating both vibrato and portamento. 
In this case the bow scratch which has always been 
objectionable in the violin and other instruments of the 
viol family does not exist in the tones produced by the 
electronic system. The fundamental of the double 
bass has always been inadequate. This limitation does 
not exist in the electronic system simulation of this 
instrument. 

Simulations of Wind Instruments 

The work on simulating wind instruments includes 
air-, mechanical-, and lip-reed types of wind instru- 
ments. The essential difference between the different 

groups of instruments is the growth characteristics and 
the overtone structure. Therefore, it is a comparatively 

simple matter to simulate these instruments. However, 
considerable improvements in the tones can be produced 
by the electronic synthesizer because the wind noise 
can be eliminated and greater frequency ranges can 
be achieved. In the low-frequency instruments it is 
possible to obtain adequate fundamentals which are 
lacking in the bassoon, contrabassoon, and sarruso- 
phone. In addition, much higher frequency ranges are 
possible than in the conventional instruments. 

Simulations of Percussion Instruments 

The work on simulating percussion instruments 
includes both the definite and indefinite pitch types. 
The tones produced by bells, orchestra bells, glocken- 
spiel, and xylophone are objectionable for two funda- 
mental reasons- first, because the strike tones are 
disagreeable and, second, because the overtones are 
not harmonics. These objectionable features are not 
present in the tones produced by the electronic music 
synthesizer. Drum type tones can be produced with 
definite pitch, as in the case of the timpani, but with a 
much greater frequency range. Drum type tones of the 
indefinite pitch can be produced ranging from the bass 
bass drum to the snare drum. The use of the hiss 

generator and mixtures of the frequency generator 
make it possible to simulate any existing percussion 
instrument and, in addition, an indefinite number of 
new percussion sounds. 

Simulation of the Singing Voice 

The work on simulating the singing voice has been 
restricted to simple musical selections. The singing 
voice has been synthesized; one or more voices sepa- 
rately and in combination with a synthesized orchestral 

FIG. 32. A photograph of the complete synthesizer and recorder. 
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FIG. 33. A photograph of the second half of the synthesizer with some of the panels removed. 

accompaniment. The time spent on this phase of 
synthesis has been very much less than on the instru- 
mental simulations. Nevertheless, this work has shown 
that it will be possible to simulate any singing voice. 
The fidelity of the simulation will be limited only by 
the degree of perfection achieved in the analysis and 
synthesis. 

Simulation of the Speaking Voice 

The work on simulating the speaking voice includes 
the fundamental frequency ranges of both men and 
women. The work on synthesizing the speaking voice 
has been carried out to show the versatility of the 
synthesizer and to provide some practical data in the 
field of speech communication. For example, the work 
on speech has shown that intelligible speech can be 
synthesized from a very simple code, that is, 525 bits 
per second. Theoretically, the information could be 
transmitted on a channel with a frequency band width 
of 78 cycles and signal to noise ratio of 20 db. 

Proof of Performance 

The characteristics of a tone are known and have 

been outlined in the first part of this paper. From this 
fundamental knowledge and the characteristics and 
performance of the synthesizer, as outlined, it is not 
difficult to prove from theory what can be done with 

the synthesizer. However, to make a practical demon- 
stration, it is necessary to train an operator or 
synthesist. In this connection, the music synthesizer 
is an entirely new genus of apparatus. Were it merely 
an improvement of existing species, immediate com- 
mercial applications would be evident. One of the uses 
foreseen for the music synthesizer is to make music for 
sale in the form of phonograph records. To make an 
artistic record, or a hit, novelty or technical excellence 
alone is not sufficient. There are other ingredients, 
many of which are intangible. However, the synthesizer 
will facilitate the production of such a hit. For example, 
the synthesizer can produce any kind of sound that 
can be imagined. Then if a person can image a hit, then 
the synthesizer will facilitate the production of the hit. 
The hit-producing attributes are not amenable to 
analysis in the acoustical laboratory, so this factor 
must be left out. To demonstrate the possibilities and 
performance of the synthesizer, an experiment was 
conducted as follows: 

Two different piano selections, namely, "Polonaise 
In A Flat, Opus 53" (Chopin), "Clair de Lune" (De- 
bussy), a violin and piano selection, "Old Refrain" 
(Kreisler), all played by famous artists and reproduced 
from disk records were compared with synthesizer 
versions of the same selections. The piano selections 
were played by Iturbi, Rubenstein, and Horowitz and 
the violin in "Old Refrain" was played by Kreisler. 
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The synthesizer versions, completed on August 5, 
1953, and the identical passages from the phonograph 
records were recorded on magnetic tape, intermixed, 
and played to various people. They were asked to tell 
which was synthesized and which was not. Interpreting 
the results by standard statistical methods, it can be 
said with 70 percent certainty that only one out of four 
persons can tell which is which. 

It should be noted that this work was done with only 
the help of conventional equipment to aid in the analysis 
which is not as complete as demanded for synthesis; 
thus much of the work was done by cut and try. This 
points to an important feature of the synthesizer. 
Manual dexterity is not required. A synthesis once 
learned can be added to the fund of knowledge without 
further practice to be able to perform it. The ability 
of the synthesist is, therefore, always increasing. 

If a composer has in mind what he wants to achieve, 
the effects can be obtained by means of the electronic 
music synthesizer, regardless of whether he can play 
a musical instrument or not. The composer or musician 
can produce the sound of any existing musical instru- 
ment as well as other sounds, regardless of whether 
they have ever existed. The results which the composer 
and musician wishes to achieve can be obtained and 

demonstrated as the music is being composed and 
played. Once a particular result has been obtained, it 
can be retained forever. Thus, it will be seen that the 
electronic music synthesizer provides a powerful tool 
for the composer or musician because he can reproduce 
or create any sound or combination of sounds which 
have or have not been produced, that may have any 
musical significance. 

The foregoing experiment demonstrates the potential 
capabilities of the synthesizer in the ability to copy 
existing selections. For an acoustical engineer to copy 
the performance of famous artists in the matter of a 
few weeks shows the tremendous possibilities of the 
synthesizer. For example, it would be impossible for 
even a genius with no previous experience in playing 
a musical instrument to imitate all of these artists on 

these two instruments with the order of fidelity that 
was achieved. Thus, it seems quite obvious that a 
trained or professional musician could produce great 
musical renditions by means of the electronic music 
synthesizer. 

APPLICATIONS OF THE ELECTRONIC MUSIC 

SYNTHESIZER 

Among the uses for the electronic music synthesizer 
is the production of phonograph records and other 
types of recorded music. The use of a synthesizer for 
the production of musical sounds opens a new field for 
the production of recorded sound. For example, there 
is the possibility of producing entirely new tone com- 
plexes and combinations which cannot be achieved in 
conventional musical instruments. Furthermore, in the 
case of conventional musical instruments the musician 

is limited to the use of ten fingers, two hands, two feet, 
and the lips, either separately or in various combina- 
tions, to perform the different operations. These 
limitations do not exist in the synthesizer. 

The experiment in the preceding section illustrates 
another use for the electronic music synthesizer, 
namely, the rejuvenation of old recordings where the 
master is in poor condition. The old record can be 
analyzed and synthesized to produce a replica of the old 
record but without distortion or noise. 

The experiment of the preceding section illustrates 
still another use of the electronic music synthesizer, 
namely, the production of new musical renditions 
synthesized to simulate the performance of an artist 
who has ceased to perform. Both voice and instru- 
mental musical selections may be synthesized from an 
analysis of the style and structure obtained from 
information contained in recordings produced by the 
artist in times past. If the artist is alive, but is unable 
for physical reasons to perform, he can supervise the 
synthesis. In this way, because of the inherent physical 
versatility of the electronic music synthesizer, there 
is the possibility of obtaining artistic effects that he 
could not achieve even at the peak of his performance. 
If the artist is dead, the style and characteristics of the 
artist may be analyzed from his records and catalogued 
for use in simulating the performance of the artist by 
synthesis. The product of the electronic music synthe- 
sizer may be supervised and monitored by a musician 
to insure that authentic results are obtained. 

There are many other uses for the synthesizer in the 
field of communication, but it is beyond the scope of 
this paper to outline all of the significant applications 
of the electronic music synthesizer. 

Complete Synthesized Renditions of Musical 
Selections 

One use envisioned for the electronic music synthe- 
sizer is the production of music for sale in the form of 
phonograph records. In order to demonstrate further 
the potentialities of the electronic music synthesizer, 
complete musical selections were synthesized. A partial 
list of the synthesized musical selections, indicating 
the style of the rendition and the date on which the 
synthesis was completed follows' 

"Blue Skies" (Berlin), April 1, 1952. In the style of a 
dance band. 

"Nola" (Arndt), May 28, 1952. In the style of the 
piano. 

Stephen Foster Medley, December 12, 1952. "Oh 
Susanna," "De Camptown Races," "My Old 
Kentucky Home." "Old Black Joe," "Old Folks 
at Home," and "Hard Times Come Again no Mo." 
In the style of bowed, plucked and struck instru- 
ments; air, mechanical and lip reed instruments; 
and percussion instruments, 
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"Holy Night" (Adam), December 15, 1952. In the "Spoken Voice", March 26, 1954. A few spoken 
style of the organ. sentences synthesized to show the versatility of 

"Fugue No. 2 from Well Tempered Clavichord" the synthesizer. 
(Bach), July 15, 1953. In the style of ancient 
struck and plucked strings in several variations. 

"Hungarian Dance No. 1" (Brahms), September 3, The results obtained with the electronic music 
1953. In the gypsy style without copying any synthesizer as exemplified by the musical selections 
particular instrument, but varying colors adapted 
for easy synthesis. outlined above demonstrates that excellent musical 

"Sweet and Low" (Tennyson-Barnby), January 15, performance can be produced by means of this new 
1954. Voice and instrumental accompaniment to system;in fact, the performance of the musical synthe- 
show that voice can be synthesized. sizer speaks for itself. 
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