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{571 ABSTRACT

A musical note oscillator producing notes at musical
intervals having high resolution and high frequency
stability achieved with an economy of components and
control signals. The oscillator may be operated to pro-
vide multiple notes simultaneously and independently;
and it is described in the context of a musical instru-
ment.
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HIGH RESOLUTION MUSICAL NOTE
OSCILLATOR AND INSTRUMENT THAT
INCLUDES THE NOTE OSCILLATOR

The present invention relates to digital electronic
musical note oscillators and to instruments embodying
the digital electronic musical note oscillators.

Heretofore, digital electronic musical note oscillators
used in musical instruments have been restricted as to
the number of different notes available within a given
octave by the complexity of the hardware or of the
control signals, by the speed required to stabilize the
hardware, or by the occurrence of unwanted artifacts,
in particular frequency instability.

Digital electronic instruments are called upon to pro-
duce tones of varying complexity with fundamental
frequencies of 20 hertz or less to greater than 5,000
hertz. The complex tones have related frequencies, or
harmonics, extending into the upper limit of audible
sound, about 20,000 hertz.

Accordingly, tones may be generated by two basic
approaches. First a signal is generated which is rich in
harmonics, followed by selective filtering to produce
the desired tone. A second, more versatile technique is
to generate a digital signal at a multiple of the funda-
mental of the desired note frequency. This fundamental
multiple is used to index a stored representative wave-
shape of the desired tone, where the amplitude is speci-
fied at specific uniform increments through the sample
tone waveshape; there are as many increments, and
therefore amplitude samples, as the value of the multi-
ple of the fundamental frequency. For a more detailed
explanation, see the description in the musical note
oscillator discliosed in U.S. Pat. No. 4,108,035 (Alonso,
one of the present inventors), the wave reproducer
shown in the Deutch Pat. No. 3,515,792 (June 2, 1970)
and the electronic music sampling technique in the
United States Pat. No. 4,279,185 of Alonso, one of the
present inventors.

The second of the above mentioned techniques of
tone generation is best for present purposes. By that
technique there may be typically 20 to 2,000 or more
samples, or increments, of the representative waveshape
in order to create the desired tone of the notes. The
frequency needed to sample the waveshape will then be
20 to 2,000 times the fundamental frequency, which is
ultimately restricted by the capabilities of the electronic
portion of the instrument, more specifically, the elec-
tronic oscillator. This operation of the waveshape sam-
pling is explained by the Nyquist sampling theorem; see
said U.S. Pat. No. 4,279,185 for further details.

For reasons of stability and repeatability, digital oscil-
lators generally include a source of constant frequency,
called a clock, which is typically crystal controlled,
followed by a divider capable of dividing the clock
frequency by a selectable integer; however, the most
commonly used musical scale, the even-tempered scale,
has notes at a musical interval of 12V'2, or approxi-
mately 1:1.059, a number difficult to achieve by simple
integer division. It can be done by raising the clock
frequency high enough to permit division by large inte-
gers so that each of the intervals is accurately repro-
duced. As a general matter, the narrower the desired
interval between the notes, the higher the clock fre-
quency must be; as a musical change in intervals ap-
proaches a continuous glissando type change, the clock
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frequency exceeds the maximum usable by the digital
electronics.

The prior U.S. Pat. No. 4,108,035 {Alonso) achieved
somewhat higher resolution at no significant increase in
clock frequency. The prior art Alonso patent achieved
the practical effect of determining the oscillator fre-
quency

oscillator frequency =clock frequency x M/N [4)}
where M is an intefer number valued 0-15 and N is an
integer valued 1-256, such that the clock is multiplied
by a fraction between 1/256 to 1/16.

To achieve greater frequency selection according to
prior art, the value of M is increased above 16 to 256, to
the maximum value of N. The frequency produced has
an average interval as predicted by expression (1); how-
ever, as the occurrence of M/N fractions become close
to 1, significant time period jitter may occur, which
produces noticeably degraded musical tones.

The difference between a constant long term average
frequency and a short term frequency jitter is seen in the
fundamental operation of the prior art shown in the U.S.
Pat. No. 4,108,035. As the increment steps are increased
in size, relative to the range over which the adder will
be incremented, the likelihood of a remainder upon an
adder overflow increases. The remainder, also added to
the range on the onset of the next cycle, is the source of
the jitter. Until the remainder plus increment equals the
range, the period, or the number of increment steps
between adder overflow, will remain constant. When
the remainder plus an integer number of increments
equals the range, the number of steps of incrementing is
reduced by one; hence, a different period occurs, which
in view of prior periods, is jitter. For most clock fre-
quencies having a small increment with respect to the
range, or M/N<1/16, the spacings and consecutive
grouping of differing overflow periods are more likely
to be infrequent with respect to the average frequency
produced, and the harmonic components of the jitter
are less noticeable. Under conditions having an incre-
ment larger with respect to the range, or
1/16<M/N=1, the period, or number of increment
steps between the adder overflow, may be significantly
reduced, for instance when N=35 and M =3, the oscilla-
tor will have two groups of carry-out pulses with two
clock period intervals and one group with one clock
period interval, representing a fifty percent change in
period, which causes a degraded musical tone to be
generated.

Accordingly, it is an object of the present invention
to provide a musical note oscillator that achieves a high
resolution of frequency intervals and low frequency
jitter, but nevertheless achieves economical use of hard-
ware.

A further object is to provide an oscillator that gener-
ates musical tones in a manner where much of the equip-
ment duplication in tone selection, generation and re-
production of a plurality of musical tones is eliminated.

An additional object is to provide oscillator means
and methods to accept a plurality of signals simulta-
neously from the player of an instrument, from prere-
corded player instructions, and from other predeter-
mined control devices.

Another object is to provide means of controlling an
oscillator such that the change of all control parameters
occurs simultaneously.
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A still further object is to provide an oscillator which
produces a plurality of different frequencies simulta-
neously within the same oscillator components without
impairment of the above oscillator fulfilling the forego-
ing objects.

Another object is to provide a musical instrument
embodying the above oscillator.

These and still further objects are addressed hereinaf-
ter.

The foregoing objects are achieved in an oscillator
which produces a frequency stable note in a musical
scale having a narrow and predetermined frequency
interval. The oscillator includes arithmetic means,
which is cyclically incremented over a fixed modulus.
A carry pulse is produced by the arithmetic means
when the modulus is exceeded. The period between
carry pulses is predetermined according to the value of
the modulus and the increment. The values of the incre-
ment selected are resolved at least one-half of the inte-
ger step of the modulus value. There is shown a musical
instrument including such a musical note oscillator.

The invention is hereinafter described with reference
to the accompanying drawing in which:

FIG. 1 is a block diagram of an electronic musical
instrument and includes a key selector, a note control
selector, a control unit, a note calculator, a note oscilla-
tor, and a wave generating system;

FIG. 2 is a block diagram on one form of the key
selector and control unit of FIG. 1;

FIG. 3 is a timing diagram for one form of the key
selector of FIG. 2;

FIG. 4 is a block diagram of one form of the note
oscillator according to FIG. 1, including an accumula-
tor, clock logic, a register, and an adder;

FIG. 5A is a graph of the adder outputs of a simpli-
fied form of FIG. 4;

FIG. 5B is a graph of the adder outputs of a form of
FIG. 4 in view of hardware constraints;

FIG. 5C is a graph of the adder outputs of a form of
FIG. 4 incorporating corrective measures in view of the
hardware constraints;

FIG. 5D is a graph of the adder outputs of a form of
FIG. 4 showing period variations on one of the outputs;

FIG. 6A is a timing and adder output graph of a four
channel form of FIG. 4;

FIG. 6B is a timing diagram of the oscillator clock
and internal control signals for the oscillator of FIG. 4;

FIG. 7A is a schematic diagram showing the address
and control logic of the oscillator of FIG. 4;

FIG. 7B is a schematic diagram showing the incre-
ment and modulus data flow of the oscillator of FIG. 4;

FIG. 8 is a block diagram of a wave generating sys-
tem of the electronic musical instrument shown dia-
grammatically in FIG. 1; and

FIG. 9 shows a typical waveshape in the wave gener-
ating system of FIG. 8 showing sample points and am-
plitude output.

In the explanation that now follows, the invention is
discussed first in general terms; later more specific
structures are taken up. Turning now to FIG. 1, there is
shown at 251 a digital electronic musical instrument
that is shown in the embodiment as a keyboard instru-
ment in which a desired note is selected by depressing a
key on a keyboard 12, comprising keys 12A, 12B . . .
Each key of the keyboard 12 is hard-wired to control
unit 14 wherein the note selected is converted to a bi-
nary number. The plurality of keys selected by an oper-
ator or player are serially multiplexed by a key selector
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40 having a serial output 203A in FIG. 2. A representa-
tion of that serial output is shown in FIG. 3. The keys
12A-12Z7 in FIG. 2 correspond to a signal 212A1-212Z;
for the time cycle labeled 211 and corresponding to
signal 212A,-212Z; in time cycle 213, and so forth, as
shown in FIG. 3. The signals represented are binary and
have only two states, as shown in the drawing. The
short signals appearing on the lead 203A are further
selected by a note control selector 42 (FIG. 2) which in
turn provides an output signal along lead 21A. The
control unit 14, as later discussed, can accept either
analog or binary digital signals as input and provide an
output at 21 that is binary. (In FIG. 1, the output 21 is
shown as a single conductor but it is later shown in
FIG. 2 as multiple outputs. To indicate correspondence
between figures, the conductors in FIG. 2, for example,
are labeled 21A, 21B and 21C. A similar approach is
used to indicate correspondence between other circuit
elements). The output 21 is processed by a note calcula-
tor 16 to provide at 25 a note signal comprising a frac-
tional increment number (called Io herein) and, a Do
number, the note signal being connected as input to a
note oscillator 18. The note oscillator is now discussed
in some detail with reference to FIG. 4 and in greater
detail later with reference to FIGS. 7A and 7B.

The oscillator 18 in FIG. 4 includes clock logic 60 for
generating clock pulses at a predetermined periodic
repetition rate, an adder 80, having a first adder input B
to receive first input signals along a multi-lead conduc-
tor 81 from the outputs of a register 76 and a second
adder input A to receive a fractional input number
along a multi-lead conductor 79. The adder has a modu-
lus, that is, a maximum count above which a carry sig-
nal is generated. The adder 80 has an adder sum output
87 and a carry-out output 113. The adder 80 is operable
to perform an addition between the first input signal at
B and the fractional increment number at A and to
provide a carry-out pulse at the carry-out output 113
whenever the modulus is exceeded. The first adder
input at 81 (i.e., the input B in FIG. 4), as later dis-
cussed, includes a least significant bit and the second
adder input at 79 (i.e. the input A in FIG. 4) includes a
least significant bit; the bits of the second adder input A
are aligned within the adder 80 to be less significant
than the bits of the first adder input B. The note oscilla-
tor 18 also includes a register 74, a latch 84, and a latch
90 which act, in combination with the register 76, sub-
stantially as an accumulator 801. The accumulator 801
is connected to the clock logic 60 to receive clock
pulses as well the adder sum on multi-lead conductor
87; the accumulator 801 is operable to store the adder
sum and to provide the stored adder sum at the accumu-
lator output 81 which is connected to the first adder
input B of the adder 80 so that an oscillator output at 27
is provided by periodic carry-out pulses at the carry-out
113, but preferably through the latch 90 in the accumu-
lator 801, as shown. The periodic carry-out pulses at 27
have a rate proportional to the fractional increment
number received by the second adder input A on the
multi-lead conductor 79; the pulses at 27 are also fed
back to the clock logic 60 to provide enable pulses
which determine, as alternate conditions, whether the
register 64 provides at 79 a fractional increment number
(Io) or a Do number. The Io and Do inputs to the regis-
ter 64 are at 25A and 25B, respectively.

It is appropriate at this juncture to discuss briefly a
most important aspect of the oscillator 18. As noted
above and in greater detail later, the oscillator output at
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27 is determined by the fraction of increment number
(Io) and the divisor number (Do - Io); these have typi-
caily (in order devices) has the same numerical signifi-
cance. In the oscillator 18, however, the significance of
the Io is offset in the manner noted herein to render it
less numerically significant than the Do in order that
some of the bits of the Io have fractional significance
compared to the Do. In this way the oscillator 18
achieves a greater variety of useable frequencies with-
out any significant increase in the necessary hardware.

One further maiter should be addressed here. The
player control signals mentioned above arise from the
keyboard 12, but those signals may be provided by
analog inputs 13, 15, and 17, that are shown as variable
resistors and may be, for example, a knob-control 13, a
pedal-control 18, and a ribbon-control 17. Also, taped
inputs at 32 may be provided as alternatives to or in
conjunction with the keyboard inputs.

Returning again to FIG. 1, the digital note calculator
16 is responsive to note information on the conductor 21
from the control unit 14. The digital calculator 16 calcu-
lates the value of the fractional increment number (Io)
on the basis of the control signal at 21 to assure that the
carry-out pulses at 27 occur at a repetition rate propor-
tional to the fundamental frequency of the desired note.
The desired note is actually produced by a note genera-
tor 265 that receives the carry-out puises on the conduc-
tor 27 and the octave number from the note calculator
16 on the conductor 29.

The control unit 14, as shown in FIG. 2, is mostly a
switching arrangement wherein a specific signal from
one or more of the player control elements 12, 13, 1§
and 17 is selected by timing and control signals on leads
21B (the slash mark plus the number indicate a multi-
lead conductor to be placed on leads 21B connected to
the note calculator 16. The timing and control signal on
leads 21B may switch the various incoming signals
sequentially so that a single controller 14 and subse-
quent note calculator 16 will suffice for all player sig-
nals. In the case of a analog-to-digital converter 46 in
FIG. 2, digital signals appear on data lines 21C to note
control selector 42 of the control unit 14. The note
control selector 42 receives signals from prepro-
grammed source 32 on multi-conductor lead 203, key
selector 40 signal output on lead 203A, and A/D con-
verter 46 on lead 21C, to provide a selected output
signal on lead 21A according to selector control signal

on multi conductor lead 21B. A key on the keyboard 12

would be pressed to signify which note is to be defined,
and the knob-controlled resistor 13 would be adjusted
until the desired note frequency was selected. In this
manner, it is possible to define any key scale at the
desire of the player.

For rapid change or resetting of the musical instru-
ment note signals in the control unit 14, and even to
provide a pre-recorded selection of tone sequences
{e.g., a song), the larger memory unit 32 in FIG. 1 (per-
haps having interchangeable contents, such as a tape or
magnetic disc) can be connected to the musical instru-
ment through the control unit 14.

The minima!l signals generated by the note calculator
16 are the lo, Do, and the octave number described
below. Additionally, the control unit 14 may provide
other signals for specific notes. The output of the con-
trol unit 14 may be either a single connection for each of
the signals provided or it may be sequentially placed on
commom output lines. Alll Io signals, for example, may
be placed on parallel Io lines at a uniform time interval,
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6
to be retrieved by the oscillator 18 in the same succes-
sive sequence. Thus, a significant savings in intercon-
nections and hardware switching may be realized.

Turning now to FIG. 4, the oscillator 18 described
above, is now dealt with in greater depth. The fre-
quency produced by the oscillator 18 has the general
relationship:

Osc. output freg. = Clock Freg. X Increment/Divisor @
where a sum produced by the adder 80 is incremented
by a determined increment provided by the register 64
periodically under the control of the clock logic 60. The
sum is limited to the maximum allowed by the adder 88;
when this maximum is exceeded, a carry pulse is pro-
duced at 113 and temporarily stored by the latch 90
before leaving the oscillator 18 by the lead 27 as the
oscillator output signal. (It will be noted that the signals
on the conductors 113 and 27 are identical, but the latch
90 permits the output at 27 to differ in time from the
signal on the conductor 113.)

Each of the graphs in FIGS. 5A-5D represents the
signal levels of the output signals from the adder 80.
More specifically, signals 95A-95D represent the levels
of the signals at the output 87 and signals 35A-35D
represent tevels of the signals at the output 113 in FIG.
4. The intent here is to obtain a carry-out signal 35A
whenever the modulus (labeled 33 in FIG. 5A) of the
adder 80 is exceeded. In practice one wants to change
the modulus, depending upon the musical note to be
reproduced; however, in general, the adders used in an
instrument, like the instrument 251, have fixed-modulus
{e.g.,212) hardware. The “fixed” aspect of the hardware
is represented by the magnitude labeled 41 in the graph
of FIG. 5B. Taking the two graphs of FIGS. §A and 5B
together, the end sought is to provide the magnitude
marked 33 in the hardware modulus 41 in FIG. 5B. This
is done by applying an offset signal 43 in FIG. 5B hav-
ing a value equal to the modulus 41 minus the divisor 33.
It is shown below that the offset is introduced to the
adder 80 as part of the Do signal which includes the
offset plus the Io signal (see FIG. 5C). The previous
approach to generating the carry-out signal 35D as a
function of Io and Do is limited by the integer values of
the Io (FIG. 5D). The present invention, however, as
discussed more completely later, resolves the problem
by providing a fractional increment number for Io
(FIG. 5C). From expression (2) above, the frequency of
the output 27 should be a function of the ratio of the
Increment (lo) and the divisor (Do-Io); therefore, the
more different ratios which can be created, the more
frequencies which can be generated and used. It follows
that the greater the resolution of the Io 31 in FIGS. 54,
5B, and 5C and the divisor 33 the greater the number of
frequencies available from the oscillator 18.

When the modulus is exceeded an overflow occurs at
113 (i.e., the “1's” on the signal 35A . . . ) leaving a
remainder, e.g., 37 or 39; whenever

(Increment X some integer)+offsets~modulus of
adder 3

there will occur successive carry-out signals 35D with
unequal periods shown in FIG. 5D. As the period be-
tween specific number of clock periods {e.g., between
45A and 45B and between 45B and 45C) changes, these
changes are seen as jitter, each with its own frequency
components, which degrades the tones produced by the



4,345,500

7

electronic musical instrument. In FIG. 5D, the total
cycle of unequal «cleck p erieds is several peiods f'orthe
signal 380). For this reason, prior art we of similar
cirguit ry has bezen limited ©o:

Increment/Divisor < 1/16 @
and specifically where a Do of eight bits was used, an Io
of no greater than four bits could have been used.

The present invention specifically overcomes this
problem by increasing the resolution of the increment
number (Ig), by increasing the number of bits of Io
without having Io approach Do in numerical value, so
that the relationship of expression (4) above is main-
tained, and without increasing the number of bits of Do.
This has been accomplished by the present invention by
extending the number of bits of Io by four in a manner
which represents the adder bits as having a value less
than the least significant bit of the prior lo, that is, less
than “1”; in other words, the lower four bits of Io con-
ceptually are fractional bits. The fractional bits are gen-
erated by augmenting the Io input with bits less signifi-
cant than the Do input to the adder 80, as now explained
with reference to FIG. 7B.

The oscillator 18 in FIGS. 7A and 7B is, in fact, the
actual oscillator that has been fabricated by the present
inventors. The adder 80 consists of adders 80A, 80B,
and 80C. The register 64 consists of registers 64A, 64C,
and 64D. The latch 84 consists of latches 84A, 84B, and
84C. The function of the register 74 in FIG. 4 is in-
cluded in the register 76A. The input 25A in FIG. 4
consists, in FIG. 7B, of four bit inputs 25A and 25A2;
the input 25B consists of four bit inputs 25B; and 25B5.
The clock logic 60 of FIG. 4 is shown in FIGS. 7A and
7B to contain a clock 60A, NAND-gates 60B, 60H,
60L, and 60K, J-K flip-flops 60C, 60D and 60E, D-type
flip-flops 60F and 60G, a synchronous counter 601, and
NOR-gates 60J, 60M, 60N, and 60P.

Special note should be taken of the fact that the adder
80A has carry-in and adder inputs on leads 107A-107C
connected to a logic “1” causing the minimal increment
to be 1/16. Therefore the true relationship of Io in FIG.
7B is:

Io=(increment — 1/16) (5)

and the value of Do is:

Do=(Modulus of
adder — Divisor)+ (Increment — 1/16)

©)
To be consistent in the conceptual framework, the four
bits introduced at 25A| in FIG. 7B have a value less
than ong, hence the adder 80 in FIG. 7B has a modulus
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of eight bits, or a maximum value of 256. Rewriting
expression (6):
Do =(286 - Divisor) + (Increment—1/16) (@)

An example of calculating Io and Do will demon-
strate the use of the above relationships. To have a
frequency output of one-half the clock frequency, one
can let:

Increment=2; and

Divisor=4
therefore, from expression (2) above,

QOsc. Output Freq.=Clock Freq.x2/4 8)

from expression (5) above,

fo = Increment — 1/16
=2 — 1/16 = 1 15/16; binary 0001.1111

and from the expression (6) above,
Do = (256 — Divisor) + (2 — 1/16) (10)

= (256 — 4) + (1 15/16)
= 253 15/16; binary 1111 1101.1111

It should be observed the Do (expression (10)) contains
twelve bits of data, but only eight bits appear to be
provided on leads 25B and 25B; in FIG. 7B. Also it
should be noted that the fractional, or lower four bits of
Io and Do (expressions (9) and (10)) are identical; fortu-
nately, the lower four bits will always be the same. It is
therefore possible to reintroduce the lower four bits of
Io received by the register 64A at 25A; and then by
three of the four-wire leads 79A into the adder 80A
during the same period that the Do signal on leads 25B,
and 25B; are received by the adders 80B and 80C on
four-wire leads 79C and 79D, respectively. This is ac-
complished by enabling the lower four bits of the lo
register 64A by a continuous enable signal at 99. Thus
there is no need to add to the bit length of Do.

One form of observing the superior performance of
the present invention over the prior art is to observe
how close the oscillator 18 comes (in frequency) to a
desired predetermined set of closely spaced frequencies,
in this case each having an equal ratio interval spacing
of 1024 intervals to an octave, or a ratio of one note to
the next adjacent note of 1024 V2:1. Table I below
shows the prior art four bit Io and eight bit Do; Table II
shows the preferred embodiment of the present inven-
tion having an eight bit fractional Io and an eight bit
Do.

TABLE I
DESIRED HZ. INC. DIV. ACTUAL HZ. ERROR HZ. ERROR %
+261.6250 16 193 +261.1398 —.4851074 —.1854208%
+261.8021 16 193 +261.1398 —.6622612 —.2529627%
+261.9794 16 192 +262.5000 +.5205688 +.1987059%
+262.1567 16 192 +262.5000 +.3431701 +.1309026%
+262.3343 16 192 +262.5000 +.1656494 +.0631444%
+262.5119 16 192 +262.5000 —.0119934 —.0045687%
+262.6897 16 192 +262.5000 —.1897582 -—.0722366%
+262.8675 16 192 +262.5000 —.3673147 —.1398478%
+263.0455 16 192 +262.5000 —.5455931 ~.2074139%
+263.2236 16 191 +263.8743 +.6506347 +.2471794%
+263.4018 16 9 +263.8743 +.4724120 +.1793502%
+263.5802 16 191 +263.8743 +.2940673 +.1115665%
+263.7586 16 191 +263.8743 +.1156005 +.0438281%
+263.9372 15 179 +263.9664 +.0291446 +.0110421%
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) TABLE Ii
. INCA{M) DIV{N) ACTUAL HZ. ERROR HZ
12 6/16 149 42616190
15 10/16 188 + 2618018
10 9/16 127 +261.9832
15 13/16 190 +262.1545
16 192 +162.50
i 192 +162 5600
191 +262.8433
175 +262.8665
119 +163.0514
181 +1263.2250

1 261.9422

0012281%
4+ (HH6T7885%

The eneral operation of the oscillator 18 in FIG. 7B
ws. The Do signals at 25B; and 25B;and the Io
signals at 25A; and 25A; are loaded inio the Do regis-
ers 64C and 64D and the lo registers 64A and 64B,
respectively. As long as the oscillator output at 27 does
not indicate an overflow from the adder 80C, the enable
at £0P will permit the Io to be received by the
adders 30A and 86B on leads 79A and 79B when the
£4B is enabled by a signal at 97A. The othe:
insut fo the adder B0C is received on four-wire leads
78D and the register 64D, The other adder inputs are
received from the sum registers 76A, 76B, and 76C
along four-wire leads 85, 83, and 81, respectively. The
adder 88A carry-out is connected to the adder 80B
carrv-in along lead 109; and adder 80B carry-cut is
onnected to adder 80C carry-in at 111, The adder 80C
ry-out 113, after temporary storage in the latch 90, as
above nioted, is the oscillator 18 output on lead 27. The
adder sum outputs appearing on leads 87A, 87B, and
87C arc tomporarily stored in the latches 84A., 84B, and
840 whose outputs are connected along leads 121, 123,
125 to the registers 76A, 76B, and 76C; respec-
The outputs of the regisiers 76A, 76B, and 76C
connected to the adders 80A, 80B, and 80C along
1A, 818, and 81C, respectively. The transfers
o -5 the latches, registers, and adders are synchin.
nized by clock pulses from the clock 60A, but offset in
time, as required, by the write logic shown in FIGS. 7A
and 6A, and discussed below. When the adder 80C has
ut signal at 113, that signal, after being stored it
1 90, is an input to the register 76A for use by
iogic 60M, 60N, and 60F. Thus, an output at 27
the To register 64B to be disabled (by a signal at
ring the add period of the adders 80A, 80B, and
h, during this period, add the Do signal be-
registers 64C and 64D are now enabled bs

< 60N and 60P on lead 97B.

6A, the labels 171, 173, 175, and 177 repre-
y control signals that provided by the
gic 60; iabels 181, 185, 185, and 193 represent
ultiplexed output signals at the output 27; and
and 191 represent adder outputs at 87 (see
nr time multiplexed oscillator operation. The
173 are address signals, 175 is & strobe
77 is a clock period signal.

ng in the oscillator 18 is accomplished in
nce with the timing diagram of FIiG. 6B
he designation 220 shows the time trace of the
sut at 135 in FIG. 7B, 221 shows the time trace
put at 141 of the flip-flop 60C, 222 shows the
- of the output at 145 of the flip-flop 60D, 223
shows the time trace of the output at 147 of the flip-flop
SN 178 chows the time trace of the output af 103 Ge.
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.1 herein} of the flip-flop 60F, and 225
shows the time trace of the output at 97C of the
NAND-gate $0K.

The preferred embodiment of the oscillator provides
a plurality of frequency outputs by selectively address-
ing each of the o registers 64A and 64B, the Do regis-
ters 64C and 64D, and the sum registers 76A, 768, and
76C within each strobe signal cycle at 175, Each step of
the above described adder outputs 179, 183, 187, and
191 (only four channels are given here but the instru-
ment 251 has sixtesn channels) and output signals 181,
185, 189, and 193 (again, only four of sixteen are de-
scribed) of each of the plurality of the osciliator fre-
quencies occurs independently of one ancther, but still
are controlied by the clock logic 60 in FIG. 4. As seen
in FIG. 6A, the strobe signal 175 in the present oscilla-
tor runs at a2 multiple above the single period signal 177
{i.e., the frequency of the strobe signal is higher than the
frequency of the single period signal 177), where such
muliiple is the number of separate output frequencies,
each sequentially addressed by incrementing the regis-
ter address signals (here four output frequencies are
given, but the actual instrument 251 has sixteen output
frequencies, each having its own time channel} 171 and
173 within each single clock period so that the output
181 in FIG. 6A, having some predetermined frequency,
is addressed when the address signals 171 and 173 are

5 both high, and so forth, through four frequencies in the

example but sixteen in the actual instrument 251. After
the respective frequency information is enabled by the
register address signals 171 and 173, the addition and
sum are subsequently stored upon the occurrence of the
strobe signal 175 which occurs at a rate four times the
rate of the single period signal 177, in this example.
The oscillator multiplexing timing diagram shown in
FIG. 6A has a single period 177 during which the oscil-
lator registers, adders, and latches must complete al!
data movement for all channels during each step of the
oscillator period. Because the oscillator 181
to have more than one channel, or as

ware, there must b

number of channels times the period of the single pe
frequency; this timing signal is the strobe signat
above., The function of the strobe signal 175 in FIGS.
&A and 6B, is to control the latches 84A, 848, and 84C
in FIG:. TA for the different channels within the larger
perio ntrolled
by this strobe signal is applied along a lead 155 in FIG
74, which is connected to the synchronous divider 601
to divide the strobe signat by the number channels (four
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in the example, but sixteen in the actual instrument 251).
Thus, data movement within the oscillator 18 is initiated
by the clock 60A once for each new address on four-
wire leads 63 produced by the divider 60I. Within the
oscillator 18, the different frequencies are produced by
different Io and Do numbers which are all received by
the oscillator hardware along the leads 25A and 25B in
FIG. 7B. However, Io and Do signals are separately
stored within the oscillator registers 64A, 64B, 64C, and
64D which have the necessary multiple storage loca-
tions to accept the Io and Do numbers paired according
to the channel to which they refer. The same is true of
the sum registers 76A, 76B, and 76C which receive the
different sums indicative of the different frequencies,
through the leads 87A, 87B, 87C, 121, 123, and 125; the
sums are stored in multiple internal storage locations
according to the register address applied when a partic-
ular sum is received. The latches 84A, 84B, 84C, and 90
have only one location per bit, and each transfers data
to registers 76A, 76B, and 76C before the sum represen-
tative of the frequency assigned to the next channel is
entered. The desired location within the multiple stor-
age registers 76A, 76B, and 76C is accessed, or ad-
dressed, by the multi-lead register address conductors
63. In FIG. 6A, as above noted, the timing sequence is
shown for an oscillator having four time channels each
to accommodate a different address signal 173 and 171
sequence {i.e., the sequences 173 and 171 in FIG. 6A)
through all four address states; the strobe signal 175
occurs four times. The first address signals 173 and 171
are “00”, with the negative logic “0” representing a
high; the output at 87 representing the first time-channel
sum (i.e., the trace 179 in FIG. 6A) shows the increment
(here, =2) being added upon the occurrence of the first
strobe signal 175. The register address signals 173 and
171, now changes to “10”, whereupon the output at 87
represents the second time channel (i.e., the trace 183 in
FIG. 6A) which shows the addition of the increment
(here, =1) upon the occurrence of the second strobe
signal 175. Next, the signals 173 and 171 change to
“01”,whereupon the output at 87 represents the third
time-channel (i.e., 187). However, during the prior per-
iod of this (third) time channel, an output (carry-out)
was produced; therefore the modulus of the adder
should now be adjusted by adding Do (here, =4), dur-
ing the strobe signal. The final channel (in this example)
to be enabled when the register address signals 173 and
171 are “11” to provide access to the fourth frequency
within the registers 76A . . . and 64A . . . which are
beginning another increment sequence and, therefore,
have the range of the add modulus adjusted by adding
(at the occurrence of the strobe signal 175) the fourth
frequency Do (here, =35), i.e,, the fourth trace 191 in
FIG. 6A. Following this, another period 177 begins and
the register address signals 173 and 171 return to *00” to
access the first time channel.

The actual oscillator hardware, shown in 18 in FIG.
7B, operates in the identical manner to the above expla-
nation, as above noted, but with sixteen channels instead
of four and, therefore, has four register address signals
on conductor 63 in FIG. 7A instead of the two signals
173 and 171 in FIG. 6A.

The frequency standard of the oscillator 18 in FIG.
7A is a crystal controlled clock 60A, which produces
the clock signal 220 in FIG. 6B. The clock 60A is con-
nected on the lead 135 to the NAND-gate 60B, which
serves as a buffer/driver, and is thereafter connected on
lead 138 to the J-K flip-flops 60C, 60D, and 60E and the
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D-type flip-flop 60F so that the timing sequence on Q0
output 141, the pulse sequence on 01 output at 145, the
the pulse sequence Q2 output at 147 will be produced,
providing the latch strobe signal 175 at 103, with a
predetermined relationship to a clock signal on lead
137. The strobe signal at 103 in FIG. 7A is used to load
the adder sum outputs at 87A, 87B, and 87C into the
latches 84A, 84B, and 84C. The NAND-gate 60H com-
bines the latch strobe signal at 103 and the first output
signal 141 of the J-K flip-flop 60G, which provides a
write signal on lead 101 to cause the registers 76A, 76B,
and 76C to load the data from the latches 84A, 84B, and
84C as well as to provide timing of the input load write
signals at 97C and the oscillator frequency output write
signals at 163. The write signals at 163 are used to drive
the octave dividers 190 discussed below. The flip-flop
60G also produces on lead 155 a complement of the
write signal 101; the complement is used by the syn-
chronous counter 601 to produce the register address
signals on conductor 63 in a sequence similar to that
shown by 171 and 173 in FIG. 6A. The new Io and Do

‘numbers 25A and 25B in FIG. 7B, generated by the

note calculator 16 in FIG. 1, are loaded into the respec-
tive registers 64A, 64B, 64C, and 64D on the occur-
rence of an output pulse at 27 from the oscillator 18 and
the simultaneous occurrence of a low oscillator load
signal at 25C in FIG. 7A from the note calculator 16 of
FIG. 1. By this method, a new frequency within any
time channel cannot be initiated until an output pulse of
the prior frequency (of that channel) is produced, thus
removing the occurrence of a transitional and unwanted
output pulse on line 27.

The two data, Io and Do, which control the oscillator
frequencies, as above stated, are applied at 25A and
25B, respectively, to the registers of 64A and 64B and
64C and 64D, respectively. Since these registers have
sixteen locations for each of the four binary inputs
25A, 25A3, 25B), and 25B; and are addressed by the
register address lead 63 in FIG. 7A, each of the sixteen
locations is the recipient of a different time channel and
is capable of performing as a separate oscillator; there-
fore, the change or assignment of the frequency data Io
and Do must be made relative to the proper register
address on lead 63. This alignment of data with address
code is provided elsewhere in the note calculator 16 in
FIG. 1. The subsequent operation of the oscillator 18 in
FIG. 7B occurs in a periodic sequence for all sixteen
time channels, according to the register address on the
lead 63 (which has sixteen possible values in the actual
device—the four-channel device) and the simultaneous
occurrence of the write signal on the lead 101 and the
strobe signal on the lead 103.

For convenience and clarity, the operation of the
oscillator 18 is now further explained in terms of one
time channel. The carry-out 113 of the high order adder
80C in FIG. 7B carries the raw output frequency infor-
mation, that is, the adder overflow, discussed earlier.
When the carry-out occurs, it is temporarily stored by
the high speed logic latch 90 and later transferred to the
register 76A at the end of one period (a period is shown
as the traces between 214 and 215 or between 215 and
216 in FIG. 6A) upon the occurrence of the latch strobe
signal 175. During the next complete period 177 of that
time channel, when the same register address appears
on the conductor 63 in FIG. 7A, the carry-out stored in
the register 76A will be available as a high level signal
on the conductor 127 in FIG. 7B to disable at 97A the
most significant four bits on the conductor 25A; and to
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cause the Do register 64D at 97B to be enabled during
the latch strobe signal at 103. The adders 80A, 80B, and
80C will add the Do signal together with the lower four
bits of the Io signal from the registers 64C and 64D, as
explained above, to the prior sum produced for that
frequency during the prior period 177, now on the sum
register output leads 81A, 81B, and 81C. Since the prior
period 177 had an overflow, or carry-out at 27, the sum
added will be the remainder of the prior addition. The
Do signal from the registers 64C and 64D outpuis are
connected to the adders 80B and 80C over the register
output leads 77 and 79. The adder outputs 874, 87B,
and B7C are connected to the inputs of the latches 844,
84B, and 84C. The latches 84A, 84B, and 84C temporar-
ily store the sum (before being stored in the registers
76C, 76B, and 76A) from the outputs of the adders 80C,
80B, and 80A. The latches 84A, 90, 84B, and 84C are
connected to the registers 76A, 76B, and 76C on the
leads 121, 123, and 125. The outputs of the registers
76A, 76B, and 76C are connected to the input of adders
80A, 80B, and 80C by the leads 81A, 81B, and 81C,
respectively. When there is no indication of carry-out
on the highest adder at 113, as occurs in the next period
in this explanation, after the Do is added, the entire Io
number registers 64A and 64B are enabled at 99 and
97A by the gate 60M (by a sum register signal at 127
being low and the simultaneous occurrence of the latch
strobe signal at 103). The Io signals stored in registers
64A and 64B are received by the adders 80A and 80B
along the leads 79A and 79B. The sharing of the leads
9B and 79C is permissible because of the open collec-
tor or tri-state outputs of the registers 64B and 64C; in
the de-energized (zero) position, the leads 75 and 77 are
pulled high, or in negative logic conventions, to provide
a “0”. The outputs of adders 80A, 80B, and 80C are
stored in the latches 84A, 84B, and 84C and stored in
the registers 76A, 76B, and 76C, respectively, before the
onset of the next period 177. As long as the signai on the
register output line 127 shows that the preceeding per-
jod had no oscillator output, or carry-out at 27, the next
period will have the sum in the register incremented by
Io; when the register output lead 127 shows a carry-out
in the prior period, the divisor Do will be added.

The oscillator 18 output lead at 27 is connected to the
wave generating system shown at 265 in FIG. 1 and in
more detail in FIG. 8. The wave generating system 2635
produces up to a sixteen channel output when analog
signals on conductors 205A to 205R in FIG. 1 are am-
plified and reproduced on a suitable amplifier 4A . . .
and a corresponding speaker 34A . . . The alternate
method of tone generation, mentioned earlier where the
oscillator output pulses at 27 may themselves be condi-
tioned (pulse shape modified, etc.) and filtered, may also
be used here. However, because the oscillator 18 can
produce a rate several times higher in frequency than
the audible range, a more likely and versatile manner of
producing a musical tone is in a manner similar to that
shown in said U.S. Pat. No. 4,279,185 (Alonso, one one
of the inventors herein), wherein the desired tone wave
is reproduced from a reference waveform stored in a
wave memory in a wave unit 22A. The stored wave-
form consists of a complete cycle, e.g., the waveform
labeled 206 in FIG. 9 or a representative portion
thereof. When the waveforms are irregular and non-
symmetrical, the entire period of the waveform is
stored. When the musical instrument is played, the
stored waveform is produced a portion of a cycle at a
time. Specifically, the stored waveform is divided into a
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number of equal time intervals or segments 208 in FIG.
9. The time required to produce a complete cycle de-
pends on the speed at which the segments 208 are
stepped or sampled. The speed is directly related to the
frequency of the desired tone. For each step 208, there
is a specified wave amplitude shown at 210; typically,
there may be sixty-four or one hundred and twenty-
eight steps 208 per waveform 206. Each pulse of the
oscillator at 27 is divided by a power of two by an
octave divider 190 in FIG. 8; the power of two is speci-
fied by the note calculator 16 of FIG. 1. Here, the oc-
tave is the equivalent of a power of two change in oscil-
lator output. The octave divider output at 195 is re-
ceived by a channel demultiplexer 192 which provides
independent oscillator outputs 197A-197R for each of
the sixteen channels in the instrument 251. One channel
of wave production is shown in connection with the
wave unit 22A. The oscillator output at 27 is placed
within the desired octave (by the octave divider 190)
and connected to a channel of the wave unit 22A by a
channel demultiplexer 192 along lead 197A. Within the
wave unit 22A, the signal on the lead 197A is received
by counter 194A which provides a binary number on
leads 199A—199H; the binary number is incremented by
steps of one. A wave memory I96A receives signals
from the counter 194A along the leads 199A-199H. It is
within the wave memory 196A that the waveform in-
formation (206 in FIG. 9) is stored, The amplitude out-
puts 210 of FIG. 9 appear on leads 201A-201H to be
received by an D/A converter 198A. The D/A con-
verter 198A provides an output which is subsequently
amplified in the manner discussed earlier. New wave-
forms 206 may be introduced into the wave memory
196A by an external loader 200 connected to the wave
memory at 203A.

Further modifications of the invention herein dis-
closed will occur to persons skilled in the art and all
such modifications are deemed to be within the scope of
the invention as defined by the appended claims.

What is claimed is:

1. A digital electronic musical instrument comprising,
in combination:

means for selecting at least one desired note having a

fundamental frequency, which means for selecting
provides a binary output signal;

digital calculator means connected to receive the

binary output signal and operable to produce, in
binary form, values of a fractional increment num-
ber;

digital oscillator means comprising clock means for

generating clock pulses at a predetermined peri-
odic repetition rate, adder means having a first
adder input and a second adder input respectively
to receive a first binary input signal formed of
binary bits having whole number significance and
the fractional increment number, said adder means
having a modulus, an adder sum output and a car-
ry-out output, said adder means being operable to
add the first binary input signal and, as a second
binary input signal, the fractional increment num-
ber, said adder means being operable to provide a
carry-out pulse on the carry-out output thereof
whenever said modulus is exceeded, the fractional
increment number being formed of binary bits,
selected ones of which are aligned within the adder
means to have a lower order of significance than
the bits forming the first binary input signal, accu-
mulator means having an accumulator input and an
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accumulator output, which accumulator means is
connected to receive the clock pulses from the
clock means and to receive the adder sum at the
accumulator input and being operable to store the
adder sum and to provide the stored adder sum at
the accumulator output, said accumulator output
being connected to provide said first binary input
signal to said first adder input, so that an oscillator
output is provided in the form of carry-out pulses
having a rate proportional to said fractional incre-
ment number received by said second adder input;
and

means for producing said desired note in response to

at least some of the carry-out pulses.

2. An instrument as claimed in claim 1 wherein the
effect of the alignment of the binary bits forming the
fractional increment number relative to the bits forming
the first binary input signal is to provide a digital oscilla-
tor means modulus that is adjustable.

3. An instrument as claimed in claim 2 wherein said
digital calculator means is operable to produce values of
a divisor number, said divisor number being added peri-
odically according to said clock pulses, wherein said
divisor number is received by said second input of said
adder means such that the modulus is effectively re-
duced by said divisor number upon said addition.

4. An instrument as claimed in claim 3 wherein said
divisor number comprises a least significant bit and said
fractional increment number also comprises a least sig-
nificant bit, said least significant bit of said divisor num-
ber being more significant than said least significant bit
of said fractional increment number.

S. An instrument as claimed in claim 3 wherein said
divisor number comprises a least significant bit and said
second adder input comprises a least significant bit, said
divisor number being aligned to said second adder input
such that said divisor number least significant bit is
more significant than said least significant bit of said
second adder input.

6. An instrument as claimed in claim § wherein said
divisor number includes said fractional increment num-
ber.

7. An instrument as claimed in claim 6 further com-
prising input gating means having a gate control, a first
gate input, a second gate input and a gate output, and
wherein said first gate input is connected to receive said
fractional increment number, said second gate input is
connected to receive said divisor number, said gate
output is connected to said second adder input, said gate
control is connected to said adder carry-out such that
the fractional increment number is received by said
second adder input when there is no carry pulse and
said divisor number is received by said second adder
input on the occurrence of said carry pulse resulting in
the addition of said divisor number and said first adder
input signal, said adder sum output resulting from said
addition being stored in said accumulator means on the
occurrence of next said clock pulse.

8. An instrument as claimed in claim 7 wherein said
divisor number includes bits of said fractional increment
number having significance at least equal to said least
significant bit of said divisor number, and said gating
means cnables said bits of said fractional increment
number having significance less than said least signifi-
cant bit of said divisor number during all operations of
said adder.

9. An instrument as claimed in claim 8 further com-
prising storage means for storing said divisor number
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and said fractional increment number, and having inputs
to receive said divisor number and said fractional incre-
ment number, outputs providing said divisor number
and said fractional increment number to said second
gate input and said first gate input respectively, a load
input to load new signals, and to enable input connected
to said carry-out output of said adder means so that the
new signals are stored only immediately after the occur-
rence of said carry-out pulses.

10. An instrument as claimed in claim 9 wherein said
accumulator means further comprises multiple storage
locations and accumulator address input, and said oscil-
lator further comprises accumulator address counter
having a counter input and a counter output, and said
oscillator comprises a output pulse selector having a
selector input, a selector output, and selector address
input, such that said clock means is connected to said
counter input, said counter output connected to said
selector address input and said accumulator address
input, said selector input connected to said carry-out
output and said selector output comprises multiple os-
cillator outputs wherein each oscillator output is
aligned to a storage location according to a periodic
address cycle provided by said counter, said oscillator
providing time multiplexed independent outputs and
said selector providing independent outputs when said
fractional increment number and said divisor number
comprise time multiplexed independent fractional incre-
ment and time multiplexed divisor numbers received by
said second input according to said counter output.

11. An instrument as claimed in claim 10 wherein said
storage means for storing said divisor number and said
increment number comprise multiple storage locations
and an address input, said storage means address input
being connected to said counter output so that said
storage means inputs receive multiple independent frac-
tional increment numbers and independent divisor num-
bers and provide time multiplexed independent frac-
tional increment numbers and time multiplexed divisor
numbers received by said second input according to
said counter output.

12. A digital oscillator comprising, in combination:
clock means for generating pulses at a predetermined
periodic repetition rate; adder means having a modulus
and having a first adder input and a second adder input
respectively to receive a first binary input signal formed
of binary bits having whole number significance and, as
a second binary input signal formed of binary bits, a
fractional increment number, said adder means being
operable to add periodically the first binary input signal
and the fractional increment number, said adder means

. being operable to provide a carry-out pulse on a carry-
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out output thereof, in the course of the periodic addi-
tions, whenever the modulus of the adder means is
exceeded, selected binary bits forming the fractional
increment number being aligned within the adder means
to have a lower order of significance than the bits form-
ing the first binary input signal; accumulator means
having an accumulator input and an accumulator out-
put, which accumulator means is connected to receive
the clock pulses from the clock means and to receive
the adder sum at the accumulator input and being oper-
able to store the adder sum and to provide the stored
adder sum at the accumulator output, said accumulator
output being connected to provide said first binary
input signal to said first adder input, so that an oscillator
output is provided in the form of carry-out pulses hav-
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ing a rate proportional to said fractional increment num-
ber received by said second adder input.

13. An oscillator as claimed in claim 12 wherein the
effect of the alignment of the binary bits forming the
fractional increment number relative to the bits forming
the first binary input signal is to provide an adjustable
modulus.

14. An oscillator as claimed in claim 12 wherein a
divisor number is added periodically according to said
clock pulses, wherein said divisor number is received by
said second input of said adder means such that the
modulus is effectively reduced by said divisor number
upon said addition.

15. An oscillator as claimed in claim 14 wherein said
divisor number comprises a least significant bit and said
fractional increment number also comprises a least sig-
nificant bit, said least significant bit of said divisor num-
ber being more significant than said least significant bit
of said fractional increment number.

16. An oscillator as claimed in claim 14, wherein said
divisor number comprises a least significant bit and said
second adder input has a position that corresponds to a8
least significant bit position, said divisor number being
aligned to said second adder input such that said divisor
number least significant bit is more significant than the
significance of the bit corresponding to said least signifi-
cant bit position of said second adder input.

17. An oscillator as claimed in claim 16 wherein said
divisor number includes said fractional increment num-
ber.

18. An oscillator as claimed in claim 17 further com-
prising input gating means having a gate control, a gate
first input, a gate second input, and a gate output, and
wherein said gate first input is connected to receive said
fractional increment number, said gate second input is
connected to receive said divisor number, said gate
output is connected to said second adder input, and said
gate control is connected to said adder carry-out output
such that the fractional increment number is received
by said second adder input when there is no carry-out
pulse and said divisor number is received by said second
adder input on the occurrence of said carry-out pulse
resulting in the addition of said divisor number and said
first adder input signal, said adder sum output resulting
from said addition being stored in said accumulator
means on the occurrence of next said clock pulse.

19. An oscillator as claimed in claim 18 wherein said
divisor number includes bits of said fractional increment
number having significance at least equal to said least
significant bit of said divisor number, and wherein said
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gating means enables said bits of said fractional incre-
ment number having significance less than said least
significant bit of said divisor number during all opera-
tions of said adder.

20. An oscillator as claimed in claim 19 further com-
prising storage means for storing said divisor number
and said fractional increment number, and having inputs
to receive said divisor number and said fractional incre-
ment number, outputs providing said divisor number
and said fractional increment number to said second
gate input and said first gate input respectively, a load
input to load new signals, and an enable input connected
to said carry-out output of said adder means s0 that the
new signals are stored only immediately after the occur-
rence of said carry-out pulse.

21. An oscillator as claimed in claim 20 wherein said
accumulator means further comprises multiple storage
locations and accumulator address input, and said oscil-
lator further comprises accumulator address counter
having & counter input and a counter output, and said
oscillator comprises an output pulse selector having a
selector input, a selector output, and a selector address
input, such that said clock means is connected to said
counter input, said counter output connected to said
selector address input and said accumulator address
input, said selector input connected to said carry-out
output and said selector output comprises multiple os-
cillator outputs wherein each oscillator output is
aligned to a storage location according to a periodic
address cycle provided by said counter, said oscillator
providing time multiplexed independent outputs and
said selector providing independent outputs when said
fractional increment number and said divisor number
comprises time multiplexed independent fractional in-
crement numbers and time multiplexed divisor numbers
received by said second input according to said counter
output.

22. An oscillator as claimed in claim 21 wherein said
storage means for storing said divisor number and said
fractional increment number comprise multiple storage
Jocations and an address input, said storage means ad-
dress input being connected 10 said counter output so
that said storage means inputs receive multiple indepen-
dent fractional increment numbers and independent
divisor numbers and provide time multiplexed indepen-
dent fractional increment numbers and time multiplexed
divisor numbers received by said second input accord-

ing to said counter output.
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