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Abstract

A monophonic analog synthesizer was designed, built, and tested. The device has a keyboard

consisting of 25 buttons which each set the frequency of the output signal when pressed. Several

additional inputs control how the signal is modified. Components which these inputs affect include

the controller, Low Frequency Oscillator (LFO), Voltage-Controlled Oscillator (VCO), Envelope

Generator (EG), Voltage-Controlled Filter (VCF), and Voltage-Controlled Amplifier (VCA). The

output port of the device is a 1/8th inch audio jack, allowing the synthesizer to be used as the input

for an audio output device such as a speaker. The device is battery powered so that it can be used

portably, allowing for an ease of use which is offered by commercial synthesizers of a similar size.
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1 Introduction

This report describes the design and operation of a portable analog synthesizer. This device is

capable of generating and manipulating an audio waveform. It differs from a digital synthesizer

in that the waveform is produced using analog circuitry. It is typically used for the purpose of

sound design due to how it gives the user more precise control over a resulting sound compared

with physical instruments. This analog synthesizer in particular employs subtractive synthesis as

a method of controlling the timbre of the resulting sound. This type of synthesis utilizes a filter to

modify the harmonics of a waveform such as a sawtooth wave.

1.1 Purpose

This synthesizer was designed and built in order to fulfill the requirements of The University of

Maine’s electrical and computer engineering capstone project. A synthesizer was chosen in par-

ticular due to its utility and flexibility in creating sounds and performing music. It was decide that

the synthesizer would be analog because it is simpler to work entirely with analog circuits rather

than with a mix of analog and digital components, which would require programming a processing

unit. The choice to have the device rely on battery power improves its accessibility. In addition, it

means that the power source is DC, which is simpler to work with compared to using an AC power

source such as a power outlet.

1.2 Specifications

A contract was written which laid out the a set of specifications which were to be met with the

design. This contract can be found in appendix A. The design of this synthesizer is broken up into

multiple blocks. These blocks consist of a controller, a LowFrequencyOscillator (LFO), a Voltage-

Controlled Oscillator (VCO), an Envelope Generator (EG), a Voltage-Controlled Filter (VCF), and

a Voltage-Controlled Amplifier (VCA). The controller interprets inputs from a series of buttons and

creates a signal with an amplitude which corresponds with those inputs. This series of buttons is
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referred to as a keyboard and each button is referred to as a key. The LFO creates a waveform with

an adjustable frequency which can go below the range of human hearing. The VCO generates a

waveform with a frequency which is determined by the voltage input and is within the range of

human hearing. The EG creates a multi-stage contour. The VCF filters an input waveform with a

cutoff frequency determined by a control voltage. The VCA amplifies or attenuates a waveform so

that it can be sent to a device such as a speaker. The contract describes the synthesizer as having one

of each of these blocks. Because there is only one VCO, the synthesizer is considered monophonic.

The layout of these blocks is described such that the waveform is passed from the VCO to the VCF

and then the VCA. The LFO and EG are used to control the VCO and the VCF respectively.

The contract specifies that the inputs must include energy from a battery, button controls, and

potentiometer controls. The output must be a synthesized signal which can be accessed through

a 1/8th inch mono audio jack. 25 buttons must correspond with an output which has a range of 2

octaves. This assumes that 12 tone equal temperament is being used, which has 12 notes per octave.

25 buttons were chosen instead of 24 so that the keyboard can start and end on the same note of the

octave. The LFO must generate a sinusoidal waveform. The shape of the output of the VCO must

be a sawtooth waveform. The output of the VCO must have a frequency range with a minimum

lower than E2 (82.41 Hz) and a maximum larger than E6 (1318.51 Hz). These pitch-to-frequency

conversions were performed such that A4 is equal to 440 Hz. A conversion table created by Suits

was used as a reference for these conversions [1]. The EG must be controlled by six parameters.

The attack, decay, and release stages of the EG must have a minimum time of ∼0 seconds and a
maximum time of at least 2 seconds. The synthesizer must be built to include a custom PCB design

and not include a development board.

Specifications were verified using a Digilent Analog Discovery oscilloscope and a computer with

Waveforms software. Every contract specification can be determined by analyzing the voltage of

a node on the device. For example, the frequency and shape of the VCO can be determined by

recording the voltage at the VCO’s output. In addition, every specification has enough room for

error that precise equipment is not required.

2



1.3 Comparison to Similar Devices

One synthesizer which has similar capabilities to this design is the Dubreq Stylophone Gen X-1.

This model of Stylophone features the same components as the one described in this report, but

functions differently. Instead of buttons, the controller includes a metal keyboard and a stylus.

When the stylus touches a key, it completes a circuit, setting a control voltage which corresponds

with the frequency of the output. Alternatively, a ribbon can set the pitch depending on the position

where pressure is applied to it. Unlike the keyboard, the ribbon is not quantized, allowing for a

smooth transition between notes at the cost of a lack of precision. A potentiometer controls the

master pitch of the Stylophone. Only one potentiometer is necessary because every note scales

with the pitch, keeping each key in tune relative to one another.

The envelope generator in the Stylophone is simpler than the one in this synthesizer. It only allows

the attack and decay to be adjusted. Instead of controlling the VCF, the EG controls both the VCO

and VCA. The EG incorporates a potentiometer which adjusts the influence the EG has over the

pitch. The LFO features a switch which swaps between a square and triangle waveform. The VCF

features a resonance potentiometer, which can amplify the cutoff frequency of the wave. In addition

to these features, this Stylophone adds an adjustable delay block between the VCF and VCA. This

adds feedback to the sound, creating an echo effect. It also adds three extra VCOs which can each

be toggled. The first of these mimics the main VCO, except it has a phase offset, creating a chorus

effect. The second and third are one and two octaves lower respectively, adding lower frequencies

to the output.

This report will document the process which was used to design, build, and test a portable mono-

phonic analog synthesizer. Section 2 will discuss its functionality. Section 3 will discuss the design

process. Section 4 will discuss the method for testing the synthesizer and present the results of those

tests.
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2 Breakdown

This section discusses the blocks that make up the synthesizer and functionality of each of them.

The circuit simulation software Micro-Cap was used in the process of designing this synthesizer.

Figure 1 shows the block diagram for it.

Fig. 1. The functional block diagram for the analog synthesizer.

The synthesizer works by interpreting button presses and potentiometer settings and creates a wave

with a pitch and shape which can change over time. This wave’s pitch is determined by key presses

and tuning potentiometers. In addition, this pitch oscillates over time, with the rate of oscillation

being the LFO frequency potentiometer and LFO amplitude potentiometer. When a key is pressed

or released, the shape of the wave changes over time. How that shape changes is dependent on

a set of rate and level potentiometers. The amplitude of the wave is affected by the shape of the

wave, but it can be further modified using the volume control potentiometer, which is used for

attenuation. This wave is capable of being interpreted by audio output devices such as headphones

and speakers so that it can be converted into sound. The entire system is powered by a battery.
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2.1 Controller

The controller interprets key inputs from the user and creates a control voltage output. Each key

has a corresponding output voltage which remains for as long as that key is held. This voltage

represents the target pitch of the synthesizer’s output. If multiple keys are held, the control voltage

corresponds with the rightmost key being held. Each of the 25 buttons has a potentiometer which

changes the control voltage corresponding with the key as well as every key to the left of it. The

potentiometer correspondingwith the rightmost key is used as themaster pitch control and functions

differently from the rest. In addition, the controller creates a gate voltage output which goes high

for as long as at least one key is being held. It goes low otherwise.

The control voltage is used as the input of the sample-and-hold circuit, which will either output the

control voltage unmodified, or hold on a previously sampled control voltage. Whether the circuit

is sampling or holding depends on a separate input which is connected to the gate voltage output

of the controller. As a result, when no keys are being held, the output will hold on the voltage

corresponding to the last key that was pressed.

2.2 Low Frequency Oscillator

The purpose of the low frequency oscillator in this synthesizer is to modulate the VCO. This causes

the output frequency to oscillate around the pitch chosen by the controller. When the LFO is at a

frequency of around 5 Hz, this creates an effect known as vibrato. The result of the effect is a sound

which is perceived to be more natural. The shape for this wave is a sine wave, which is shown in

figure 2. In order to create a sine wave, the LFO generates a triangle wave, then a triangle-to-

sine approximator circuit converts the triangle wave into an approximation of a sine wave. This

approximation should be audibly indistinguishable from a perfect sine wave when used for vibrato.
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Fig. 2. Sine wave.

2.3 Voltage-Controlled Oscillator

The voltage-controlled oscillator generates a waveform with a frequency determined by the sum of

the outputs of the controller and the LFO. The frequency of this waveform determines the pitch of

the synthesizer’s output. Because of this, the frequency range should be within the range of human

hearing, which is between 20 Hz and 20 kHz. The shape of this waveform is a sawtooth wave,

which is shown in figure 3. The sawtooth wave was chosen because it is rich in a harmonics, con-

taining both even and odd harmonics. This results in the shape of the wave changing dramatically

depending on the cutoff frequency of the filter. This results in the output having a wide range of

possible timbres.

Fig. 3. Sawtooth wave.

2.4 Envelope Generator

The envelope generator creates a contour which varies with time. The design used for this syn-

thesizer is a variation on a common four-variable design known as ADSR (attack, decay, sustain,

release). With the ADSR design, the initial level and the peak level are the minimum and the maxi-

mum possible output voltages respectively. This ADSR design is commonly used with EGs which
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control a VCA. In the case of this synthesizer, which uses the EG to control the VCF, making the

initial and peak levels variables introduces more flexibility in terms of variation in timbre. Figure 4

shows the expected output for the EG design used in this synthesizer.

Fig. 4. Envelope generator functionality.

The EG design for this synthesizer involves six variables which are each controlled by a poten-

tiometer. These variables are the initial level (1), the peak level (2), the sustain level (3), the attack

rate (4), the decay rate (5), and the release rate (6). When the gate voltage is low, the amplitude

remains at the initial level. While the gate voltage is high, the amplitude will raise at a speed de-

termined by the attack rate until it reaches the peak level. This period of time is referred to as

the attack stage. Then, the amplitude will decrease at a speed determined by the decay rate until

it reaches the sustain level. This period of time is referred to as the decay stage. The amplitude

remains at the sustain level until the gate voltage goes low. If the gate voltage is low, it decays at

a speed determined by the release rate until the initial level is reached again. This period of time is

referred to as the release stage.

The rates are independent of the levels, meaning that the time spent in a stage can vary depending

on the difference in amplitude of the starting and ending levels. The peak level should always be

greater or equal to the sustain level, which should always be greater or equal to the initial level. If

the initial level is set to be higher than the peak level, then the output will remain at the initial level.

If the sustain level is too high or too low, then it will effectively be equal to the peak level or the
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initial level respectively.

2.5 Voltage-Controlled Filter

The voltage-controlled filter takes a waveform as an input and modifies it by reducing some of its

frequency components. This filter is a low pass filter, meaning that all frequencies above a specified

cutoff frequency are reduced. A control voltage input is used to determine the cutoff frequency

of the filter. Changing the cutoff frequency changes the shape of the output waveform, which

influences the timbre of the resulting sound. Therefore, having a large range of cutoff frequencies

would maximize the range of timbres that the synthesizer can create.

The range of the cutoff frequency should be large enough that when the control voltage is at its

minimum, the output is silent. This means that the minimum cutoff frequency should be much less

than 82 Hz, which is the minimum frequency of the input waveform. When the control voltage is

at its maximum, the output should be unmodified. This means that the maximum cutoff frequency

should be much greater than 1318 Hz, which is the maximum frequency of the input waveform.

A large roll-off would be preferable because it can result in significant changes in the shape of

the output waveform. In addition, at the minimum cutoff frequency, it would be less likely that

waveform would still be audible.

2.6 Voltage-Controlled Amplifier

The voltage-controlled amplifier modifies the amplitude of an input waveform according to the

setting of a potentiometer. This corresponds with the volume of the output. The output of the

VCA is a waveform which is capable of being used as the input for devices such as speakers and

headphones. These devices have low impedances. In order for the output to remain consistent

regardless of the impedance of the device, the output resistance of the VCA should be exceptionally

small.
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3 Details

This section discusses how the synthesizer was designed. A 9 V nominal battery was chosen as the

system’s power source. The reason for this is because 9 V batteries are common among household

devices such as smoke detectors, meaning they are commonly available and relatively inexpensive.

They have a high voltage compared to most other commonly used batteries, allowing for more flex-

ibility when designing circuits without requiring multiple batteries. Due to variance in the voltage

of these batteries in practice, the circuit was designed to work as intended with a power supply

voltage of 8.4 V. Neither boost converters nor voltage regulators were incorporated to change the

supply voltage. A +4.5 V nominal node was created by using a voltage divider consisting of two

10 kΩ resistors in series which connects the supply voltage and the ground voltage.

For the purpose of accessibility when building, the system was designed so that whenever possible,

models which could be found inUMaine’s part supplywere chosen for frequently used components.

Every op-amp used in this synthesizer is a TL074 JFET input op-amp. This model was chosen due

to a +8.4 V supply being within its operating range. In addition, according to its data sheet, given

a supply voltage of +8.4 V, the TL074 has a voltage range of∼6 V [2]. In addition, this model has

a low input bias. This is important for the LFO in particular because the input bias of one of the

op-amps determines the ratio between the rise time and the fall time of the resulting wave.

3.1 Controller

The controller is made up of a keyboard and a sample-and-hold circuit. The keyboard portion of

this circuit consists of 24 identical circuit segments in series, each corresponding with one key on

the keyboard. One of these segments is shown in figure 5. Each of these segments includes a button

and a 10 kΩ potentiometer. Figure 6 shows the end of the sequence, which includes the rightmost

key and the master pitch potentiometer RV1.
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Fig. 5. Circuit segment for each key on the

keyboard. Fig. 6. The end of the sequence of circuit

segments.

This circuit functions as an adjustable voltage divider. The more to the left on the keyboard a

key is, the larger the resistance of the path the current travels through. The output voltage of a

voltage divider is the ratio of the resistance between the output and ground and the total resistance

of the path the current travels through. This means that as the total resistance of the path increases,

the output voltage decreases. When two keys are held, the path of resistors in series between the

two keys is shorted. As a result, the total resistance of the current path only corresponds with the

path from the rightmost key to the ground. Adjusting potentiometer RV1 changes the amount of

resistance between the output and the ground without changing the resistance of the total current

path, resulting in the keyboard output voltage changing with it. Resistors were added before and

after RV1 to limit the range of the output voltage. Their values were determined by experimentally

adjusting them, then measuring the frequency of the output waveform when RV1 is at its maximum

and minimum values. This process was repeated until the output had a frequency range that was

slightly beyond the frequency range specified by the contract.

3.1.1 Sample-and-Hold

Figure 7 shows the diagram of the sample-and-hold circuit. This design is based on one shown in

Ravi Teja’s tutorial on sample-and-hold circuits [3].
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Fig. 7. Diagram of the sample-and-hold circuit.

The sample-and-hold circuit consists of two inverting amplifiers with an NMOS transistor in be-

tween. A MOSFET was chosen instead of a BJT because the MOSFET has little to no current to

or from the gate, meaning that it will not influence the current path of the keyboard. The 2N7000

model was chosen because it is commonly available and is often used as a switch.

A capacitor connects the supply voltage with the source of the MOSFET. The gate of the MOSFET

is the node at the highest key. When at least one key is held, the gate goes high, allowing current to

pass from the drain to the source. This results in the output of the sample-and-hold circuit having

the same voltage as the input. It also causes the capacitor to charge or discharge to correspond

with the voltage. When no keys are held, the MOSFET is off. The capacitor remains charged

because neither the MOSFET nor the op-amp allow for a significant current flow. The capacitor

will eventually discharge, but over a long period of time. This means that output voltage of the

circuit will be effectively constant. The op-amps serve as buffers, preventing a significant amount

of current flowing out of the output of the keyboard when theMOSFET is on and preventing current

from escaping the capacitor to the output when the MOSFET is off.

The capacitor chosen was the maximum value commonly available. This is because, when holding,

smaller capacitor values cause the output voltage to be lower than the input it was sampling. As a

result of the capacitor being pulled up, the circuit will only hold if the input is lower than or equal

to the sampled voltage. This is acceptable because no situations exist where it would be possible

for the input voltage to increase while the circuit is holding.
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3.2 Low Frequency Oscillator

The LFO design was based on Staffeld’s Simple LFO [4]. Staffeld’s LFO generates a triangle

wave with a frequency dependent on the setting of a potentiometer. It then uses a triangle-to-sine

approximation circuit to translate that triangle wave into a sine wave. In addition, it has a separate

square wave output and an LED indicator. The entire circuit works using a ±15 V power supply.

When modifying Staffeld’s LFO to work for this synthesizer, the first change that was made was

to remove the square wave output buffer and the LED indicator. This is because neither were

necessary for the purpose of this synthesizer. The next modification that was made was to get the

LFO to function with a power supply of +8.4 V. In order for the wave to be centered around half of

the power supply, the output of a voltage divider was used in place of ground. No op-amp models

were specified, so the TL074 was used. The value of capacitor C1 was reduced from 1 µF to 220

nF because otherwise, the frequency range would be too low. The final diagram for the section of

the LFO that generates a triangle wave is shown in figure 8.

Fig. 8. Low frequency oscillator circuit diagram.

This LFO works by continuously switching between charging and discharging capacitor C1. When

the output of the Schmitt trigger is high, the output of the integrator is low, so C1 charges. Once the

integrator output reaches its maximum value, it causes the output of the Schmitt trigger to go low,
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and the capacitor drains at the same rate that it charged at. A potentiometer in between the output

of the Schmitt trigger and the input of the integrator determines the rate at which C1 charges and

discharges. As the resistance across the potentiometer increases, the rate of charge and discharge

decreases, resulting in a lower frequency. This is because the time constant of the RC path between

the input and the output of the integrator is proportional to the resistance of potentiometer R29. This

means that a larger resistance results in a larger amount of time required to charge C1, reducing the

frequency of the wave.

3.2.1 Triangle-to-Sine Approximation

For the triangle-to-sine approximation section of the circuit, the arrangement of the resistors and

diodes was modified when compared with Staffeld’s LFO. The diodes were placed in series with

resistor R13, which did not have any noticeable benefits or drawbacks on the shape of the output.

The ground node was replaced with a voltage divider. This voltage divider is unique because the

diodes cause a variation in its output voltage. The 1N4148 model diodes were replaced with 1N914

models diodes, which are electrically equivalent. The non-inverting amplifier section was replaced

with an inverting amplifier with a variable gain, allowing for amplitude of the LFO to be controlled

by the user. The circuit diagram for the approximator and the amplifier is shown in figure 9.

Fig. 9. Triangle to sine approximation circuit diagram.

This approximator works by using diodes to limit the peaks of the triangle wave. If the triangle
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wave amplitude is significantly larger or smaller than the voltage divider output, then current either

flows to or from the voltage divider, limiting the amplitude of the triangle wave. The output of the

approximator has a more rounded shape than a triangle wave, but retains a distinctive point at its

peaks. The amplitude of this wave is significantly smaller than the triangle wave.

The inverting amplifier was designed such that its output amplitude is between 0% and 10%of its in-

put, depending on setting of potentiometer R30. The maximum gain of this circuit was determined

experimentally by listening to the output of the VCO with the LFO at its maximum amplitude. The

ideal maximum gain would result in an oscillation in the VCO with a peak of around one semitone.

3.3 Voltage-Controlled Oscillator

The voltage-controlled oscillator takes in both the controller and the LFO outputs as inputs. The two

signals are combined into one using a summing amplifier circuit, which consists of a non-inverting

amplifier with both inputs connected at the positive node using resistors. Figure 10 shows a diagram

of this circuit.

Fig. 10. Diagram of the summing amplifier used in the VCO circuit.

This voltage at the positive node of the op-amp is equal to the average of the two signals. 1 MΩ

resistors were used so that the differences in the output resistances of the controller and LFO, would

not result in one input taking precedence over the other. In order to get the sum of the two signals

instead, the amplifier had to be designed with a gain of +2 V/V. The LFO output is a wave relative

to the output of a voltage divider, so the summing amplifier was also designed to be relative to the
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same voltage divider. 10 MΩ resistors were used to determine the gain in order to maximize the

current flow into the input of the VCO.

The main VCO design was based on Charles Staffeld’s Yu-synth VCO [5]. Staffeld’s synthesizer

uses a ±15 V supply, so the resistors and capacitor values were modified in order for the circuit to

work with a +8.4 V supply. The resistances of the Schmitt trigger were adjusted so that the output

had a VPP of∼1.5 V and was centered at∼4.2 V. The BJTs are the same models used in Staffeld’s
VCO. The diagram for the VCO used in this synthesizer is shown in figure 11.

Fig. 11. Voltage-controlled oscillator circuit diagram.

This circuit consists of a voltage-controlled current source, a capacitor and buffer, a Schmitt trig-

ger, and a switch. When the BJT Q1 is off, current drains from the capacitor through the voltage

controlled current source at a rate determined by the control voltage. This results in the output volt-

age decreasing at a constant rate. The output of the circuit is also the input of the Schmitt trigger.

Once the output voltage has lowered enough, Q4 turns off, increasing the voltage at the base of Q3.
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This reduces the voltage at the base of Q1 turning the switch on. When the switch is on, current

flows from the supply voltage to the capacitor, charging it quickly. This increases the output of the

circuit, causing Q4 to turn on. This turns off Q3 and turns the switch back off. This cycle repeats

indefinitely, creating a sawtooth wave with a frequency dependent on the input voltage.

The range of rates at which the capacitor discharges is determined by value of capacitor C2 and

the voltage divider at the input of the circuit. C2 was changed from 10 nF to 100 nF in order to

increase the time it would take to discharge, decreasing the frequency. The voltage divider was

experimentally modified so that, given the voltage range of the controller output, the frequency

range would have a minimum less than 82Hz and a maximum greater than 1318Hz.

3.4 Envelope Generator

This envelope generator design is based on an ADSR circuit created by Nicolas3141 [6]. This

circuit is designed to work with a±9 V power supply, but switching the op-amps allows it to work

with a +8.4 V supply. The BC559 PNP BJT was replaced with a 2N3906 BJT, which is a similar

model which can be found in UMaine’s part store. The model of diodes is not specified. The

purpose of the diodes in this circuit is to direct the path of the current, so it seems like the majority

of diode models would work. The model decided upon was 1N914. The diagram for the envelope

generator used in this synthesizer is shown in figure 12.

The gate input was connected directly to the positive terminal of op-amp U1A. Nicolas3141’s

design uses a voltage divider and feedback, but they were causing detuning due to the gate node

being connected to the controller, so they were removed. The EG appears to function exactly the

same without them.

Op-amps have a property in which if the two inputs are significantly different voltages, they will

output either high or low depending on which input is greater. The envelope generator uses this

property to create a multistage contour. U1A is used to compare the gate voltage against a voltage

of about 33% of the supply voltage. Resistors R4 and R5 were chosen such that it was somewhere

between the minimum and maximum value of the gate voltage. This results in a high signal from
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Fig. 12. Envelope generator diagram.

U1A if a key is pressed and a low signal if it is not. When the output of U1A is high, the positive

terminal of U1C in turn becomes high, resulting in the output of U1C going high. This produces a

current which flows through the attack potentiometer and charges capacitor C2. When this occurs,

the circuit is in its attack stage. U1D is a unity gain amplifier, so the voltage at its positive terminal

corresponds with the output voltage of the circuit.

Eventually, the output voltage will be greater than the voltage at the positive terminal of U1C,

resulting in the output of the op-amp going low and causing a current to flow through the decay

potentiometer. During this stage, the capacitor will discharge at a rate dependent on the resistance of

the decay potentiometer. The sustain potentiometer creates a voltage divider. Current will continue

to flow until the difference between the output voltage and the middle of the voltage divider is equal

to the forward voltage of the diode.

While the output of U1A is high, the PNP BJT Q1 will be off. When the output of U1A is low,

Q1 turns on, allowing current to flow through it for as long as the capacitor has a charge. This

discharges the capacitor at a rate corresponding with the resistance of the potentiometer.

17



Two potentiometers were added to Nicolas3141’s envelope generator design. The first one is RV3,

which is used to determined the peak of the envelope generator’s output. RV3 creates a voltage

divider which determines the voltage that U1C compares the output voltage against during the

attack stage. The second is potentiometer RV4, which determines the initial voltage of the circuit.

It does this by functioning as a voltage divider which connects the supply voltage and the ground

voltage. If the capacitor is discharging, it will eventually stabilize at the initial voltage.

Op-ampU1B compares the output voltage against a constant voltage set by a voltage divider. When

the voltage at the negative terminal is less than at the positive terminal, then the output will go high.

When the switch is on, current flows through a diode to the positive terminal of U1C, causing the

envelope generator to retrigger while a button is held. This causes the envelope to repeat until the

button is released.

The rate of C2’s charge and discharge corresponds with the resistance of the potentiometer in the

path of current flow. The time constant is equal to the resistance of the path multiplied by the

capacitance. Large values were chosen for C2 and the attack, decay, and release potentiometers in

order to maximize the largest possible amount of time it takes for C2 to charge or discharge. Each

stage has a maximum time constant of ∼10 seconds, but the time each stage lasts for depends on
the initial, sustain, and peak levels.

3.5 Voltage-Controlled Filter

The source of this VCF design was Elektrouwe’s simple LED VC-LPF design [7]. This design

is based on an active low pass filter, except it adds a variable current path which intersects with

the capacitor path. This allows the cutoff frequency to be adjusted based on the control voltage.

Elektrouwe’s circuit was designed with a±12 V supply, but managed to work equally as well with

a +8.4 V supply. The LT1056 op-amps were replaced with TL074 op-amps. The NSCW100 LEDs

were replaced with 1N914 diodes, which do not emit light, but function the same way in the circuit.

The ground nodes were replaced with the output of the voltage divider used to create a reference

voltage between supply and ground. The diagram for the VCF used in this synthesizer is shown in

figure 13.
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Fig. 13. Voltage-controlled filter circuit diagram.

Resistors R11 and R12 were changed from 1.5MΩ to 1MΩ due to a lack of surface mount resistors

which have the former value. Resistor R27 influences the resonance of the output. This means that

the lower its resistance is, the greater the harmonics of the input near the cutoff frequency will be

amplified.

Because of the changes made to this circuit from Elektrouwe’s design, the cutoff frequency range

ended up being too small and had to be recalculated. Capacitors C4 and C5 had their values mul-

tiplied by 10 in order to achieve a larger frequency range. After that, resistors R28, R29, and R30

were modified with the assumption that the EG input would have a ±3 V swing centered around

+4.2 V. The goal when adjusting the cutoff frequency range was that the maximum was signifi-

cantly higher than 1318 Hz and the minimum was significantly lower than 82 Hz. These changes

were made withinMicro-Cap, and the resulting simulated frequency response is shown in figure 14.

Based on the simulation, it was determined that the minimum cutoff frequency is 10.9 Hz and the

maximum cutoff frequency is 3.13 kHz. In addition, this graph shows that at lower cutoff frequen-

cies, the gain of higher frequencies plateaus at around -34 dB rather than decreasing indefinitely.

This means that frequencies which should be inaudible may still be audible.

Resistors R28, R29, and R30 act as a voltage divider which limits the voltage at the positive input

terminal of op-ampU2C. U2C acts as a voltage buffer, preventing current from flowing between the

node at the positive input terminal and the node at the output. Increasing the voltage at the output

of U2C results in the current through diodes D7 and D8 increasing exponentially. This relationship

is shown in equation 1. It should be noted that the currents through the two diodes are equal.
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Fig. 14. Simulated frequency response of the VCF when the control voltage between from 1.2 V

to 7.2 V.

ID = IS(e
VD
nVT −1) (1)

In this equation, ID is the current across a diode, IS is its saturation current, VD is the voltage across

it, n is the emission coefficient, and VT is the thermal voltage. The purpose of this circuit is to

modify a signal in the frequency domain, meaning that its small signal model should be used to

better understand how it works. This model is shown in figure 15.

Fig. 15. Voltage-controlled filter small signal circuit diagram.
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In the small signal model, D7 and D8 can be modelled as resistors in parallel. They are depicted as

a variable resistor because their resistance (rD) depends on the current flowing through them. This

relationship is shown in equation 2.

rD =
VT

ID
(2)

As the voltage from the EG increases, the current through the diodes also increases, resulting in their

resistance decreasing. The cutoff frequency of a circuit is dependent on the values of the capacitors

in the circuit and resistances relative to those capacitors. Equation 3 shows the relationship between

the cutoff frequency of a circuit and its components.

fc =
1

2π ∑(RiCi)
(3)

Because resistance varies inversely with the cutoff frequency, it can be concluded that increasing

the control voltage increases the cutoff frequency, which is why the VCF is able to function.

3.6 Voltage-Controlled Amplifier

The VCA circuit consists of a voltage divider and an LC Technology LM386 20x Gain Amplifier

Module. The diagram of the VCA is shown in figure 16.

The voltage divider attenuates the signal with a maximum gain of 0.5%. This value was chosen

because the VCF output has a maximum amplitude which is significantly greater than themaximum

amplitude supported by the devices the output will be sent to. Module J1 has a gain potentiometer,

but its potentiometer range is wide enough that it is difficult to obtain a gain that is close enough to

silent without being silent. Capacitors C2 and C3 are meant to serve the purpose of reducing noise,

though their effectiveness is yet to be determined.
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Fig. 16. Voltage-controlled amplifier circuit diagram.

This model of amplifier was chosen because it utilizes an LM386 integrated circuit. The LM386

is a commonly-used audio amplifier which is designed with a low output resistance, allowing it to

drive a low resistance load.

4 Results

This section describes the measurements that were performed after the synthesizer was built. Two

PCBswere designed in order to streamline the process of building, reduce the possibility of interfer-

ence from nearby circuit elements, and fulfill the contract requirements. The first PCB contains the

LFO, VCO, and VCF. Its schematic is shown in figure 32 in appendix C. The second PCB contains

the EG and is shown in figure 33 in appendix C. The controller, the potentiometer, and the VCA

were soldered onto perfboard. The buttons, potentiometers, and audio jack are large, meaning that

it would be costly to manufacture PCBs which they could fit on.

The overall circuit draws a current of ∼48 mA. The capacity of a 9 V battery varies, but it can be

estimated as 300 mAh. This means that this synthesizer has a predicted battery life of ∼6 hours.

In order to keep from draining batteries, a Digilent Analog Discovery was used as a power source

in measurements. Its supply outputs were set such that the positive output had a voltage of +4.2V

and the negative output had a voltage of -4.2V. All the oscilloscope measurements were taken with
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the negative probes at the circuit’s ground.

4.1 Controller

In order to visualize how the sample-and-hold circuit responds to changes in the input voltage, one

waveform generator was used to create a 10 Hz sine wave at the main input and another was used

to create a 50 Hz square wave at the gate input. In addition, one set of probes was used with the

oscilloscope to measure the sine input and another was used to measure the output of the circuit.

Figure 17 shows the result of this setup.

Fig. 17. Measured output of the sample-and-hold circuit with a 10Hz sine wave input and a 50Hz

square wave gate input.

When the gate input is low, the output follows the main input. The exception to this was when

the main input exceeds the voltage swing of the op-amps. When the gate input is high, however,

the voltage remains mostly constant. However, this only occurs when input is less than the held

voltage. It is alsoworth notingwhile the larger held voltage remains constant, the smaller one shows

a gradual increase over time. When the sample-and-hold circuit is used with the synthesizer, the

held voltage remains constant for the most part, but that held voltage deviates from the previous

voltage significantly enough to be a different pitch.
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4.2 Low Frequency Oscillator

The triangle output of the LFO was measured by connecting the positive probe of the oscilloscope

to connector J4 on the first PCB. Figures 18 and 19 show the triangle output of the LFO when the

LFO frequency potentiometer is at its maximum and minimum settings respectively.

Fig. 18. The triangle output of the LFOwhen

the frequency potentiometer is at its maxi-

mum.

Fig. 19. The triangle output of the LFOwhen

the frequency potentiometer is at its mini-

mum.

The LFO has a frequency range of between 4.13Hz and 22.3kHz. It was designed such that the rise

and fall times of the wave would be symmetrical. However, the measured wave has a different rise

time compared to its fall time. When at its lowest frequency, the rise time is 52.3 ms and the fall

time is 40.5 ms. This means that the fall time has a 22.6% error when compared with the rise time.

This does not have a noticeable impact on the LFO’s ability to function as vibrato.

At higher frequencies, the LFO fails to produce a triangle wave. Instead, there are small spikes

which form at the peak of the wave and large spikes at the troughs of the wave. At points when the

wave becomes this distorted, the frequency is either at the edge of or beyond the range of human

hearing. This frequency is unlikely to have a purpose, so this anomaly does not influence the

synthesizer’s usability.
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4.2.1 Triangle to Sine Approximation

The sinusoidal output of the LFO was measured by connecting the positive probe of the oscillo-

scope to connector J7 on the first PCB. The LFO amplitude potentiometer was set to its maximum

value. Figures 20 and 21 show the measured output when the LFO frequency potentiometer is at

its maximum and minimum settings respectively.

Fig. 20. The output of the triangle-to-sine

approximator when the LFO is functioning

at the minimum frequency.

Fig. 21. The output of the triangle-to-sine

approximator when the LFO is functioning

at the maximum frequency.

At the minimum frequency, the output of the LFO looks more rounded compared to a triangle

wave. However, this shape is flawed. At the point where the triangle wave would shift from rising

to falling, the approximated sine wave has a sudden decrease in voltage. This shift is not audible.

In addition, the valleys are less rounded when compared with the peaks. At this frequency, the

peak amplitude is 34.8 mV. At the maximum frequency, the sine approximation retains the same

distortion as the triangle wave.

4.3 Voltage-Controlled Oscillator

The output of the voltage-controlled oscillator was recorded by measuring the voltage at connector

J12 on the first PCB. While this output was recorded, the rightmost button on the keyboard was
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held. Figure 22 shows the frequency of the VCO when the master pitch potentiometer is at its

minimum setting. Figure 23 shows the frequency of the VCO when the master pitch potentiometer

is at its maximum setting.

Fig. 22. The output of the VCO when the

minimum control voltage is used as the in-

put.

Fig. 23. The output of the VCO when the

maximum control voltage is used as the in-

put.

When the rightmost button on the keyboard is held, the VCO has a frequency range of between 7.46

Hz and 2.22 kHz. Holding other buttons on the keyboard can reduce both values of the frequency

range, meaning that the total range of the VCO has a smaller minimum. Unlike the LFO, the shape

of the output remains consistent regardless of the frequency.

4.4 Envelope Generator

In order to verify if the envelope generator met the contract specifications, its output was measured

both when the attack, decay, and release stages were at their minimum and maximum durations.

These measurements were taken when the potentiometers were set such that the initial voltage was

at its minimum and the peak voltage was at its maximum. This was done in order to ensure that

the voltage varies the maximum amount, giving results for what may be considered the default

level settings. The switch which toggled retriggering was turned off. The output of the circuit was

measured by connecting the positive probe of the oscilloscope to connector J8 on the second PCB.

For the minimum duration measurement, the rate potentiometers were set so that the resistance
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across each potentiometer was at its minimum. For the first measurement, the sustain voltage was

set to its minimum and a key on the keyboard was held. This resulted in the EG’s attack stage, in

which it transitioned from the initial level to the peak level, followed by its decay stage, in which

it transitioned from the peak level back to the sustain level. These results are shown in figure 24.

Fig. 24. Attack and decay stages of the envelope generator at the minimum durations.

The duration of attack was measured by finding the time between the two sudden changes in veloc-

ity which characterize the start and end of the attack stage. From this measurement, it was found

that the attack has a minimum duration of 22.9 ms. The end of the decay stage could not be mea-

sured the same way because the stage does not end until all the keys are released. Instead, the

decay duration was determined to be the length of time between the end of the attack stage and

when the voltage reached its final value plus 10% of the difference between the initial and final

value. Through this method, it was determined that the decay stage has a minimum duration of

5.35 ms.

Next, the minimum release duration was measured. This was done by setting the sustain to its

maximum value, then holding a key until the voltage plateaued at the sustain value. Then, the key

was released, triggering the release stage. The results of this are shown in figure 25.

Much like the decay stage, the release stage also gradually reaches a plateau. The duration of the

release stage was measured by measuring the amount of time between when the key was released

and when then the voltage reached its final value plus 10% of the difference between its starting

and ending values. It was determined that release stage has a minimum duration of 520 ms.
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Fig. 25. Release stage of the envelope generator at the minimum duration.

The maximum durations for each stage were found by setting the rate potentiometers such that there

was the maximum resistance across each of them. The sustain level was set to be in the middle

between its minimum and maximum value. As the output was recorded, one of the keys was held

until then voltage began to plateau during the decay stage. Then, the key was released, triggering

the release stage. This output is shown in figure 26.

Fig. 26. Attack, decay, and release stages of the envelope generator at the maximum durations.

The maximum attack, decay, and release durations were measured the same way as the minimum

equivalents. The attack stage was found to have a maximum duration of 6.48 seconds. The decay

stage was found to have a maximum duration of 4.48 seconds. The release stage was found to have
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a maximum duration of 10.2 seconds.

4.5 Voltage-Controlled Filter

The output of the VCF was measured by connecting the positive probe of the oscilloscope to con-

nector J3 on the first PCB. The VCO was set such that the frequency was ∼440 Hz. Figures 27
and 28 show the output of the VCF when the EG’s initial level is at its minimum and maximum

value respectively. They correspond with the minimum and maximum cutoff frequency of the

VCF.

Fig. 27. The output of the VCF at the mini-

mum cutoff frequency.

Fig. 28. The output of the VCF at the maxi-

mum cutoff frequency.

At the minimum cutoff frequency, the VCF has a peak amplitude 74.4 mV. At the maximum cutoff

frequency, it has a peak amplitude of 581 mV. This means that the minimum amplitude is 12.8%

of the maximum amplitude, or -17.9 dB.

4.6 Voltage-Controlled Amplifier

In order to compare the shape of the output of the VCF to that of the VCA, one positive oscilloscope

probe was connected to connector J3 on the first PCB. A second set of oscilloscope probes was
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connected at the OUT and GND outputs of the gain amplifier module. The VCO was set so that

its frequency was ∼440 Hz and the EG’s initial level amplifier was set to its maximum setting.

Figure 29 shows the VCF and VCA outputs.

Fig. 29. Comparison of measured VCF and VCA outputs when the VCF is at its maximum cutoff

frequency.

The output of the VCA is distorted compared to the output of the VCF. This distortion limits the

maximum amplitude of the wave, but not the minimum. This influences of the timbre of the re-

sulting sound. The overall sound is softer and comparable to a free-reed organ. Due to the lack of

documentation regarding the audio amplifier integrated circuit used in the design of the VCA, it is

unknown what the cause of this distortion is.

4.7 Potential Improvements

Due to the variety of flaws which this design has, a number of improvements could be made.

The controller output is dependent on the supply voltage. As a battery is in use, the voltage across

it is constantly decreasing. This means that the pitch of the output is going to slowly decreasing

while the synthesizer is in use. A potential solution to this would be to use a voltage regulator.
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This would producing a voltage which would stay constant independently of changes in the supply

voltage, though this would reduce the voltage range that the synthesizer can work with.

Some blocks of the synthesizer, including the EG, use op-amps in situations where a comparator

would be ideal. Op-amps are flawed when used as comparators because they are designed to be

linear devices. This can result in them consuming more power than normal or latching up. This

can be detrimental to the performance of rail-to-rail op-amps. Bruce Carter discusses the misuse

of op-amps as comparators further in his report on the subject [8].

Ideally, the VCO’s output frequency would vary logarithmically with its control input. A common

relationship is 1V/octave. In this synthesizer, this is not in the case. In addition, the output of the

controller is dependent on the ratio between the resistance between the output and ground, and the

resistance between the button and ground. This relationship is not linear, meaning that the ratio

of frequencies between any two keys will not remain constant when the value of the master pitch

potentiometer changes. This makes the synthesizer more difficult to use. A solution to this would

be to use a current source in the controller so that each additional resistor adds to output voltage by

the same amount.

The sample-and-hold circuit has an issue in which switching to the held state results in a noticeable

change in frequency. One way this could be improved would be to incorporate a greater amount of

feedback into the circuit. This could result in the gain of the circuit being smaller or greater than

1, so the summing amplifier of the VCO would have to be modified to account for that. Another

solution would be to use a capacitor with a higher value.

The output of the synthesizer has a considerable amount of audible noise which reduces the quality

of the output. This noise could be reduced through the addition of capacitors in areas which may

be the source of the noise. One way of doing this would be to add one in parallel with the feedback

path of an amplifier, causing it to function as a noise filter.

The triangle-to-sine approximator used in this circuit could be expanded upon in order to better

refine the shape of the output of the LFO so that it better resembles a sine wave. Paul Falstad’s

triangle-to-sine converter [9] incorporates several of these approximators in parallel in order to

create a rounded output which replicates a sine wave much more accurately.
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The output of the VCA is distorted when compared with its input. A solution to this issue would

be test if the issue is due to the voltage divider or the amplifier module. In addition, it might help

for the voltage divider to have its negative end be at a +4.2 V node instead of ground.

The attack and decay durations of the EG are somewhat dependent on the state of the release po-

tentiometer. If the release potentiometer is at its maximum value, it increases the duration of the

attack and decay stages. A solution to this issue would be to measure the current flow through the

release potentiometer and find ways to minimize it while the gate is positive.

5 Conclusion

Table I shows the minimum and maximum values measured at the output of multiple blocks. These

values were used to determine whether or not the goals laid out in the contract were met.

TABLE I

Block minimum and maximum output parameter measurements.

Parameter Minimum Value Maximum Value

LFO Frequency 4.13 Hz 22.3 kHz

VCO Frequency 7.46 Hz 2.22 kHz

EG Attack Rate 22.9 ms 6.48 s

EG Decay Rate 5.35 ms 4.48 s

EG Release Rate 520 ms 10.2 s

VCF Amplitude 74.4 mV 581 mV

This project was successful in creating a portable analog synthesizer which could meet all of the

specifications described in the project contract. The synthesizer was constructed using custom

PCBs and without a development board. It is battery operated. It includes a keyboard and poten-

tiometer controls which allow the user to influence various aspects of the output waveform. The

voltage-controlled oscillator range exceeds the range specified by the contract. It has a low fre-

quency oscillator which generates a sinusoidal wave. Each stage of the envelope generator has a

maximum duration which exceeds 2 seconds. However, the synthesizer also contains several de-

sign flaws which keep it from achieving the same level of reliability and functionality as similar
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commercially available synths. There is potential for this design to be expanded upon in order

to create an instrument as versatile and usable as ones currently worth hundreds to thousands of

dollars.
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A Project Contract

Fig. 30. Contract for the analog synthesizer capstone project.
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B Parts List

Qty P/N Item Price Extended

1 Prototype 2 layer PCB $2.00 $2.00

1 Prototype 2 layer PCB $4.00 $4.00

1 3132-ST-PERF-1-8-ND 1” x 8” Perfboard $4.99 $4.99

1 41-HG8X-N1JS HANDSKIT Soldering Iron Kit $15.99 $15.99

25 2449-NCA2-ND KEY STYLE PB, SPST, MOM,

BLACK A

$0.80 $19.88

4 PTV09A-4020FB103-ND POT 10K OHM 1/20W CARBON

LINEAR

$0.98 $3.92

1 PTV09A-4020FB104-ND POT 100k OHM 1/20W CARBON

LINEAR

$0.98 $0.98

8 PTV09A-4020FB105-ND POT 1M OHM 1/20W CARBON

LINEAR

$0.98 $7.84

4 2092-STX-3000-ND CONN JACK STEREO 3.5MM TH

R/A

$0.80 $3.20

2 2057-ASJ-99HR-HT-

T/RCTND

AUDIO JACK $0.75 $1.60

4 36-232-ND IBATT CONN SNAP 9V 1 CEL 4”

LEADS

$0.55 $2.20

5 296-1777-ND IC OPAMP JFET 4 CIRCUIT

14DIP

$0.84 $4.20

3 MHSS1104 SWITCH SLIDE SPDT 300MA 6V $0.65 $1.95

1 B096Z5DQWQ AEDIKO 0805 Chip Resistor

Assortment Kit

$7.99 $7.99

1 B06XD3K15S MclglcM 0805 Capacitor

Assortment Kit

$7.99 $7.99

Total $92.25
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C Project Schematic

Fig. 31. Schematic for the portion of the synthesizer on perfboard.
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Fig. 32. Schematic for the portion of the synthesizer on the first PCB.

38



Fig. 33. Schematic for the portion of the synthesizer on the second PCB.
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