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ABSTRACT

Rhythm is one of the most important factors that influence
the structure of music. However, the precise scientific study of
musical rhythm perception thresholds and the hierarchy of rhythm-
influencing factors is at present still in its early stages.

One of the reasons for the lack of quantitative knowledge
in this field is the fact that until recent years it would have been
economically prohibitive to design and build an electronic device with
sufficientvprecision to produce meahingfu]’rhythm experiment results.

This thesis describes an electronic instrument which
synthesizes a variable sequence of notes. The frequency, amplitude and
duration of these notes can be operator adjusted to produce a wide
variety of simb]e rhythm patterns with great precision. The discussfon

includes the theory, design and testing of the synthesizing circuitry.
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I INTRODUCTION

1.1 Nature of the Problem

Musical rhythm, an essential element of music, has been
with mankind for thousands of years. It is surprising, therefore,
to discover that there is very little quantitative knowledge of

musical rhythm available.

The following paragraphs are excerpts from a paper entitled
"Experiments on thc Perception of Rhythm" by C. A. Haenselman of the
School of Music of the University of Manitoba. The paper briefly
describes the meaning of rhythm, some of the factors which affect
rhythm perception, and some of the experimental work which has a]ready
been done in an effort to understand rhythm. The excerpts presented
below have been edited slightly for direct applicability to the subject
matter of this thesis.

"Experiments done in the area of perception of musical
rhythm indicate that there are discrepancies between the objective
patterns and the way in which they are perceived. Even where an
objective grouping does not occur, the perceiver tends to impose a
subjective grouping on a series of regularly recurring pulses. This
mode of rhythmic organization and perception is classified as metric
rhythm. Metric rhythm is defined as the subjective or objective
grouping of regularly recurring events such that an accented event is
perceived with one or more unaccented events.

Although it is generally recognized that changes in
intensity, duration or pitch can create a perceived metric rhythm,
the hierarchy of importance of these factors in perception has not
been established. Concerning thresholds at which differences in
intensity and duration are perceived, only tihat of duration has been
studied. Another aspect which has not been clarified is the threshold
at which sound events are perceived as being separated by silence.



In order to compare the objective sound patterns with the
perceived patterns, electronic equipment is being constructed which
precisely produces the duration, amplitude and pitch of sound events.
With this equipment,a series of experiments can be done which will
yield data concerning the perception of rhythmic grouping, the thres-
holds at which differences in amplitude and duration are detected,
and the hierarchial importance of intensity, duration and pitch as
determinants in rhythmic grouping." '

If it is desired to pursue the subjects of rhythm and
rhythm perception to a greater depth than what has been presented
here, Appendix A contains a fairly substantial 1ist of pertinent

references which were collected by Professor Haenselman.

1.2 Project Description

The purpose of this thesis is to design, construct and
test the electronic equipment (rhythm synthesizer) mentioned in
section 1.1. The following paragraphs detail the specific require-
ments of the School of Music with respect to the necessary capabilities
of the rhythm synthesizer.

The electronic circuitry which will be used by the School
of Music in their rhythm perception experiments is required to generate
a series of audible notes. fo eliminate %s many variables as possible,
a "note" is defined as a time-limited block of signal of constant
frequency and amplitude. Figure 1.1 illustrates what is meant by a
"note".

The circuitry must be designed in such a way that with the
appropriate operator manipulation of the frequency, amplitude and
duration of the notes, a single stressed beet can be produced on every
second, third or fourth note in the sequence. To i]lusﬁrate this,

Figure 1.2 shows three sequences of notes with stressed beats on every



third note. The rhythm influencing factors in the three sequences
are, respectively, frequency, amplitude and duration.

A1l of the variables (frequency, amplitude, duration and
notes per minute) should be continuously variable except for the
sequency length which should be adjustable to any desired discrete
whole number value. |

To determine the hierarchy of importance of the rhythm-
influencing factors, the circuitry must also be able to generate
two simultaneous rhythms. For example, the amplitude of every third
note could be different from the'preceding two and, at the same time,
the duration of every fourth note could be different from the preceding

three.

1.3 " Basic Design Approach

If one examines the basic requirements of the electronic
circuit as given in section 1.2, it soon becomes obvious that the only
way to achieve these requirements with reasonable precision and for
- a reasonable cost is to design an ana]ogAsynthesizing section which
is controlled by a digital logic section.

The minimum number of items needed by the synthesizing
section whfch will still satisfy all of the requirements is six: two
variable osciallators (frequency), one fixed and one variable amplifier
(amplitude), and two variable signal gates (duration).

The minimum requirements for the digital control section
are a variable clock (notes per minute control), some means of

accurately controlling the starting point and the stopping point of
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the sequence of notes (sequence control), and some means of determining
the arrival of every second, third and fourth note in the sequence
(rhythm control).

It was decided that the most logical approach to the design
of the circuitry would be to have a main synthesizing section consisting
of one variable oscillator, a fixed amp]ﬁfier, and one variéb]e
duration producer. When used in conjunctioh with the clock and the
sequence control, the main synthesizing section would produce a
predictable and controllable series of identical notes. The rhythm
control would switch in the second oscillator, the variable amplifier,
or the second duration producer at the appropriate time to complete
the desired rhythm synthesis procedure. A block diagram which illus-

trates the preceeding text is given in Figure 1.3.

It should also be noted at this point that the prime
objective in the design of the synthesizer was one of high precision
and high accuracy in terms of controllability, observability and
repeatability. The absolute purity of the notes in terms of harmonic
distortion and signal-to-noise ratio was not considered to be of prime
importance'because the experiments in which the equipment will be
used will be ones which require the perception of small relative

differences in the note sequences.

1.4 Schematic Diagram Information

The following four chapters detail the design of the
electronic circuitry. The chaptérs are divided into a number of

sections, each of which deals with a specific sub-assembly of the



circuitry being examined in that particular chapter. In general,
each section contains a schematic diagram which illustrates the
material in the corresponding text. The position of the individual
schematic diagrams relative to the entire synthesizer circuit is
illustrated in Appendix B. |

The integrated circuits (IC's).in all of the schematic
diagrams are labelled. The labels begin with a two or three letter
prefix which indicates the electronic function of the IC. Appendix
C gives the corresponding full name and National Semiconductor part
number. Following the prefix is a single encircled letter which when
correlated to the diagram in Appendix D determines the exact physical
Tocation of the IC on the main circuit board.

Finally, if a single IC contains more than one separate
circuit component (for example: a CD4081 contains four individual
two-input AND gates), the encircled letter in the label will be
followed by a number. The number corresponds to the component
number defined by Natjonal Semiconductor in their data books. If
undefined, the number corresponds tovthe bosition of the component
in the IC data book connection diagram with number one being the
component c]osest'to pin one and then proceeding around the IC
to the highest pin number. Figure 1.4 illustrates the labelling

procedure.
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II ANALOG SYNTHESIZING CIRCUITRY

The following chapter examines the design of the analog

section of the synthesizing circuitry. Specifically, it describes:

(a)

- (b)

(c)
(d)

the oscillators which produce the synthesizer
frequencies,

the amplifiers which are used to control the amplitudes
of the signals,

the timers which are the duration producers, and

the output circuitry which provides the final signal

' processing before the power amplifier.



2.1 Frequency

The oscillators used to synthesize the desired frequencies
are two LM566 voltage controlled oscillators (VCO). They are rela-
tively inexpensive, are extremely stable, and have a triangle output
which can easily be diode shaped to approximate a sinusoid.

The LM566 1is frequency programmable by means of a control
voltage, a timing resistor and a timing capacitor. It was decided
that for maximum stability and tuning accuracy and a minimum parts
count, the voltages and capacitors would be fixed and the resistors
would be made variable. The outputs of the oscillators are followed |
by buffered single-pole high-pass filters which remove the DC compo-
nents of the triangle waves. Finally, a simple diode shaper, which
is shared by both oscillators, is connected between the buffered
outputs énd ground to convert the triangle signals to waveshapes that
more closely approximate sinusoids. One complete oscillator (the
other one is identical) is shown in Figure 2.1.

The timing resistor for a 566 is required to be between
2knand 20ka for optimum performance of the oscillator. This allows
for an output frequency range of approximately 10 to 1.

Since most of the musical fundamentals are located between
100Hz and 1kHz, it was decided to choose the timing capacitor and the
control voltage so that this particular range would be achieved with

resistor values of between 2kn and 20kaq.
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2.2 Amplitude

The amplifiers used to control the amplitude of the signal
are two 741 op-amps employed in the inverting mode to minimize the
component count. The main amplifier has a fixed gain of 1 and the
secondary amplifier has an operator controlled variable gain of about
.4 to 2.4. Strictly speaking, the gains of the amplifiers are negative
values which means that the output is inverted around ground potential
with respect to the input. However, since the synthesizer signals are
always either at ground potential or are symmetric around ground
potential, the minus signs are essentially of no practical consequence
and are therefore omitted for the sake of clarity.

The gain of the fixed amplifier was chosen to be 1 because
the 1.2 volt (peak-to-peak) outputs of the oscillators are already
large enéugh to ensure a good signal-to-noise ratio and yet small
enough to allow the variable amplifier to amplify the signal by at
least two times and still be comfortably within the linear operating
raﬁge of the 741 op-amp. The complete amplifiers are shown in
Figufe 2.2.

It could be argued that if a minimum parts count is desired,
then the.main amplifier should be left out completely and the secondary
one should be a non-inverting amplifier. One of the reasons for not
-using this approach goes back to the basic design approach stated in
: section 1.3. That is, if the amplifiers do add noise or distortion to
the signal, then the same amount must be added to the signal for both

choices of amplitude. Furthermore, a basic non-inverting amplifier
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has a minimum gain of 1 and it is desired to produce gains of less
than 1. Certainly, a divider network could be placed before the input
of the op-amp but then the parts count would be increased to the point
where very little or nothing is gained over the chosen method. Finally,
the fixed amplifier provides signal buffering which decreases the
loading effect that the succeeding stages would otherwise have on the
preceding ones. |

The variable amplifying ratio 1limits of .4 and 214 enable
the operator to produce a secondary signal that is at lease 6 decibels
(db) larger or smaller than the main signal. This figure was chosen
because it is well accepted that almost anyone can detect an amplitude
difference of 3db. Therefore, the amplitude control gives the operator
more than twice as much latitude (in terms of decibels) as he is

1ikely to need.

2.3 Duration
The durations of the notes are controlled by two LM3905
precision timers. The timers are entirely self-contained and require
only a resistor and a capacitor to set the timing period and a load
resistor to 1imit the current through the output transistor of the IC.
The timing period of the LM3905 is equal to the product of
the values of the timing resistor in ohms and the timing capacitor
in farads. Furthermore, it was desired to produce durations varying
from 0 to 2 seconds. This is to allow the operator to adjust the
note durations from 0% (no note) to 100% of even the longest period
between notes. The necessity for this will become clear in sections

3.1 and 4.5.
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With the afforementioned requirements in mind, the Suggested
Timing Components graph for the LM3905 was referred to and it was
determined that the optimum timing components were a .22pf capacitor
and a 10Ma variable resistor. One complete duration timer (the other

one is identical) is shown in Figure 2.3.

2.4 OQutput Circuitry

At the output of the synthesizing circuitry, just before
the power amplifier, it was necessary to insert an adder and a buffered
lTow-pass filter. The adder is an 1nvertihg variable gain amplifier
which takes the outputs of the main and secondary synthesizing
circuits,’adds them together, and allows the operator to control the
output amplitude of the synthesizer without affecting the relative
amplitudes of the notes in the sequence.

To ensure that the relative amplitudes of the main and
secondary signals remain constant, one of the adder input resistors
is fixed and the other one is a ten-turn trimpot which is adjusted
to exactly equal the value of the fixed resistor. The gain of the
amplifier was chosen to be from 0 to .6 which allows the maximum use
of the linear range of the power amplifier.

The one-pole low-pass filter removes a great deal of the
undesireable high frequency noise that has crept intovthe signal from
the digital control section. The 3db-down point of the filter is
approximately 5kHz which passes all the desired fundamental frequencies

(up to TkHz) and at Teast the next four harmonics. The reason for
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allowing some of the harmonics. through is that the signals are diode
shaped triangle waves and not pure sinusoids. Therefore, to maintain
a constant amplitude throughout the entire chosen range of frequencies,
it is necessary to allow some of the harmonics to pass through
unattenuated. ' '

The output of the buffer amplifier is connected Hirect]y
to the power amplifier inputs as well as an externally accessib]e
phone jack at the back of the synthesizer case. This is tb allow the
operator to use a power amplifier and speaker system different from the

one provided. The entire output circuit is shown in Figqure 2.4.
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ITI DIGITAL CONTROL CIRCUITRY

The following chapter examines the design of the digital

control section of the synthesizer circuitry. Specifically, it

describes:

(a)

(b)

~(c)

(d)

(e)

the main system clock which regulates the digital

control circuitry,
the sequence control which governs the length of the

sequence of notes,

the rhythm control which provides the digital signals
which permit the production of rhythms, '

the duration control which ensures that spurious noise
pulses at the beginnings and ends of the notes are
reduced to a minimum, and .,

the analog switches which interface the digital control

circuitry and the analog synthesizing circuitry.
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3.1 CTock

The main system clock is generally the heart of any digital
circuit. This one is no exception. The clock in this cir;uit not
only regulates every aspect of the digital circuitry but also directly
controls the number of notes being produced per minute. ’

The heart of the clock is the VCO section of an LM565 phase
locked loop (PLL). This IC was used instead of the a1most;1dent1ca1
LM566 VCO because it js less expensive as well as being so%ewhat more
temperature stable. The advantages of the LM566 VCO are a buffered
traingle wave output and a maximum frequency of 1MNz as opposed to
500kHz for the LM565. Since neither of these factors are of any
benefit in this particular application, the LM566vwas not used.

| ) To enable the clock frequency and the duration readout
interfacing to track each other accurately (the reason for this is
explained in section 4.5), it is neceésary to use a fixed timing
capacitor, a ten-turn trimpot for the timing resistor, and an
operator adjusted voltage to control the clock frequency. The linear
range of the VCO is controlled by an 1npdt potential of between
approximately 2.2 and 4.85 volts which provides a frequency range of
approximately 10 to 1.

To provide this control capability, a 741 op-amp is used in
non-inverting amplifier form as a voltage controlled voltage source.
The non-inverting input of the op-amp is connected to the midpoint of

a resistor divider network at approximately 2 volts. A ten-turn trimpot is
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connected between the inverting input and ground is adjusted so that
the op-amp produces a maximum output of 4.85 volts.

To enable simple and accurate interfacing to the digital
readouts for the clock (this is explained in section 4.2) it is
necessary to adjust the trimpot on the VCO to produce a frequency
output range of 60Hz to 600Hz. The VCO is followed by a digital
division section which divides the VCO output by 120. This provides
clock frequencies of .5Hz to 5Hz or, equiva]eﬁtly, 30 to 300 beats
per minute. This range was decided upon as being more than adequate
to cover the rhythm experiment requirements.

Finally, the divider section is followed by a one shot
which provides a 10ps pulse at the rising edge of every divider
output cycle. The reason for this is explained in section 3.4.

Figure 3.1 shows the entire clock circuitry.

3.2 Sequence Control’

The sequence control is the section of the digital circuitry
which starts the sequence of notes after.a command from the operator,
stops the notes after a prescribed number of them have been produced,
and then resets all of the digital circuitry in preparatibn for the
next note sequence. ‘
| When the power switch of the synthesizer is turned on, a .5
second one shot fires which immediately resets all of the digital
circuitry and thereby avoids the possibility of a series of notes
being produced without intentional operator triggering. When the

start button is pushed, the output of a D-type flip-flop (FF), which
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is being used as a bistable multivibrator, goes high and allows the
clock pulses to pass through an AND gate to the rest of the circuitry.

The clock pulses go to the input of the first of two cascaded
decade counters which provide a maximum sequence count capability of
99. When the outputs of the decade counters match the sequence length
chosen by the operator, an AND gate forces the previously mentioned
FF output to zero which removes the clock pulses from the rest of the
circuitry. Finally, two oneshots provide consecufive pulses which
once again reset and set the control circuitry in preparation for the
next note sequence. | |

Since the decade counters stop the sequence immediately at
the rising edge of the nth note, only n-1 notes will be heard. To
avoid this, a FF followed by a low-pass network was inserted between
the clock'output and the clock enable terminal of the first decade
counter. In the set position, the FF keeps the clock enable terminal
high which disables the clock terminal of the decade counter. The FF
output goes Tow at the arrival of the first operator triggered clocek
pulse. The Towpass network is chosen with a time constant of approx-
imately 1ms which keeps the clock enable high during the entire first
clock pulse but allows it to go Tow before the second pulse arrives.
This timing procedure applies to the entire available range of system
clock rates.

An operator controlled stop button which immediately halts
the note sequence when depressed is also provided. The entire sequence

control is shown in Figure 3.2.
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3.3 Rhythm Control

The rhythm control provides the capability for the digital
control circuitry to switch in the second VCO, the variable amplifier,
or the second duration timer at the appropriate position in the note
sequence.

Since the School of Music only requires the capability to
tailor every second, third, or fourth note, it was decided to solve
the rhythm control problem by using groups of shfft registers.

Thevfirst group of four D-type flip-flops is hooked up in
a continuous 1oop such that the output of ea;h one goes to the input
of the next. With the shift registers arranged in this fashion, if
the output of only one of them is high at any point in time, then

“that same one will not go high again until four clock pulses later.
In the "feady" position of the synthesizer, the output of one FF is
set to high and the other three are reset to low. The contfo]
signal for a beat on every fourth note is taken from the output of
the FF which was initially set to high. -

The second group of shift regiéters is set up similarly to
the first group except that there are only three flip-flops. This

~group obviously provides the control signal for a beat on every third

note. The third group, which provides a beat on every second note is
merely a single FF with the output tied back to the input through an
inverter.

The various terminals of the flip-flops are hooked up such

that at the end of a note sequence, when the reset and set pulses are
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~generated, all the flip-flops will be reset to Tow except for the
designated control signal FF in each group which is set to high. The

entire rhythm control circuit is shown in Figure 3.3.

3.4 Duration Control

In section 2.3, a timer or fduration producerf was described.
Obviously the timer must be triggered by the system clock so that the
| time between the beginnings of any two consecutive notes in a sequence
is the same as the time of one cycle of the desired notes per minute
rate.

The problem is that the clock must also perform all of the
digital control tasks. If the duration timers are triggered at
exactly the same time as the flip-flops in the rhythm control are
clocked, the beginnings of the notes are plagued by spurious noise
pulses injected into the analog circuitry from the settling digital
circuitry. To alleviate this problem it is necessary to ‘delay the
beginning of the duration pulses 10ps beyond the start of the notes
per minute clock pulse. This explains the need for the one shot in
ngure 2.1. The inverting output of the 10us one shot is tied to'the
input of a lus one shot which in turn triggers the duration timers.

Another problem arises when the timers fopen" and "close"
and allow a certain portion of the desired oscillator frequency to
pass. Looking at Figure 3.4.1 we see how, in general, the timer
triggered directly by the clock might pass a certain "block" of
signal to produce a note. In the example slown, rather than hearing
a single pure tone, one would hear a small "tick" followed immediately

by the note which would end in an even louder "tick".
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These audible "ticks" or "pops" are caused by the speaker
attempting to follow the éteep.waveforms at both ends of the note.
Filtering the signal is a poor solution because any filter.that would
smooth out the waveform at the maximum frequency of TkHz would obviously
be ineffectiVe at 100Hz. In addition, any filter that would be
effective at even a single fixed frequency would have to have a sharp
cut-off slope which would intrpduce severe signal distortion due to
phase shift and signal overshoot at the end of the note.

The only acceptable solution to the "tick" problem seemed
to be to incorporate a zero-crossing detector into the duration
timer output circuit. That is, the timer will go high but no signal
will pass until the oscillator signal comes to a zero crossing
point (ground potential). Similarly, the signal will not be cut off
until both the timer output has gone Tow and the VCO signal has come
to a zero crossing. Using this method, audible "ticks" would be
reduced to a minimum. Figure 3.4.2 illustrates the effect.

The circuitry used to implement this concept is shown in
Figure 3.4.3. The oscillator signal goes to a comparator which
produces a square wave from the sine wave with the vertial portions
of the square wave corresponding to the points at which the sine wave

crosses zero or ground potential. The square wave triggers two 1ps
one shots - one on 1its rising edge and one on its falling edge. The
outputs of the one shots are connected to an EXOR gate. The output

of the EXOR gate is therefore a series of lus pulses at twice the

desired oscillator frequency. These pulses go to one input of each
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of four two-input AND gates. The other AND gate inputs are controlled
by the duration timers as shown. The outputs of the AND gates are
connected to the set and reset terminals of flip-flops used as
bistable multivibrators. The outputs of the flip-flops are now the
modified timer outputs which perform the duration producing function.
This modification introduces no duration readout error because the
outputs of the flip-flops rather than the timers are used to determine
the duration length.

The only negative side effect is that the duration is no
longer continuously variable but discretiéed. fn other words, the
duration can only be adjusted to values which are integral multiples

1 the oscillator frequency. At the worst possible case of

of twice
discretization, that is, at a clock rate of 300 beats per minute and
an oscillator frequency of 100 Hz, the smallest achievable duration
change is 2.5% of the clock rate. At a more typical clock rate of
120 beats per minute and an oscillator frequency of 400 Hz, the
smallest duration change is .25%. This restriction is undoubtedly

much more tolerable than the annoyance of a sequence of notes filled

with "ticks" and "pops" of varying intensities.

3.5 Analog Switches

A11 of the analog synthesizing circuitry and all of the
digital control circuitry mentioned thus far are of no use if they
cannot be interfaced in an acceptable manner. The solution to this

problem comes in the form of CMOS analog switches. These devices are

1 There are two zero crossings per oscillator cycle.
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- used wherever a person requires the ability to electronically switch
an analog or digital signal on.or off quickly and accurately. Each
analog switch has an input, an output, and a control terminal. The
switch is closed when the_vo]tage at the control terminal is high
and is open when the control voltage is low. So vital are these
devices to the operation of the synthesizer that their entire speci-
fications are reprinted in Appendix E.

Figure 3.5 111ustrates the position of the ana]og switches
in the synthesizer circuitry. With all three of the manually adjusted
four position switches as shown, the main analog synthesizing modules
wi]i produce a series of identical notes. lNote that though both
modified duration producers close their corresponding analog switches
at every clock pulse, only one of them will pass a signa]‘because
of the pass/block operation of the third pair of analog switches.

To demonstrate the operation of the rhythm control, suppose,
for example, that the operator switches manual switch one to positfon
twd, manual switch two to position three, and manual switch three to
position four. It should be easy to see-that every second note would
be the frequency of oscillator two instead of oscillator one, that
every third note would have an amplitude determined by amplifier two
instead of amplifier one, and that every fourth note would have a

duration determined by modified duration producer two instead of one.



RHYTHM

4
S CONTROL
O

DUR |

-—

ASW(B3

ASWEA 7 |

3.5 ANALOG-DIGITAL INTERFACE

ouTPUT
CiRCUIT

0¢



31

IV DIGITAL READOQUT INTERFACING

The following chapter examines the design of the interfacing
circuitry between the synthesizer variables and their corresponding
digita] readouts. Specifically, it describes:

(a) the MM74C926 counter/driver which greatly simplifies
the task of readout interface design in this particular
épp]ication and

(b) the distinctive interface circuitry which is necessary
for each of the individually monitored synthesizer

variables.
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4.1 Introduction

The task of interfacing the various variable functions in ‘
the circuitry to seven segment displays was significantly simplified
through the use of a very flexible integrated circuit - the MM74C926.
This IC is basically a four digit counter with mu1t1p1exed;seven
segment output drivers. The counter section has a clock 1Bput and‘
is controlled by a reset terminal and a latch enable termina]. The
driver section is entirely self-contained and only requireé seven
current limiting resistors and four transistors to switch the seven
segment displays. A typical display system employing the MM74C926
is shown in Figure 4.1.1. Like the analog switches, the counter/
driver is so vital to the operation of the synthesizer that its
data sheet has been reprinted in Appendix F.

The digital readouts or displays on the front panel of
the synthesizer are all driven directly by MM74C926's. When the
reset terminal is pulsed, the counter goes to zero and begins to
count the pulses entering the clock terminal. When the latch enable
terminal is pulsed, the IC latches dnto and displays whatever number
is in the counter at the time of the pulse and will continue to
display that particular number until the latch enable is pulsed
again.

Obviously, with the type of operation just described, the
readouts cannot be updated continuously but rather at discrete inter-
vals. In fact, the longer the time between the reset pulse and the

latch enable pulse, the greater the ratio between the sample time
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and the time of a single counter clock cycle and hence the greater
‘the accuracy of the readout value. It was found that an update sample
time of .5 seconds was about optimum for this application. This time
period is Tong enough for good accuracy and yet short enough so that
the operator does not become impatient waiting for readoutiupdating
while adjusting some variable. |

To produce the .5 second sample time, an LM3905 precision
timer is used. The timer is triggered by a free-running LMSGSPLL—VCO
operating at about 1.4Hz. The timer itself is fine tuned with a ten-
turn trimpot. The output of the timer is connected to two lus one
shots - one which produces a pulse at the rising edge of the timer
output, and one which produces a pulse at the falling edge. These
two pulses, appearing .5 seéonds apart, are the control signals for
the counter/drivers for all the readouts except for those corresponding
to the duration values. The sample time control circuit is shown in

Figure 4.1.2.

4.2 Clock

In section 3.1 it was stated that the 30 to 300 beats per
minute are produced by dividing the output of a 60 to 600Hz VCO by
120. The reason for this is to enable the output of the system clock
YCO to be directly connected to the clock terminal of the corresponding
counter/driver. Since the sample time is .5 seconds, the display will
directly show the number of notes being produced per minute. For
example, if the operator wished to have 90 beats per minute he would

adjust the appropriate potentiometers until the display read 90. This
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would correspond to a VCO frequency of 180Hz which when divided by
120 would produce a frequency of 1.5Hz or 90 beats per minute.

The display section for the clock is similar to Figure 4.1.1
except that only digits B, C and D are used. The reset and latch
enable pulses come from the(samp]e time control and, as mentioned
previously, the clock fermina] of the counter/driver is connected

to the VCO output of the system clock.

4.3 Frequency

The frequency display sectﬁons are exactly as shown in
Figure 4.1.1 with the reset and ]atch.enab1e‘pulses coming from the
sample time control circuitry of Figure 4.1.2. However, production
of the appropriate signals for the frequency counter/driver clock
inputs proved to be a bit of a problem. Since the sample time is
.5 seconds, it is necessary to provide the clock terminals of the
frequency counter/drivers with clock rates of exactly twice the
oscillator frequencies for accurate frequency display readings.

Since the clock terminal of the MM74C926 can count short
duty cycle pulses as easily as square waves, strings of pulses at twice
the oscillator frequencies were produced by using a circuit as shown
jn Figure 4.2.1. Theoperationof the frequency doubler is described
in the following paragraph (refer to Figure 4.2.2). |

Just before the beginning of a square wave, inputs 1 and 2
are Tow causing the EXOR output to be Tow. When the oscillator goes
high, input 1 immediately goes high as does the output of the EXOR

~gate. "Input 2 does not go high until it crosses the "turn-on" point
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of the EXOR input which takes about .1ms. When this occurs, the output
of the gate goes Tow. When the oscillator goes low, input 1 immediately
goes tow but input 2 does not. This causes the EXOR output to go high
once again. Finally, after about .lms, the capacitor has discharged
sufficiently for input 2 to also go low which the gate output immediately
follows. Thus we have two pulses for one oscillator cyc]e;

It should be noted that with the RC as shown, the circuit
will safely double oscillator frequencies up to about 5kHz before the
EXOR output pulse widths approach the time duration of one-half
oscillator cycle.  This means that the frequency doubler will operate

satisfactorily for all required oscillator frequencies.

4.4 AmpTitude

" The circuitry between the variable amplifier and the
amplitude readout is the most complex of all the interfacing circuitry.
It was decided to take the signal from the output of the variable
amplifier and convert it to a DC voltage which is proportional to the
amplitude of the signal. After suitable ‘conditioning, the DC voltage
is fed to the control terminal of a VCO. When properly adjusted, the
VCO frequency increases or decreases in direct proportion to the
amplitude increase or decrease of the signal. The amplitude interface
circuit is shown in Figure 4.3.

The first two op-amps and related components are the AC to
DC converter. This circuit is very common and can be found in prac-
tically any book on op-amp applications and will therefore not be

analyzed here. Suffice it to say that it produces a DC output from
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an AC signal input. The choice of the value of the capacitor in the
feedback section of the second op-amp requires some care. The larger
the capacitance, the purer the DC output. However, the reaction time
of the converter is slowed with increasing capacitance. The value
finally chosen was the largest capacitance possible which @ou]d not
cause any noticeable Tag in readout update during operator:adjustment
of the amplitude. The ten-turn trimpot in the feedback pa?h of the
second op-amp is adjusted so that the control voltage at tﬁe output
of the third op-amp is in the centre of the VCO's 1inear operating
region when the variable amplifier is at unity gain.

It is a characteristic of the LM565PLL-VCO that the output
frequency increases in direct proportion to control voltage decrease.
For this reason the third op-amp, used as a difference amplifier, is
inserted to condition the output of the AC to DC converter for suitable
interfacing with the VCO. The capacitor in the feedback loop of the
third op-amp provides further control signal smoothing.

Finally, the VCO timing capacitor and ten-turn trimpot were
chosen and adjusted to provide an output‘frequency which is twice the
value, in percent, ofvthe variable amplifier amplitude relative to
the fixed amplifier amplitude. Since the sample time is .5 seconds,
the amplitude display, which, Tike the clock display, uses only digits

B, C and D, directly shows the correct value.

4.5 Duration
The interfacing for the duration readouts is different from
all the other readouts in that the .5 second sample time control is

not used. The output of each modified duration producer is connected
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to two 1ys one shots - one which is triggered on the rising edge of
the duration pulse and one which is triggered on the falling edge.
These one shots are connected to the reset and Tatch enable terminals
of the appropriate counter/driver and directly control the sample
time of the duration readout circuitry.

The clock inputs of the duration counter/drivers are
connected to the output of an LM565PLL-VCO. This VCO has a fixed
timing capacitor and a ten-turn trimpot and is controlled by the
same operator adjusted voltage which controls the system clock VCO.
With the circuitry arranged in this fashion and with the trimpot
adjusted suitably, the duration readouts display the duration of
the notes 1in percent of the total time between notes as set by the
notes per minute controls. This was decided upon as being the most
useful as well as the most easily adjustable method of duration
display. Like the clock and amplitude displays, only digits B, C and

D are used in the duration readout.

If the duration timers are triggered by the system clock
after the sequence control AND gate, then adjustments to the durations
will be possible only when the synthesizer is p]ayihg. This 1is
clearly undesirable. On the other hand, to be able to adjust the
;durations at all times, it is necessary to trigger the timers with
the system clock before the sequence control AND gate. This would
cause the synthesizer to play continuous]y.from the time it is shut on

until the time it is shut off. This is clearly even more ‘undesirable.
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The entire problem is solved by the addition of a FF and
two AND gates és shown in Figure 4.4. In this circuit, the timers
are being triggered by every clock pulse and consequently can be
adjusted at any time. However, the duration outputs are not allowed
to pass to the analog switches until the first operator-triggered
clock pulse has passed through to the rest of the circuit. This
first pulse forces the FF output to the high state which fturns on"
the duration AND gates. When the sequence of notes is over, the
sequence control reset pulse causes the FF output to go Tow which

effectively cuts off the duration pulses from the analog switches.
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V  MISCELLANEOUS CIRCUITRY

The following chapter examines the design of the necessary
- synthesizer circuitry which was not covered in the previous three
chapters; Specifically, it describes:

(a) the integrated circuit audio power amplifiers,

(b) the synthesizer power supply, and

(c) the power supply protection circuitry.

43
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5.1 Power Amplifiers

The output of the unity gain buffer amplifier shown in
Figure 2.4 is tied to both inputs of an LM378. The LM378 is an
integrated circuit that contains two independent audio power ampli-
fiers. Each amplifier can deliver up to four watts into al&a.]oad
(typical speaker impedance) if adequate heat sinking is prbvided.

The external components of the amplifiers have bgen chosen
to produce a voltage gain of 10. This value is large enouéh to
ensure that the LM378 operates comfortably within its stable region
and yet is small enough to allow the preamplifier circuitry to
operate with signals which are of sufficient amplitude to ensure
a good overall signal-to-noise ratio.

. The output of one of the power amplifiers is used to drive

the internal synthesizer speaker. The speaker can be switched on
or off as desired. The output of the second amplifier is tied to
a standard phone jack at the back of the synthesizer case. This
enables the use of an external speaker or headphones.

Figure 5.1 shows the entire power amp]ifier—speaker'circuit.

5.2 Power Supply

There is nothing extremely novel about the power supply
design. A 20V-1A transformer is used to step down the standard 120 VAC
voltage to an appropriate level. A full wave diode bridge is used to

rectify the transformer secondary output signal and a pair of 4700 uF
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capacitors are used to provide preliminary filtering. The capacitors
are connected in series and the point between them, which is tied to
the centre tap of the transformer secondary, is the designated common
or ground for the entire electronic circuit.

If the ground point is designated as OV, then thé potentials
at’the extreme ends of the filter capacitors are approxima%e]y +13V
and -13V. The transformer was specifically chosen to produce this
potential after rectification and filtering. The reason ié that some
of the voltage regulators used in the circuit require at least 8V to
maintain Tine regulation and some of them are damaged if the input
voltage exceeds 25V. The chosen regulator input potential of =13V

is therefore both adequate and safe for all of the regulators used

in the circuit.

Since high quality integrated circuit voltage regulators
are now extremely inexpensive (approximately $3.50 for the negative
and $1.70 for the positive ones chosen), a total of six of them are
used in the synthesizer. A1l of the analog circuitry except for the
power amplifiers and two op-amps is éuppl%ed by a pair of regulators
at +5V and -5V. An additional regulator at +6V provides the positive
supply for the previously mentioned op-amps which must be able to
deliver up to +4.85V at their output terminals to control some voltage
controlled osciallators. Since the internal biasing of the op-amps
used requires about .6V, the +5V regulator can obviously not meet

their needs.
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The power amplifier has its own pair of regulators at +6V
and -6V. The reason for this is the amplifier draws a considerable
amount of current and it draws it in pulses as the notes are played.
This sudden loading of the regulator outputs could cause as much as
a 250mV change in the IC supply voltage which would unneceésari]y
disturb the other analog circuitry if the same regulators Were to be
used for all of the analog integrated circuits.

Finally, the digfta1 circuitry is supplied by 1t; own separate
+5V regulator. This is done to decrease the amount of contamination
of the analog signals by voltage spikes which are fed into the analog
circuitry through the supply lines from the digital integrated circuits.
In fact, so great was the effect of the multiplexers in the counter/
drivers on the rest of the circuitry that it was necessary to isolate
them further by inserting an inductor and a capacitor. Only then was
the supply line transmitted noise brought to an acceptably Tow level.

The entire power supply circuit is shown in Figure 5.2.

5.3 Protection Circuitry

The MM74C926 counter/driver, though very versatile in
most respects, has a rather Timited supply voltage range when compared
to most CMOS integrated circuits. It operates with a supply of 3V to
6V and has.an absolute maximum rating of 6.5V beyond which it could
be damaged. Since the MM74C926 is also relatively expensive ($15 each)
and there are six of them in the synthesizer, it seemed a rather
prudent idea to include some circuitry which would protect them should
the voltage regulator fail and the outbut rise to the regulator input

potential of +13V.
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The protection circuitry consists of a 3/4A fast-blow fuse
inserted into the +13V line, a 10A power transistor, and a 5.1 volt
zener diode. The elements are installed in such a way that if the +5V
digital regulator output goes higher than 5.1 volts, the zener turné
on the power transistor which immediately blows the fuse.

It was then determined that with the addition of one more
5.1V zener diode at the output of the +5V analog regulator, all of the
analog circuitry would also be protected since the analog integrated
circuits will not be damaged unless both of the +5V and -5V regulators
would fail and go to their respective input voltage values of +13V
and -13V.

The complete protection circuitry and its position within

the power supply is shown in Figure 5.3.
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VI TESTING

The following chapter examines the testing of the completed
rhythm synthesizer. Specifically, it describes:
— (a) the apparatus used to perform the testing,
(b) the testing procedure that was employed, and

(c) the quantitative results of the testing.
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6.1 Apparatus

The following equipment was used in the testing of the
completed rhythm synthesizer:
Philips PM3210 Dual Trace Oscilloscope
Advance Instruments TCYA Timer-Counter
(accuracy: +5ppm after 20 minute warm-up)

HP3476A Digital Multimeter

(accuracy: DC volts - +.3%
AC volts - +1.5%
AC amps - *2%)

It should be noted here that Hewlett-Packard (HP) is one
of the most highly respected manufacturers of precision electronic
test equipment in the world. Their product specifications are
~generally Very conservative. For example, the DC volts mode of
the HP3476A was measured on a standard voltage cell in the University
of Manitoba's Standards Laboratory and was found to have an accuracy
of better than .1% (limit of the digital readdut). This value is at

least three times better than the published specification.

6.2 Procedure

The synthesizer was tested using the equipment listed in
section 6.1. Frequency measurements were made using the counter mode
and duration measurements were made using the timer mode of the TC9A

Timer-Counter. AC amplitude measurements were made using the oscilloscope
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and the AC volts mode of the HP multimeter. DC voltage levels were
measured using the DC volts mode of the HP multimeter. Finally, in
order to determine the power consumption, an assumed input voltage
value of 120VAC was combined with current readings obtained by using

the AC amps mode of the HP multimeter.

6.3 Results

After calibration (as described in Appendix F), the entire
synthesizer circuitry was tested a number of times over a period of
about a week. The data from all of the tests was compiled, analyzed,
and is presented in the following paragraphs.

Since the timer in the sample time control directly affects
the accuracy of all of the readouts except for thosecorresponding to
durations, it is undoubtedly the most critical part of the synthesizer
in terms of the need for precise calibration. It was found that
immediately upon being turned on, the timer value was generally about
.25% high'or around .50125 seconds rather than .5 seconds. However,
after a warm-up period of about ten minutes, it settled to an accuracy
of better than *.05%.

The main system clock was found to produce cleck rates of
around 26 to 330 beats per minute. The corresponding display reading
'is taken directly from the output of the clock VCO. Therefore, the
accuracy of the notes per minute readout is within £.05 of the reading
plus .5 in the least significant digit (LSD). The %.5 in the LSD is
digitization round off error which can be drastically decreased by

careful operator adjustment of the controls.
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When measured directly, it was found that the oscillators
produced frequencies from about 90Hz to 4kHz with the greatest stability
and controllability being in the range of 90Hz to 1kHz. The rms values
of the oscillator output signals remained constant throughout the
desired frequency range dropping only about .3db at TkHz dpe to the
effect of the output low-pass filter. As was the case in fhe clock
readout, the accuracy of the frequency readout is dependentAupon the
accuracy of the timer in the sample time control circuit. :Taking
the warmed up value of #.05% and keeping the digitization error in
mind, we find that the worst inaccuracy is at TkHz wheré the readout
value is within #1Hz of the actual frequency. At 100Hz, the accuracy.
is within +.55Hz of which *.5Hz is due to round off error.

~ The amplitude of the output as modified by the variable
amplifier was found to be adjustable from about 38% to 240% of the
amplitude of the fixed amplifier. The output of the AC to DC
converter was exactly proportional (within the accuracy of the HP
multimeter) to the rms value of the signal ovér the entire range of
+6db. Since the amplitude display circu{try is designed essentially
the same as the clock display, the accuracy of the amp]ifude readout
in the range of 50% to 200% is within +.05% of the reading (if the
multimeter readings are taken to be exact) plus #.5 in the LSD.

The modified duration timers were found to produce pulse
widths of 0 to about 2.2 seconds. Since the timers produce their
own reset and latch enable pulses there is essentially no sample time

error. However, since the duration VCO and the clock VCO are controlled
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by the same voltage (section 4.5}, there is some error introduced
into the duration readout by the mistracking of the two voltage
controlled oscillators due to slight differences in their voltage-
frequency curves. It was found that from clock rates of 30 to 300
beats per minutes, the duration VCO output frequency inaccuracy was never
more than +1% of the reading. It should be noted that though the
ébso]ute error relative to the system clock readout is within %1%,
since both of the duration displays use the same VCO for their counter/
driver clock inputs, the relative error between the two duration
readouts is zero. 1In addition, there is also the +.5 in the LSD
inaccuracy.’

The maximum rms signal-to-noise ratio of the synthesizer,
as measured by the AC volts mode of the HP multimeter and checked on
the oscilloscope was found to be about 70 db. This value was determined
with the amplifier gain at maximum. With the synthesizer output
adjusted to volumes which were comfortably room filling, the rms
signal-to-noise ratio was between about 50 and 60 db.

The average power consumption of the synthesizer is about

17 watts.
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VII CONCLUSIONS

An electronic rhythm synthesizer has been designed, constructed
and tested. The accuracy and precision of all major components of the
synthesizer are extremely high - definitely beyond the limits of human
detection and, in some cases, beyond the Timits of high quality test
instruments.

It is sincerely hoped that all of the requiremenfs and
expectations of the School of Music of the University of Manitoba have
been met or exceeded and that the synthesizer will simplify, as much
as possible, the technical aspects of their forthcomiﬁg series of

rhythm perception experiments.
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APPENDIX B
SYNTHESIZER BLOCK DIAGRAM
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4.1
2.3
(/%
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TO ALL ICs
5.2 +56.3
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= 2.2 —o

4.3.1
2.1
2.1
4.3.1

4.4

4.1.1

4.1.2
4.1

4.1.1




DCD
XOR
ASH
INV
AND.

OR
OSH

CMP

VCO
0sC
TMR
OPA

APPENDIX C
LIST OF IC's

DESCRIPTION
Dual D flip-flop
Decade counter/divider
Quad EXCLUSIVE-OR
Quad bilateral switch
Héx inverter
Quad 2-input AND
Quad 2-1input OR
Dual one-shot
4 digit counter/driver
High speed dual comparator
-5 volt regulator

-6 volt regulator

_+5 volt regulator

+6 volt regulator

Dual 4 watt audio amplifier
Phase locked Toop

Voltage controlled osci]iator
Precision timer

Operational amplifier
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PART NUMBER

CD4013
CD4017
CD4030
€D4066
CD4069
CD4081
MM74C32
MM74C221
MM74C926
LM319
LM320T-5.0
LM320T-6.0
LM340T-5.0
LM340T-6.0
LM378
LM565
LM566

1 M3905
LM741
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APPENDIX E

DATA ON THE MM74C926

MM74C925, MM74C926, MiM74C827, MilM74C928
4-digit counters with multiplexed 7-segment output drivers

general description

These CMOS counters consist of a 4-digit counter, an
internal output latch, NPN output sourcing drivers for
a 7-segment display, and an internal multiplexing
circuitry with four muitiplexing outputs. The multi-
plexing circuit has its own freerunning oscillator,
and requires no external clock, The counters advance
on negative edge of clock. A high signal on the Reset
input will reset the counter to zero, and reset the carry-
out low. A low signal on the Latch Enable input wil!
latch the number in the counters into the internal out-
put latches. A high sianal on Display Select input will
select the number in the counter to be displayed; a low
tevel signal on the Display Select will select the number
in the output latch to be displayed.

The MM74C925 is a 4-decade counter and has Latch

Enable, Clock and Reset inputs.

The MM74C926 is like the MM74C925 except that it
has a display select and a carry-out used for cascading
counters. The carry-out signal goes high at 6000,
goes back low at 0000, )

The MM74C827 is like the MM74C926 except the
second most significant digit divides by 6 rather than 10,
Thus, if the clock input frequency is 10 Hz, the display
would read tenths of seconds and minutes (i.e., 8:59.9}.

The MM74C928 is like the MM74C926 except the most
significant digit divides by 2 rather than 10 and the

features

carry-out is an overflow indicator which is high at
2000, and it goes back fow only when ghe counter is
reset. Thus, this is a 3 1/2-digit counter,

2 Wide supply voltage range 3V to 6V

® Guaranteed noise margin ' 1V
7 High noise immunity 0.45 Vee typ
& High segment sourcing current i 40 mA

-@ Vee — 1.6V, Ve =5V
8 Internal muiiiplexing circuitry

design considerations

Segrent resistors are desirable to minimize power
dissipation and chip heating. The DM75492 serves as a
good digit driver when it is desired to drive bright
displays. When using this driver with a 5V supply at
room temperature, the display can be driven without
segment resistors to full illumination. The user must use
caution in this mode however, to prevent overheating of
the device by using too high a supply voltage or by
operating at high ambient temperatures.

The input protection circuitry consists of a series resistor,
and a diode to ground. Thus input signals exceeding
Ve will not be clamped. This input signal should not be
allowed 10 exceed 15V.

connection diagrams
Duai-in-Line Packaga

MM74C925
Veo | RESET  CLOCK  Dovr Cour
i 1% 14 13 12 1" 19 I!
lu 7 3 4 s 0 1 1
] N LRTCH [P 1)
ERABLE
. Yarview
functional description

Reset — Asynchronous, active high

— High, displays output of counter
Low, displays output of latch

Display Select

~ High, flow through condition
. Low, latch condition

Latch Enable

Clock — Negative edge sensitive

e

Duat-In-Line Package
MM74C926, MM74C927 and MM74C928

CABRY
Vee » [ OUT  RESET CLOCK  Dour  Cour
lu 17 % [is 3 13 12 1t 10
1 1 3,14 « 0 1 (] +
] ° 8 ULATCH DUSPAY Aoyr Sour QWO
INABLE SELECT
0P vitw

Segment Output ~ Current sourcing with 80 mA @
S Voutr = Vee - 1.6V typical.
Also, sink capability = 2 LTTL
" loads
Digit Output — Current sourcing with 1 mA @
Voutr = 1.75V. Also, sink capa-
. bitity = 2 LTTL loads )

Carry-out —~ 2 LTTL loads. See carry-out

waveforms.
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absclute maximum ratings (Note 1)

Voltage at Any Output Pin Gnd - 0.3V to V0.3V

Voltage at Any [nput Pin Gnd — 0.3V to +15V

Operating Temperature Range (T ) -40°C 10 +85°C N
Storage Ternperature Range ~65°C to +150°C

Package Dissipation Refer to Pomax) vs T4 Graph

Operating Ve Range R . 3V to 6V

Vee ' 6.5V ‘

Lead Temperature (Soldering, 10 seconds) , 300°C .

dc electrical characteristics Min/max limits apply at ~40°C < T; < +85°C, unless otherwise noted.

PARAMETER CONDITIONS [ ] rve ] omax [ uwits
CMOS TO CMOS
Vintiy Logical 1" Input Voltage Vee = 5.0V 3.5 : \
Vine  Logical 0" input Voltage Ve = 5.0V ‘15
Voutiny  Logical 1" Output Voltage Vee = 5.0V, 1g =—10pA ) 4.5 v
L (Carry-out and Digit Output ’
Onty)
Voutioy  Logical 0" Output Voltage Vee = 5.0V, 1g = 10uA . 0.5 v
tingny Logical 1" Input Current Vee = 5.0V, Vi = 18V 0.005 1.0 HA
Yoy Logical 0" Input Current Vee =8.0V. Vi, =0V -1.0 -0.005 BA
fce Supply Current Vee = 5.0V, Outputs Open Circuit, 20 1000 uA
Vin =0V or 5V
CMOS/LPTTL INTERFACE
Vingn Logical “1" Input Voltage Vee =4.75V Vee—1.5
Vine Logicat 0" Input Voltage Vee =:4.75V . 0.8 v
Voutuy, Logical 717 Qutput Voltage Ve =4.75V, 24
. {Carry-Out and Digit lo =—360LA ' ’ '
QOutput Only) ) ) ’ . ' .
VouTtiy  Logical “0” Output Voltage Vee =4.75V, . 0.4 v
1o = 360 A
OUTPUT DRIVE
Vour Output Voitage (Segment lout = =65 mMA, Vce =5V, T; = 25°C Vee—1.3 v
Sourcing Output) - - T; = 100°C Vec~1.6 | Vee~1.2 v
loyr =40 mA, Vee =8V | ' 150°C Vee2 | Vee—14 v
Ron Output Resistance {Segment four =—65mA, Ve =5V, Ty = 25°C ’ 20 Q
Sourcing Output) | 40 A Ve = 5V T, =100°C 30 40 ]
out mAYee = T, = 150°C " 35 50 Q
Qutput Resistance {Segment . ' 0.6 0.8 %/°C
QOutput) Temperature Coefficient ' . P
souace Output Source Current Vee = 4.75V, Vour = 1.75V, T) = 150°C -1 -2 mA
{Digit Output) ) ' ’
Isounce  Output Source Current Vee = BV, Vour =0V, T, = 25°C -1.78 -33 . mA
{Carry-out) '
lsink Output Sink Current ) Vee = 5V, Vout = Ve, T) = 25°C 1.75 a6 mA
{All Outputs)
Oja Thermal Resistance MM74C925 {Note 4} 75 100 °cw
MM74C926, MM74C927, MM74C928 70 90 - o

Note 1: ‘‘Absolute Maximum Ratings’ are those values beyond which the safety of the device connot be guarantesd. Except for "“Operating
Ranqe’” they are not meant to imply thet the devicos should be operated at these limits. The table of "'Electrical Characteristics” provides
conditions for actual device oparation.

Note 2: Capocitance 13 quaranteed by parindic testing.

Note 3:. Cpp datermines the no losd ac power consumption of any CMOS device. For complete explanation soe 54C/74C Family Charactaristics
application note, AN-G0. :

Note 4: 0,,\ measured in free-air with device soldered into printed circuit hoard,
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ac electrical characteristics Ty = 25"C, G, = 50 pF, unless otherwise specified

T PARAMETER CONDITIONS MiN TYP MAX UNITS

frrax Maximum Clock Frequency Vee ¥ 5.0V, T, = 28°C 2 4 MHe

Square Wave Clock T, =100"C 1.5 3 Mtz

1, b Maximuin Cluck Rise or Fall Time Vee = 5.0V 15 Us

twa Reset Pulse Width Voo = 5.0V 7= 25°C 250 100 ns

ce = T, % 100°C 320 125 ns

twee Latch Enable Pulse Width T = 25°C 250 100 ns
Vee = 5.0V .

T,=100°C 320 126 ns

toe T(CK LE) ‘Clock to Latch Enable Set-Up Time Voo = 5.0V Ty = 25°C 2500 1250 ns

e T, = 100°C 3200 1600 ns

(™ Latch Enable to Reset Vee = 5.0V T, =25°C 0 -100 ns

Wait Time T, = 100°C o | -100 ns

tseT(RLE) Reset to Latch Enable Set-Up Time T, =25°C 320 160 ns
. f Vee = 5.0V N

i T, = 100°C 400 200 ns

fmux Multiplexing Output Frequency Vee = 5.0V ' 1000 Hz

Cin Input Capacitance . Any Input {Note 2) 5 pF

typical performance characteristics

TYPICAL tgounce SEGMENT QUTPUT) (mAY °

108

e
”
%

Typical Segment Current vs
Cutput Voltage

T T
T, " 25°C //r,nso c

I

4 I
/ ;/\r ~100°C

/|

/

1

1.0 R 2.0 ta 4

Vour (V}

logic and block diagrams

Pomeaxy — MAXIMUM POWER DISSIPATION {mi¥}

2200
2000
1200
1608
1400
1200 =
1000

Maximum Power Dissipation
vs Ambient Temperature

M 40925 MM T4CO2T MM T4C 923
S T
VALIAC 925 SO
|
\ |

NN

a0 -
500 i
490 +

i

<
W

200

g
-4 -20 0 20 40 &0 80

Ta ~ AMBIENT TEMPERATURE ( )

120

TYPICAL AVERAGE SEGMENT CURRENTY {mA)

Typical Average Segment
Current vs Segment Resistor
Value

0
Vee » SV
Ta=25'C
15 AN —XVor05

0
0 10 20 38 40 50 60 70

SEGMENT RESISTOR {11)

Note. Vp = Voltage across digit
driver. -
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Segment Output Driver

Input Protoction

y - Vee
B Vee
oecosen et mruvsv - ,WE (Y28
<4
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switching time waveforms

tnput Wavefarms

Multiplexing Cutput Waveforms Carry-Out Waveforms
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APPENDIX F

DATA ON THE ANALOG SWITCHES

CD4066BM/CD40S6EC quadl bilateral switch

general description

The CD4066BM/CD4060LC is a quad bilateral switch
intended for the transmission or multiplexing of analog
or digital signals. It is pin-for-pin compatible with
CD4016BM/CD4016BC, but has a much lower “ON"
resistance, and “ON’ resistance is relatively constant
over the input-signal range.

features
e Wide supply voltage range 3V to 16V
8 High noise immunity 0.45 Vpp typ
B Wide range of digital and 7.5 VPEAK
analog switching
*ON’ resistance for 15V operation 802 typ
8 Matched “"ON" resistance over ARQN = 582 typ

15V signal input
8 “QN" resistance flat over peak-to-peak signal range
m High “ON"/"OFF" output voltage ratio 65 dB typ
@ fig =10 kHz, R|_= 10kQ
< 0.4% distortion typ
@ fis = 1 kHz, Vis =5 Vp-p,
Vpp — Vss = 10V, R =10k

% High degree of linearity

'

a8 Extremely low “OFF’ switch leakage 0.1 nAtyp
@ Vpp — Vsg = 10V,
. Ta=25°C
& Extremely high control input 10120 yp
impedance )
& [Low crosstalk between switches -50dB typ
' @ fig = 0.9 MHz, R = 1kQ
40 MHz typ

8 Frequency response, switch “ON""

applications - .

u  Analog signal switching/multiplexing

¢ Signal gating

©® Squelch control

© Chopper

@ Modulator/Demodulator

@ Commutating switch

Digital signal switching/multiplexing

CMQOS logic implementation
Analog-to-digital/digital-to-analog conversion
Digital control of frequency, impedance, phase,
and analog-signal gain

schematic and connection diagrams

ouy

Dual-In-Line Package

conmn—-D

) ' "
wiour L] L
13
QUY/IN 2 CONYROL A

12
QuUIIN RE 4D }-— CONTROL 0
- J = 0
w/ouT — — inout
outAN '
n conTRoL g KT L2 gurim
— ]
CONTAGLC

LI
1 ]
wd [T e

TOPVIEW
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Jo—
absolute maximum ratings operating conditions
{Notes 1 and 2) ’ {Note 2)
Vpp Supply Voltage -0.5V 10 +18V Vpp Supply Voltage 3V to 16V
Vin input Voltage -0.5V to Vpp + 0.5V VN Input Voltage OV to Vpp
Tg Storage Temperature Hange . -65°C to +150°C Ta Opersting Temperature Range ! .
Pp Package Dissipation 500 mW CD40668M ~565°C to +125°C
Ty Lead Temperature (Soldering, 10 seconds) 300°C CD4066BC ~40°C to +85°C

dc electrical characteristics €b4066BM (Note 2)

-55°C 26°C 125°C
PARAMETER CONDITIONS UNITS
MIN max MIN TVYP MAX MIN MAX
IpDp Quiescent Device Current | Vpp =5V 3 . 0.25 0.01 0.25 . 7.5 HA
Vpp = 10V - 05 0.01 0.5 15 HA
Vpp = 15V 1.0 0.01 1.0 30 HA
SIGNAL INPUTS AND OQUTPUTS
RoON “ON’* Resistance Ry =10k
Vc=Vpo Vss Vis
v 18V -75V 7.5V 10 7.5V 220 80 280 . 320 Q
15V ov oV to 15V
5V 5V ~5V to +5V 400 120 500 : 550 Y]
1ov ov 0oV to 10V
2.5V -2.5V  -2.5V to +2.6V 3000 270 5000 . 5500 Q
5V oV . OVtebsV
ARpn  A”ON” Resistance Ry = 10kS2
Setween Any 204 Ve T VoD Vss Vis )
Switches 7.5V -7.5V =75V 10 +7.5V 5 Q
15V OV OVto 1SV _ _
3 5V -5V ~5V to +6V 10 ’ . Q
oV ov 0V to 10V
IOFF input or Cutput Leakage Vpp Vg =Vss Vis Vos |,
Switch "OFF" 7.5V =-7.5V 7.5V ov *50 0.1 150 +500 nA
5V 5V *5V ov 50 0.1 *50 +500 nA
CONTROL INPUTS .
ViL Low Level Input Voitage | Vis=Vpp, Vs = Vs, lis < 10 8A
BT .o - VDD =5V . e . , . 15 225} 15 . 1.5 "
’ : Vop = 10V 3.0 4.5 3.0 . 3.0 v
Vpp = 15V 4.0 675} 4.0 ] 40 \
ViH High Level tnput Voltage § Vpp = 5V ‘ 35 275) 35 3.5 \
- . Vpp = 10V 7.0 6.5 7.0 7.0 v
T Vpp = 15V EE : 1.0 825! 110 |- 110 v
UN Input Current Vpp — Vss = 15V 0.1 £1075| 0 +1.0 HA
' VDD 2 Vis 2 Vss
Vpp 2 Ve 2 Vss
: &
dc electrical characteristics CD40668C {Note 2)
-40"C 25°C 85°C
PARAMETER CONDITIONS UNITS
MIN MAX MIN TYP MAX MIN MAX
[}s) Quiescent Device Current | Vpp * 5V 1.0 0.01 1.0 75 HA
Vpp - 10V 2.0 001} 20 ‘115 uA
Vpp = 15V o 4.0 001} 4.0 30 HA
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de electrical characteristics {Continued) CDA06GBC (Mote 2) -
-40"C 25"C 85°C
PARAMETER CONDITIONS UNITS
- ; MIN | MAX | MIN [ve [ max | min rM/\)(
SIGNAL INPUTS AND OUTPUTS
RON .. . “ON" Resistance Ry =10k |
: i vVc=VpD  Vss Vis : :
7.5V -7.5V =75V 10 +1.5V 250" 80 280 300 Q
15V ov OV 1o 15V
5V -5V -5V to +5V 450 120 | 500 620 Q
o : 1oV ov oV to 10V .
25V -2.5V -2.5V 10 +2.5V 3500 270 5000 ' 5200 Q
S 5V ov OV 1o 5V
ARpoN  A”ON” Resistance RL = 10k§2 L.
_ Bewween Any 20f 4 . 1Vc=VpD Vss Vis . . .
Switches , 7.5V =75V ~7.5Vt0+7.5V, 5 . . Q2
. o ' 15V ov QV 1o 15V .
5V ~5V =5V to +5V 10 . Q
10V oV oV tov ' -
I0FF Input or Output Leakage Vpp Ve =Vss V;-;. Vos
Switch “OFF" 7.5V ~7.5V *7.5V [s3% =50 50 1200 nA
5V -5V 15V O\_/ *50 0.1 50 200 nA
CONTROL INPUTS
ViL Low Level Input Voltage | Vis=Vpp, Vs = VsS, tis < 10 A
- ) Vpp =5V : 15 1 225 15 1.5 v
: X ) vpp=10v . : . 3.0 L 45 | 30 3.0 v
Vpp = 15V . ' 4.0 675 ] 4.0 4.0 \
ViH High Level Input Voltage | Vpp = 5V 3.5 275 35 - 3.5 v
- VDD = 10V ' : 7.0 55 | 7.0 7.0 v
Vpp = 15V : 11.0 825 | 11.0 11.0 v
™ " nput Current VpD — Vss = 15V . . " 1303 075 203 1.0 HA
VDD 2 Vis = Vss
Vpp2 Ve 2 Vss
ac electrical characteristics Ta=25°C, t, =t = 20 ns and Vgg = OV unless otherwise specified
PARAMETER CONDITIONS MIN TYP MAX UNITS
tPHL. tPLH  Propagation Delay Time Signal Ve = Vpp, CL = 50 oF, (Figure 7')
fnput to Signal Output Vpp =5V : - 25 55 ns
Vpp =10V * : ’ 15 35 ) ns
o Vpp = 15V : o 10 25 ns
tpzH. tpzL  Propagation Delay Time Controf RL = 10kQ, C =50 pF, (Figures 2
. input to Signal Output High and 3) _
Impedance to Logical Level Vpp =5V ) . ' 90 180 ns
- Vpp = 10V ] 40 80 ns
. Vpp = 15V . ) ’ 30 €0 ns
PHZ. pLZ  Propagation Delay Time Control ’ Ry =10k2,C = 5pF, {Figuresi
Input to Signal Output Logical and 3} .
Level to High Impedance Vpp =8V 90 180 ns
Vpp = 10V . 60 120 . ns
Vpp = 15V - . 85 - C110 - ns
) Sine Wave Distortion . Ve = VpD = 5V, Vs = -5V, 0.4 . . %
' RL = 10KS2 Vig= 5 Vpp, t = 1 kHz,
) (Figure 4)
Frequency Response—Switch Ve = VD = 5V, Vsg = -5V, 40 MHz
“ON" {Frequancy at -3 dB) RL 1k Vig»5Vpyp,
20 Logyg Vos/Vis =~ ~3 UB, (Figure 4)
J—
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ac electrical characteristics (Continued)

TA = 25°C, t, = tf = 20 ns and Vgs = 0V unless otherwise specified

PARAMETER CONDITIONS Min TYP MAX UNITS
Feedthrough — Svatch “OFF** VpD = 6V, Vg = Vgg = -6V, 1.25 MHe
(Frequency at ~50 ¢8) R = TkE2, Vg = 5 Vp-p, 20 Logqg,
. Vos/Vis = ~50 dB, (Figure 4}
Crosstalk Botween Any Two VoD “ V(1) = BV: Vsg = Vg(z) @ -6V, 0.9 ) MHz
Switch {Frequency at --50 dB) Ry =1k0, Vis{A) * 5 Vpp, 20 Logyg.
. Vos(21/Vis(1) = 50 d8,
{Figure 5}
Crosswatk: Control Input to Vpp = 10V, R = 10 k2, 400 mVp-p
Signal Qutput RN = 1 k82, Voo = 10V Square Wave,
{Figure 6]
Maximum Controt input Ry = 1 k82, Cy = 50 pF, (Figure 7)
Frequency (f at Vog = Vpp =5V . 6.0 MHz
1/2 Vppp.p) Vpp = 10V . ) 8.0 MH2
Vpp = 15V . . 85 MHz
Cis Signal Input Capacitance i L 8 pF
Cos Signal Output Capacitance . 8 pF
Cios Feedthrough Capacitance ! 05 - . pF
Cin Control Input Lapacitance 5 7.5 pF

Note 1: Absolute Maximum Ratings” are those values beydnd which the safety of the device cannot be guaranteed. They are not
meant to imply that the davices should be operated at these limits. The tables of “Recommended Opergting Conditions” and “Electrical
Characteristics” provide conditions for actual device operation,

Note 2: Vgg = OV unless otherwise specified.

Note 3: These devices should not be connected to circui_ts with the power “ON",
Note 4: In all cases, there is approximately 5 pF of probe and jig capacitance on the 6utput; however, this capacitance is included in
Ty wherever it is specified.

ac test circuits and switching time waveforms
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ac test circuits and switching time waveforms (Continued)

vV

|

CONTAROL

Vis sour _19F

Vss

SWITCHES

Voo

4 outan

|

~5V

ve(y = Voo

Vos
Ry
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typical performance characteristics
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special considerations

In applications where separate power sources are used
to drive Vpp and the signal input, the Vpp current
capability should exceed Vpp/Ry (R = effective
external load of the 4 CD40668M/CD4066BC bilateral

switches). This provision avoids any permanent current.

flow or clamp action on the Vpp supply when power is
applied or removed from CD4066BM/CD40668C.

In certain applications, the externa! load-resistor current
may include both Vpp and signal-line components. To
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avoid drawing Vpp current when switch current flows
into terminals 1, 4, 8 or 11, the voltage drop across the
bidirectional switch must notexceed 0.6V at Tp < 25°C,
or 0.4V at Tp > 25°C (calculated from Rgp values
shown). S

No Vpp current will flow through Ry if the switch
current flows into terminals 2, 3, 9 or 10.

o
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APPENDIX G
CALIBRATION OF THE SYNTHESIZER

Calibration of the circuitry as well as some simple modi-
fications are very easy to perform. If the front panel is unscrewed
and lifted off of the base, one will find the main circuit board
attached to the front panel with the IC side facing outward. Besides
the IC's, there are also a number of ten-turn trimpots and accessible
circuit test points (see Appendix D for locations) on this side of
the board. Before beginning calibration, one should first turn on
the power switch and let the circuit stand for about 10 or 15 minutes
to enable all of the components to stabilize at their final operating
temperature. It should be noted that actually the only part of the
circuit that requires a warm-up time for optimum accuracy is the
sample time control. The design of the circuit is such that, in
general, if part of the circuit should drift because df temperature,
aging or any other cause, this change will be reflected immediately
by a change in the corresponding display ,value and the operator can
compensate for the drift by readjusting the appropriate potentiometer

on the front panel.

Calibration Procedure

I To test point 6, attach a timing instrument that is adjusted
to measure the duration of single positive pulses. Adjust trimpot 5
so that the timer reading is exactly .5 seconds. This calibrates the

timer in the sample time control circuit.
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11 Attach a DC voltmeter to test point 3. Rotate both notes
per minute panel pots fully counter-clockwise. Adjust trimpot 4 so
that the voltmeter reading is 4.85 volts. This is the upper voltage
. limit of the Tinear portion of the clock VCO.

Adjust the panel pots so that the voltage at test point 3
is 4.8 volts. To test point 2, attach a timing instrument that is
adjusted to start and stop timing on the rising edge of the signal
in order to determine the duration of a single complete cycle.
Adjust trimpot 3 so that the timer reading is the time of the lowest
notes per minute value desired. For example, at 30 notes per minute
the timer would read 2 seconds. The lower 1imit of the notes per
minute control is now set. The upper 1imit is fixed at approximately

10 times the lower limit.

IT1 With the equipment still connected as in II, adjust the
notes per minute panel pots so that the timing instrument reads
exactly 1 second. Attach a frequency counter to test point 1 and
adjust frimpot 2 so that the frequency is exactly 100Hz. The duration
readouts are now calibrated to read in percent of the notes per

minute readout.

IV Attach an AC voltmeter to test point 9 and note the reading.
Attach the AC voltmeter to test point 10 and adjust the secondary
amplitude panel pots so that the voltage reading at test point 10 is
the same for test point 9. Attach a DC volimeter to test point 8.

Adjust trimpot 7 for a reading of 4 volts. The amplitude display
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interface VCO control voltage is now set for optimum use of the VCO
linear region.

Without readjusting anything, attach a frequency counter to
test point 7. Adjust trimpot 6 so that the frequency output is exactly

200 Hz. The amplitude display interface is now calibrated.

v Redo 1I.
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CONTROL PANEL OF SYNTHESIZER
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