ANALOGUE SUBTRACTIVE SYNTHESIS
REFERENCE GUIDE v1.3a
OSCILLATORS

Sawtooth waves are available as ramp-up or ramp-down which vary in character due to their respective differences in attack & release. They are bright & rich with strong overtones that are great for punchy bass, pads, & leads. They are a good starting point for brassy sounds as well. What makes it so special is that it contains every natural harmonic both odd & even that fall off at -6 dB/octave. As a result, the wave has a very "buzzy" sound to it.
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The Square wave is the simplest to generate from an electrical circuit as it only exists in two states: "high" & "low". It contains only the odd-numbered harmonics, resulting in a bright, yet hollow sound with strong overtones similar to that of woodwind instruments. The amplitudes of the harmonic series decrease steadily at -6 dB/octave.

The Pulse is a waveform capable of varying its harmonic content depending on the width of the pulse. Width, which is the period when the wave us "up", is expressed as a percentage of the full-wave cycle, so a Square wave is a 50% Pulse. A 10% Pulse & a 90% Pulse sound the same. As the width deviates from 50%, it sounds increasingly brighter & richer; but as the width becomes more narrowed, it sounds more thin & nasal. For example, if the "ON" state is shortened with respect to the "OFF" state, even harmonics are added starting with 2f & increasing as the pulse narrows. The use of this comes when the pulse width is altered & the harmonic content changes over time. As the width becomes less balanced, the wave starts to acquire a buzz similar to a Sawtooth. Generally, it is made up of all harmonics & the amplitudes of the harmonic series decrease, but the odd & even numbered harmonics have different amplitudes depending on the width.

The Triangle wave contains little harmonic content (odd harmonics that fall off at -12 dB/octave), but just enough for there to be a noticeable "edge" to its sound. However, the higher harmonics roll off much faster than in a square wave & so its sound is smoother than a square wave & is nearer to that of a sine wave.

The Sine wave is the simplest of all sounds. It contains no harmonic content, only the fundamental pitch & nothing else.

Triangle & Sine waves are commonly used for vibrato & tremolo, whereas Sawtooth & Square waves are terrific for pulsating or echo-like effects. The best way to get a grasp of an oscillator's sound is to either deactivate or totally open the filter & turn any & all modulations such as envelopes or LFOs off.
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In a harmonic series, the second harmonic is twice the frequency of the fundamental & sounds an octave higher; the third is three times the fundamental & sounds a perfect fifth above the second. The fourth harmonic is four times the frequency of the fundamental & sounds a perfect fourth above the third (two octaves above the fundamental). Double the harmonic number means double the frequency (which sounds an octave higher).

FILTERS

The filter section modifies the mixed oscillator sound. A filter allows specified frequencies to pass through but cuts others. The most common type used is a Low-pass Filter which attenuates frequencies above a certain "Cutoff" frequency & allows frequencies below the Cutoff to pass unmodified. By taking this filter cutoff point far enough, all the harmonics above the fundamental will be removed producing a Sine wave of the fundamental frequency.

Filter Cutoff Rate is stated in "poles", or decibels per octave (6 x the number of poles). For example, with a 2 pole low-pass filter (12db/oct), every harmonic located an octave above the filter is 12db quieter. This means that if on the note A at 440Hz you set the cutoff at 2200Hz, the harmonics would decline at a rate such that the 4400Hz frequency is 12db quieter, the 8800Hz frequency is 24db quieter. As the Cutoff rate increases, the filter more quickly reduces the volume before or after the cutoff point. This means that the sound will become "darker" as the cutoff rate is increased because the higher harmonics are less audible.
Resonance interacts with the cutoff frequency, creating squelchy effects that are the hallmark of acid riffs & funky bass-lines. When you increase resonance, you basically increase how loud harmonics near the cutoff point are. Using a little Resonance, you can make a sound seem a bit brighter in its harmonics around the Cutoff. There are three scenarios when you increase Resonance to extremely high values. Most synthesizers will compensate for the gain created by the resonance & you will hear only the harmonics closest to the cutoff. On many synthesizers, the cutoff will be very loud, but you can still hear the stuff under it. However, you'll probably be tempted to turn the volume down. The final possibility is "self-oscillation", where the filter will start to feedback & constantly create the harmonic at the input whether or not there is sound coming from the oscillators.

If you wish to find the frequency mentioned above, turn off all oscillators except a Sawtooth wave, turn the Filter Cutoff all the way down, turn the Resonance all the way up, & start slowly increasing the Cutoff. You will start to hear a frequency grow really loud, & then you will hear another frequency fading in as the previously loud frequency begins to fade out, & the same thing will happen after passing the second harmonic. Once the third harmonic has reached its peak, you're there. Turn the Resonance back down to a modest level after doing this & turn your other oscillators on. This is useful if you want the cutoff dead-on a harmonic.

Therefore, the basic use of a filter is to subtract harmonics from a waveform but most synthesizers include one other main function which actually boosts a band of frequencies. By feeding back part of the output signal into the input of the filter the frequencies around the cutoff point are boosted. As more of the signal is fed back, this phenomenon is exaggerated until the filter breaks into resonance, producing a Sine wave whose frequency is equal to that of the cutoff point set. Creative use of this resonance factor can produce exciting electronic effects.

MODULATION

Modulation is used to exert control, influence, or shape, & breathe more life into a sound to make it more expressive. Modulation has two components, the modulator & the carrier. As an example, if you were humming a note & you used your hand to vibrate your throat in a chopping motion, then your hand would be the modulator & your humming would be the carrier.

We have seen how the amplifier is triggered by the pressing of the keys on a keyboard but is shaped by an ADSR envelope. You could say the amplitude is being modulated by the ASDR envelope. Envelopes can be used to modulate other parameters.

When the cutoff is being modulated by an envelope, it is the same as raising & lowering the cutoff in tandem with the envelope shape. When the envelope opens up, the sound is brighter; & when the envelope diminishes, the sound is less bright. This effect is sometimes called a "filter sweep" & is used for brass & strings.

Most synthesizers will have a filter parameter labeled "Envelope Amount" which determines by how much the filter is influenced by the envelope. Some only have one envelope which is shared between the amplifier & filter while others may also have an "invert" switch which reverses the effect - the cutoff is lowered by an envelope rise & vice versa.

When the pitch of a keyboard-controlled oscillator is modulated by an envelope, the pitch of the oscillator is raised & lowered by the envelope's shape & amount. This is useful for sounds which do not have a static pitch over time.

Low Frequency Oscillator

An LFO is the most common modulator available & works at a slow rate (perhaps between 0.1Hz to 10 Hz). Typically, it will have the following parameters: Wave, Rate, & perhaps Delay (a time delay before the oscillator starts). The normal selection would be to use either Triangle or Sine waves because of their regular rises & falls without any sudden jumps. Like audio oscillators, LFOs also offer a selection of different waveforms, each with its own rhythmic properties. LFO waves are similar to oscillator waves, but they are slower & though the waveform indeed matters, the harmonic content is inconsequential.

LFOs can be routed to control common parameters like Pitch, Amplifier, & Filter Cutoff, as well as other useful destinations like panning & oscillator mix. Since the rate of oscillation is so slow, it can be used to create repeating effects like vibrato, tremolo, or wah. Using an LFO to modulate the Pitch of the keyboard-controlled oscillator causes it to "wobble" with the LFO.
For example, a Triangle or Sine on the LFO will produce vibrato which is a smooth up & down varying of the pitch. A Triangle or Sine used to modulate the Amplifier yields tremolo, a smooth variance in amplitude or loudness.

A Square wave on the LFO will produce a "trill" (a sudden varying of pitch). Whereas a Sawtooth on the LFO will produce something like a siren & a Square wave results in a sharp "gated" sound that emulates an alarm.

Using the LFO to modulate the Filter Cutoff causes the cutoff to vary with the LFO. Used in extremes, it will sound like a "wah-wah" sound.

Let’s take a triangle waveform & have it mildly effect pitch, & set it to something around 6Hz. Now when you hit a key, the pitch of the sound will move up & down & you'll have vibrato. If you don't hear anything different, turn up the amount the LFO effects the pitch until you do. If you do this to the filter cutoff (crank the resonance up to 30-40%, have the LFO have a moderate effect on the cutoff, & slow the LFO down some), you'll have a slow wah effect. If you don't turn the resonance up, it will sound sort of like tremolo. If you set the LFO speed back up to 6Hz or so & assign it to the amp, the volume will move up & down, creating tremolo.

ENVELOPE GENERATORS
The most common use of envelopes is to sculpt the output level through ADSR.

Attack is how quickly the sound goes from quiet to loud when a note is played. When you press a key on a piano or pluck a note on a guitar, the sound becomes loud almost instantly - a short attack. But when you bow a violin, it takes a second for the volume to hit its peak – long attack.
Decay is how quickly the amplitude of the sound decreases after the peak of the attack. A drum decays very quickly, whereas a violin it maintains its loudness for a while.

Sustain is the level the sound will stay at after it decays & until the note is released.

Release is when the note is released; this determines how quickly the sound fades away. No release will cause the sound to end suddenly, while a long release will result in it slowly fading to nothing.

Let’s take our patch once again, & set an envelope to have an instant Attack, a moderate Decay (around 1/4 of a second), a Sustain of about 1/2, & a pretty fast Release (not instant, because that sounds extremely unnatural, not even palm-muting a guitar cuts off the sound as fast as an envelope with an instant release). Now you have a pretty punchy bass. Assign this envelope to change the Filter Cutoff as well. Change the amount of the effect according to taste, but due to the Resonance that we added you will hear an initial punch & then the brightness of the sound dropping (listening to the Resonance, you can hear it better). You can also assign an envelope to pitch (there should be a way to route it to the pitch of all of the oscillators). Set the Attack rate to the fastest possible, have the Decay just slightly above instant, no Sustain level, & a Release time of zero. Assign this envelope to the pitch make it have as much of a positive effect as possible (meaning that the envelope raises the pitch instead of lowering it). When you hit a key with an envelope assigned like this, you will hear the pitch start somewhere extremely high & quickly shoot down to the proper pitch.

Keyboard Tracking

Keyboard tracking is where the position of the notes being played is used to influence other parameters & can best be viewed as either off, a positive amount, or a negative amount. When the keyboard tracking is set at 100% or a 1:1 ratio, that means that the cutoff rate will rise or decrease at the same rate the notes change. This means that the patch will sound exactly the same no matter what note you play. The only difference will be the pitch. In this way, the keyboard not only controls the pitch of the oscillators but can itself be used as modulator.

If a positive KT was applied to the Amplifier Envelope, then the higher keyboard notes being played would result in louder notes. Negative KT would mean that higher keyboard notes would be quieter.

If a positive KT was applied to the Filter Cutoff, then the higher keyboard notes being played would result in brighter notes. Negative KT would mean that higher keyboard notes would sound duller.

KT applied to the Oscillator Pitch, is treated differently. Synthesizers with this function usually have amounts from 0% to 100%, where 100% is the keyboard tuned normally. A setting of 0% would mean that playing any key would result in that note & the keyboard is not tracking at all. However, a KT set to 50% would result in "quarter-tone tuning" where playing semitones on the keyboard results in quarter-tones (notes exactly in between normal semitones) which is used in Arabic music.

Velocity

If Velocity is available, then the keyboard will also transmit information on how hard the note was struck. If Velocity is used to modulate the Amplifier Envelope, then keys struck harder would result in louder notes. This is the most common setting for velocity. If Velocity is used to modulate the Attack time of the Amplifier Envelope, then harder struck notes would result in faster attack times. If Velocity is used to modulate the Filter Cutoff, then the harder struck notes would result in overall brighter notes. If Velocity is used to modulate the Envelope of the Filter Cutoff, then the harder struck notes would result in making the filter envelope more pronounced. This usually means brighter notes but the effect would depend on the envelope shape.

Advanced Waveforms

Many synthesizers allow two or more oscillators to be mixed together. The resultant waveform is simply the sum of the waveforms. The resultant harmonic series would also be the sum of the harmonics.

When an LFO is used to modulate the Pulse width, then the width will change over time, which means the harmonic amplitudes vary too. This is usually called Pulse Width Modulation or PWM. PWM looks & sounds a little bit like two detuned oscillators & is an excellent way to create some movement in a timbre.

Sync is where the cycle of one oscillator is used to synchronize or "reset" the oscillator of another (slave). As the Square wave completes each cycle, the Saw wave is "reset" to start again. This results in a new static wave whose frequency is that of the synchronizer but whose shape is a portion of the original. Note that the choice of wave for the synchronizer is irrelevant & only its frequency matters.
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Cross-modulation is where the pitch of one oscillator is modulated by another oscillator & both are keyboard-controlled. It is a form of pitch modulation except that the modulating oscillator is "keyboard tuned" (determined by the key pressed on the keyboard). This is also called FM (Frequency Modulation) & is very good for producing bell-like sounds.

Ring Modulators are circuits which output the "Sum & Difference" of its inputs. If the inputs are two Sine waves at 440Hz & 420Hz, the output would be 860Hz (sum) & 20Hz (difference). Depending on the harmonic content of the input, the output can be very complex & it is generally used for gong-like sounds.

Cross Filter Modulation is a rare feature where the Filter Cutoff is modulated by a keyboard-controlled oscillator. It is a form of Filter Modulation except that the modulating oscillator is "keyboard tuned".
GLOSSARY

ADSR – Abbreviation for Attack, Decay, Sustain & Release, the four stages of an envelope control-voltage.
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Amplitude – The strength of a sound’s vibration measured in Decibels (dB) corresponding to the amount of perceived volume. 
Analog Synthesis - Normally used to refer to the traditional model used by analog synthesizers in the 1970s. It involves oscillators, the outputs of which are mixed together & fed into a filter (where certain frequencies are usually subtracted) after which they are fed through an amplifier. The amplifier & filter are normally also driven by envelope generators. 

Arpeggiator – In a monophonic synthesizer, an arpeggiator will automatically alternate between the notes if more than one is pressed at a time.
Control Input - An input into a synthesizer that allows a particular control section to be modulated by another. For example there is a control input in the amplifier which controls the level of amplification. If a very slow sine wave (an LFO) is patched in, the sound will slowly get louder & quieter. If an LFO was patched into the control input of the oscillator instead, then the sound would go higher & lower in pitch.

Control-Voltage – Control-voltages (also called CVs) are used in analog synthesizers to affect changes in the sound. In the case of pitch, pressing a key on the keyboard sends a control-voltage that determines the pitch of the oscillators. The keyboard CV is set to produce an equal tempered scale. As you play up the keyboard, the CV is raised & the pitch increases. The pitch can also be affected by other CV sources, like an LFO, often used to produce vibrato. Other major synthesizer components that respond to CV’s include the filter (the higher the CV, the higher the filter cutoff frequency) & the amplifier (the higher the CV, the higher the gain, or volume).

Cross Modulation - The ability for sections of a synthesizer to modulate other modules of the synthesizer usually with patch cables.

Envelope – An envelope describes the characteristics of a sound (pitch, tone, & volume) over time. For example, when a string is plucked, its amplitude is suddenly very loud, but then dies out gradually. This describes the Volume envelope of the sound. We observe that the initial part of the plucked sound is very bright, but then the brightness fades away. This describes the Tonal envelope contour. We also hear the frequency of the sound go slightly higher when the string is plucked, & then drop slightly as the note fades. This is the pitch envelope contour. A synthesizer can create these kinds of changes by applying electrically generated envelopes to oscillators (affecting pitch), filters (tone) & amplifiers (volume).

Envelope Generator – Creates a time-varying signal that can be applied to a voltage-controlled circuit. The Envelope Generators have four adjustable segments: Attack, Decay, Sustain, & Release, (see ADSR above). Envelope Generators use a trigger (called a gate signal) to start & stop the ADSR envelope. It’s produced whenever a key is pressed on the register. The gate signal stays on only as long as a key is held down. When the gate is on, the Envelope Generator is triggered & the envelope signal moves through the Attack & Decay segments & settles at the Sustain level. When the gate goes off, the release segment of the envelope begins. A new gate signal retriggers the Envelope Generator.

Filter – A circuit that removes some frequencies & allows other frequencies to pass through the circuit. A filter has a cutoff frequency that determines the point at which frequencies begin to be removed. A low-pass filter is one in which frequencies above the cutoff frequency are removed & all frequencies below the cutoff are passed through. A high-pass filter is one in which frequencies below the cutoff frequency are removed & frequencies above the cutoff are passed through. A band-pass filter has two cutoff frequencies that define a frequency band, outside of which the frequencies are removed.
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Frequency – The rate of vibration in sound measured in Hertz (Hz or cycles per second). The average hearing range of the human ear is from 20 to 20,000 Hz. Frequency corresponds to the musical term ‘pitch’, but the two terms are not always interchangeable. Frequency is an objective measurement of a sound, while pitch is the perception of a sound, low, high, or mid-ranged. A low frequency corresponds to a low-pitched sound such as a bass; a high frequency sound corresponds to a high-pitched sound such as a piccolo. In music, a change in pitch of one octave higher equals a doubling of the frequency.
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Frequency Modulation – Also known as FM, Frequency Modulation describes the technique of using one oscillator to modulate the frequency of another. In FM, the modulating oscillator is called the ‘modulator’, while the other oscillator is known as the ‘carrier’. The carrier oscillator is the one you hear. When the modulator frequency is very low (about 6Hz), the effect is described as vibrato. As the modulator frequency is raised into the audio range, new modulation frequency components are created, & the effect is perceived as adding new overtones to the carrier signal.

Glide – Also called portamento, is the slowing down of pitch changes as you play different notes on the keyboard. Certain acoustic instruments, like the trombone or the violin, create this effect when the performer adjusts the tubing or string length. The speed of the glide is called the glide rate. In synthesizers, a Glide Rate control is used to determine the speed of the glide between notes.

Harmonic – A sound is made up of simple vibrations at many different frequencies called harmonics that give a sound its particular character. This corresponds to timbre or tonal quality. A harmonic sound, such as a vibrating string, is one in which the harmonics are mathematically related by what is called the harmonic series. These sounds are typically pleasing to the ear & generally the consecutive vibrations have the same characteristic shape or waveform. An inharmonic sound, such as a crash cymbal, is one in which the harmonics are not mathematically related. Their waveforms look chaotic.
Latency - Delay between a control being actuated & hearing the result in the output. Hardware synthesizers exhibit almost zero latency, whereas most software synthesizers exhibit lag.

LED (Light Emitting Diode) – A semiconducting electrical component that produces lights when a current is applied.
Low Frequency Oscillator (LFO) – This is a special type of oscillator that generates signals primarily below the range of human hearing (generally below 20 Hz). LFOs are typically used as a source of modulation. For instance, an LFO with a triangle waveform, set to about 6 Hz & modulating the pitch of a VCO, results in vibrato. Changing the LFO waveform to a square wave will result in a trill. An LFO modulating a VCA with a triangle wave creates tremolo.
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MIDI (Musical Instrument Digital Interface) – Standard protocol & interface for connecting electronic musical instruments & computers together to control one another & exchange system data. MIDI does not transmit audio signals — it transmits "event messages" such as the pitch & intensity of musical notes to play, control signals for parameters such as volume, etc.
Mixer – Combines two or more electronic signals into one composite output.
Modulation – Modulation is the use of a control-voltage to shape a tone. Modulation has a source, a destination, & an amount. This could be as simple as the filter cutoff of a VCF (a modulation destination) being changed by the front panel cutoff control (the source), or as complex as mixing multiple CVs together to modulate filter cutoff. Modulation is used in synthesis to create complex sounds & add variation.

Modulation Matrix - A modulation matrix allows use of any inputs to modify any of outputs. For example, a matrix that features an LFO as an input & the oscillator frequency as the output would let you assign the LFO to the oscillator frequency & thus get the frequency itself to oscillate. Most also allow adjustment of the amount that the input modulates the output.

Monophonic – A monophonic synthesizer can only play one note at a time.

Noise – A random audio signal having no fundamental, & where all the harmonics have equal strength. Noise can be used as either an audio or modulation source. When used as an audio source, it can be used by itself to synthesize explosions or wind noises, or can be mixed with other waveforms to create artifacts, such as breath sounds. When used as a modulation source, noise can introduce instabilities to a sound, such as a ‘pitch cloud’ effect when noise modulates an oscillator. In some synthesizers, noise is available both as a sound source & a modulation source.

Note Priority - Determines the note is played when several are held down at once. 

Oscillator – A circuit that electronically “vibrates”. When used as a sound source, an oscillator is the electronic equivalent of a vibrating reed, or string. When amplified, an oscillator produces a pitched sound whose frequency is determined by one or more control-voltages. Changes to these voltages correspond to changes in pitch. An oscillator’s vibration can have different shapes or waveforms, such as a triangle, Sawtooth, or square wave.
Pitch – One of the three major auditory attributes of sounds along with loudness & timbre. It is the subjective perception of a sound’s fundamental frequency. A bass guitar generates low pitches, while a flute generates high pitches.
Pole – Refers to the design of a filter circuit. Each pole adds 6dB/Octave of attenuation to the filter response, so 4-pole filter has a 24dB/Octave response.
Polyphony - The number of notes a polyphonic synthesizer can play at once.

Sample & Hold (S&H) – A circuit that generates a control-voltage corresponding to the input signal at the time a trigger or gate signal is received. These circuits commonly employ white noise as a signal source, taking periodic samples of this signal & holding that sample until the next sample is taken. Since the signal source is a random audio signal, the output of the S&H circuit is also random. The sampling interval is typically controlled by an LFO. By adjusting the speed of the LFO, the speed of the S&H circuit can be varied.
Sequencer - Allows a sequence of notes to be programmed & assembled into songs.

Sound – Sound is audible vibrations of air pressure. For electronic sounds such as those produced by a synthesizer, loudspeakers are used translate the electrical vibrations into the changes in air pressure which we perceive as sound.

Subtractive synthesis – A method of creating tones using harmonically rich (bright) source material, & then removing (or in some cases emphasizing) various frequency components to create the desired sound.
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Timbrality - The number of different timbres (instruments) a synthesizer can play simultaneously. Some synthesizers are polyphonic but only monotimbral - i.e. they can play several sounds but only within the same voice. 

Timbre – Pronounced ‘tamber’, the quality of a musical note or sound or tone that distinguishes different types of sound such as voices or musical instruments. The physical characteristics of sound that mediate the perception of timbre include spectrum including overtones & envelope. Timbre is also known in psychoacoustics as tonal quality or color. An unprocessed Sawtooth wave has a bright timbre, while a triangle wave is more mellow.

Tremolo – Technically a form of low frequency amplitude modulation, tremolo is a smooth audible pulsing of volume. In synthesizers, tremolo is produced when a 5-6Hz LFO triangle or sine wave signal is applied to a voltage controlled amplifier.

Waveform – The shape of an oscillator’s vibration. This shape determines its timbre. Commonly used waveforms in subtractive synthesis include Sawtooth, triangle, square, or rectangular. Different waveforms have different timbres. A Sawtooth has the greatest number of harmonics, & sounds bright & “buzzy”. A square wave has only odd harmonics, & sounds bright but hollow, like a clarinet. A rectangular wave can vary in shape, but typically has a bright but thin sound, & a triangle wave’s harmonics are so low in amplitude that it sounds muted & flute-like.
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VCA (Voltage Controlled Amplifier) – This is an amplifier circuit where the gain is a function of the control-voltage. The VCA is usually paired with the Volume Envelope Generator to specify the articulation of a sound. Another CV source for the VCA may be the Volume CV Input.

VCF (Voltage Controlled Filter) - This is a filter circuit where the filter cutoff frequency is a function of the control-voltage. A VCF is used to control the timbre of a sound. The VCF is paired with the Filter Envelope Generator for dynamic control. Other CV sources for the VCF include the Keyboard Amount, Modulation Matrix & Filter CV Input.

VCO (Voltage Controlled Oscillator) - This is an oscillator circuit where the oscillator frequency is a function of the control-voltage. The VCO is primarily controlled from the keyboard. Other CV sources for the VCO include the Modulation Matrix, & Pitch CV Input.

Velocity sensitive - A keyboard that can record or transmit pressure or velocity information.

Vibrato – Technically a very low frequency modulation, vibrato is a smooth, mild pitch warble. In synthesizers, vibrato is produced when a 5-6Hz LFO triangle or sine wave signal is applied to a voltage controlled oscillator, causing the pitch to deviate slightly above & below the base frequency.
Waveshaper - An effect that modifies a waveform via a non-linear response between the input & output. Most waveshapers are essentially a distortion effect.

White noise – This is a random, inharmonic signal with a flat power spectral density. It contains equal amounts of all frequencies. 

