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Electronics in music 
From the 
Theremin to the 
electric guitar: 
Richard Bric 
looks at 
instruments 
that involve 
electronics and 
discusses their 
uses in modern 
music. 

T. he invention of the microphone, the loudspeaker and the electronic valve amplifier, brought about a revo-
lution in the art of music making. For several centuries 

preceding our own, a firm distinction may be made between 
large-scale music making and music for intimate entertain-
ment; or chamber music. 
The ability to amplify instruments and solo voices meant 

that for the first time 'chamber-music' could become a large-
scale musical activity. As I researched and wrote the book' 
'Music Engineering,' I became convinced that the cultural 
revolution of rock-and-roll — and later rock music — is as 
much about how the music is made as it is about its socio-
logical and musicological roots. 
For the first time in history, and due solely to the progress 

in electronics, the world-view of a few young men — in those 
days it was just men — could capture the hearts and minds of 
hundreds, thousands of young people. And with the inter-
vention of radio, the numbers increased to millions. Little 
wonder it is then that the establishment has always had an 
uneasy relationship with rock music! 
Technologically a stone's-throw from the early micro-

phones is that icon of rock-and-roll rebellion, the electric gui-
tar. From Scotty Moore's chiming lead guitar on the early 

Elvis records to Hendrix's angst-ridden, tortured perfor-
mances, no other instrument characterises the octane-charged 
sound of rock-and-roll better than the electric guitar. 
So it is with this symbolic, and seminal musical voice that 

we begin our look at electric instruments. 

Electric guitars 
A modern electric guitar is illustrated in Fig. 1. The earliest 
electric guitars were created by attaching a contact micro-
phone to the top sound-board of a conventional acoustic gui-
tar, the resulting signal being fed to an external amplifier. 
The modern electric guitar was born with the invention of 

the electro-magnetic pick-up and a typical arrangement is 
illustrated, diagramatically, in Fig. 2. In principle, all electric 
guitar pick-ups are formed this way; with a coil wound on a 
permanent bar-magnet former. 
The magnet is arranged so that it points with one pole 

towards the string and with the opposing pole, away from the 
string. As the string is excited by the player, and moves in 
close proximity to the magnetic circuit, the flux in the circuit 
is disturbed and hence a small electric current is induced in 
the coil. 
Early pick-ups used a single magnet for all the strings but 
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later models used separate magnets, or separate pole pieces 
at different heights relative to the strings. This allowed com-
pensation for the different sensitivity of the pick-up in rela-
tion to each of the guitar's six open strings. 

Pick-up problems 
Guitar pick-up coils contain very many — often several thou-
sand — turns of fine-gauge wire and are thus very sensitive to 
minute string movements. Unfortunately, this also renders 
them very sensitive to electromagnetic interference. They are 
especially sensitive to induced hum due to magnetic fields 
emanating from the large transformers that find their way 
into the power supplies of guitar amplifiers. 
To counter this, Gibson introduced the Humbucker pick-

up. This comprises two magnets and two coils wound elec-
trically in series but arranged in magnetic opposition, Fig. 3. 
The vibrating string will, of course, create a similar signal in 
both these coils, and these will add due to the series con-
nection. But an external field will induce a signal of opposite 
phase in either coil. These fields will cancel due to the series 
connection. 
Most guitars are fitted with a number of pick-ups and fur-

nished with a selector switch to allow players to choose their 
favoured sound. Pick-ups nearest the bridge tend to sound 
more 'trebly' and bright. Those nearest the fingerboard have 
a more 'busy' sound. 
Because players like to have a local control over amplifi-

cation level and tone-colour, all guitars provide volume and 
tone controls on the guitar itself. The pick-ups themselves 
have a relatively high output impedance, so it is necessary 
that they work into a very high impedance source. For this 
reason, most guitar volume potentiometers are very high 
value; perhaps 250 or 500ka 
Similarly, tone control circuits operate at very Iligh 

impedance. As you may have already guessed, because of 
this, the action of the guitar cable itself — as well as the 
amplifier input impedance — all have a marked effect on the 
overall sound of an electric guitar set-up. This situation has 
helped fuel the enormous mythology which surrounds elec-
tric guitars, pick-ups and their associated amplifiers. 
The circuit schematic for the internal circuitry of the 

famous Fender Stratocaster guitar is drawn in Fig. 4. 

Hammond and Compton organs 
At first, electronic organs sought only to emulate the tone of 
the acoustic organ — a feat which is now so well accom-
plished that only experts can tell if the organ in a church is 
electronic or the acoustic original. 
But it wasn't long before the designers of these electronic 

instruments began experimenting with harmonic combina-
tions. The increased flexibility of electronic coupling relative 
to the traditional mechanical coupling made such experi-
mentation easy. Just such an ambition led to the development 
of the classic Hammond B3 organ. 
The B3, Fig. 5, was developed before solid state elec-

tronics became widely available. Its designers wisely 
forewent the use of electronic oscillators to produce the fun-
damental sine tones. Instead they opted for an electro-
mechanical scheme whereby rotating mechanical discs with 
shaped edges influenced the magnetic field of electromag-
nets wound near the edge of the disc. The principle, illus-
trated in Fig. 6, is thus a variable reluctance electro-mechan-
ical oscillator and is pretty well unique. 
Other manufacturers displayed equal lateral thinking. 

Compton used rotary tone generators too, but these operated 
by means of a variable capacitance technique. Identical elec-
tromechanical components were used for each note of the 
scale, the different pitches being achieved by the choice of 
pulley ratio used to drive the tone generators form a common 
mechanical drive. 

Fig. 1. Technologically a stone's-throw 
from early microphones is that icon of 
rock-and-roll rebellion, the electric guitar. 
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Hammond's ambitions went far beyond that of reproduc-
ing a pipe organ sound. Instead the company aimed at recre-
ating the sounds of other instruments. Hammond's additive 
synthesis technique involved analysing real instrumental 
sounds — using a Fourier analyser. These sounds were recre-
ated by selecting and adding sine waves generated from the 
continuous oscillator 'bank'. 
Fascinatingly, it is fair to say that Hammond almost total-

ly failed to achieve what it set out to do with the Hammond 
organ — that is, to simulate the sounds of other instruments. 
But they did create a 'classic' sound in its own right. 

Theremin 
One of the earliest electronic instruments, from around 1920, 
is the Theremin. This is a monophonic melodic instrument 
originally developed in Russia by Leon Theremin.2 
The Theremin player does not touch the instrument and 
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Fig. 2. Electro-magnetic guitar pick-up involves a coil wound 
on a permanent bar-magnet former. One pole points towards 
the string. As the string moves, flux is disturbed and a small 
electric current is induced in the coil. 
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Fig. 3. Since guitar pick-up coils contain sometimes 
thousands of turns, they are sensitive to electromagnetic 
interference. This arrangement cancels unwanted fields. 
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Fig. 4. Internal circuitry of the 
famous Fender Stratocaster 

guitar. Note the high impedances 
involved. 
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Fig. 5. Developed 
before solid-state 
electronics, 
Hammond's B3 
organ has no 
oscillators. It uses 
electromechanics 
instead. 
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has only to bring a hand within a small distance of a special 
aerial to control its pitch. In this way, the Theremin is able to 
produce an endless range of frequencies from the subsonic to 
the inaudibly high in long sustained glissandi. 
Despite being very difficult to play, the Theremin has 

achieved limited artistic success. It may be heard in several 
orchestral pieces and has been used on many film and early 
tv soundtracks. Furthermore the Theremin remains the 
emblem of experimental electronic music. It enjoys this sta-
tus because it is one of the very few instruments designed in 
historical memory to employ a truly novel playing technique. 
The operation of the Theremin is illustrated in schematic 

form in Fig. 7. Notice that the instrument contains three 
radio frequency generators operating in the hundreds of kilo-
hertz region. Radio-frequency oscillators 1 and 2 are pre-
tuned to exactly the same frequency. 
Clearly, the resulting output from the non-linear circuit, i.e. 

the rf mixer, will be the sum and difference signal; the sum 
is subsequently filtered, leaving the difference signal alone to 
be passed on to the following amplifier stage. 
Oscillator 1 differs from oscillator 2 with the addition of 

the extra tuning capacitance, across the main resonant circuit, 
formed by the metal aerial and its interaction with ground. 
The player has only to bring a hand within a small distance 
of the aerial for there to be a change in oscillation frequency 
and a resultant audible tone issuing from the process of mul-
tiplication. 
The nearer the player gets to the plate, the more depressed 

the oscillation frequency of oscillator 1 and the higher the 
resultant pitch of the Theremin's audio frequency output. 
The expressive potential of such a system is inevitably lim-

ited, hence the addition of the third oscillator and its asso-
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Fig. 6. The Hammond B3 incorporates many rotating cams 
whose lobes influence a magnetic field. 
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Fig. 7. The Theremin con ains three rf generators. Oscillators 
1 and 2 are pre-tuned to exactly the same frequency. The 
third oscillator varies output amplitude. 

ciated circuitry. This third if circuit produces a tuneable out-
put, once again variable by means of the interaction of the 
player's anatomy in proximity to another metal aerial or 
wand. 
But this oscillator does not interact with another oscillator, 

instead its output is fed to a resonant circuit, tuned to the 
lower end of the variable oscillator's range. As the player 
approaches the aerial, the generated frequency drops and the 
output across the resonant filter rises. Suitably rectified, this 
signal becomes a control voltage which is employed to alter 
the gain of the final audio stage. 
The complete instrument thus has the ability to change 

pitch and volume and thereby produce articulate musical 
phrases. It is generally played with two hands; one to adjust 
the pitch, the other to adjust the intensity. 

Electric pianos 
The most famous electric piano is, without doubt, the Fender 
Rhodes. This — and its many imitators — is actually more of 
an electronic Glockenspiel, or Vibraphone, than an electronic 
piano because the sound producing mechanism is formed 
from struck metal bars. The hammers striking the bars are 
actuated via a conventional keyboard mechanism. 
Fender's Rhodes Piano dates from the early forties when 

Harold Rhodes, an American serviceman, built a 'baby 
Piano' in which metal rods were struck directly by the wood-
en keys themselves. It was an immediate success with the 
servicemen, for whom it was built to entertain, and hundreds 
were constructed. 
Later on, an adaptation of the electric guitar type pickup 

was added so that the piano could be amplified. It was this 
unit that attracted the attention of guitar maker Leo Fender 
and thus the Fender Rhodes, as we know it today, was born. 
The operation of a Rhodes is simple. The wooden key acti-

vates a hammer via a cam. When the key is depressed, the 
dampers are lifted above the sounding bars which are struck 
by the hammer. This bar, known as a tine, vibrates and dis-
turbs the magnetic circuit formed by the permanent magnet 
within the pickup. The movement is thereby transduced into 
an electric current. 
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Figure 8 is an illustration of the Fender Rhodes action.3 
Compare this illustration with that of the electric guitar pick-
up and the waveform generation mechanism of the 
Hammond organ. 
The Fender Rhodes was made in two types; a Stage model 

which was entirely passive — just like a guitar — and a 
Suitcase model which required mains to power the integral 
amplifier. The physical nature of the mechanism permitted a 
large variation in expressive tone by means of the force used 
to strike a key. In addition, the keyboard had naturally 
unlimited polyphony. These factors ensured the Rhodes was, 
and continues to be, a widely used instrument. 

Martenot 
The Ondes Martenot was invented by Maurice Martenot, 
professor at the Ecole Normale de Musique in Paris. The 
words Ondes Martenot literally translate to Martenot waves. 
The first model was patented in April 1928 under the name 

"Perfectionnements aux instruments de musique electriques," 
which means "improvements to electronic music instru-
ments." 
Early versions bore a close resemblance to the Theremin. 

They consisted of two table-mounted units controlled by a 
performer who manipulated a string attached to a finger ring. 
They relied on the body's capacitance to control the sound 
characteristics in a manner very similar to the Theremin. The 
string device was later incorporated as a fingerboard strip 
above a standard keyboard. 
The Ondes Martenot was first demonstrated in Paris 1928 

and it won first prize at the 1937 International Exhibition of 
Art and Technics. Many of the first composers to hear and 
take up the instrument were fascinated by the sounds it could 
produce, as it combined great responsiveness to touch with 
its eerie and ethereal electronic tones. 
The instrument became popular among members of Les 

Six in France — particularly Milhaud and Honegger. One of 
the early virtuosi of the Ondes was Martenot's sister, Ginette 
Martenot. Later instruments also had a bank of expression 
keys that allowed the player to change the timbre and char-
acter of the sounds. One version even featured micro-tonal 
tuning. 
Martenot's aim, to produce a versatile electronic instru-

ment that was immediately familiar to orchestral musicians, 
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paid off. The Ondes Martenot is probably the most widely 
accepted of all electronic musical instruments in the classi-
cal oevre. 
The Ondes Martenot therefore has a surprisingly wide 

repertoire; far wider than that of the Theremin. Works were 
written for the instrument by distinguished composers 
including Olivier Messian and Edgard Varese. 
Messian orchestrated the Turangalila Symphonie and Trois 

Petites Liturgies de la Presence Divine to include the instru-
ment. Other composers include Maurice Jarre, Jolivet and 
Koechlin. 
The Martenot often figures either as a solo instrument, as 

in works such as Marcel Landowski's Jean de la Peur, or as 
an orchestral instrument. It is employed from time to time 
within a score for certain special effects. The birdlike calls 
and trills distinctive of the work of Olivier Messaien are a 
good example of this usage. 
Other composers wrote for ensembles of Ondes, some-

times as many as eight at a time. 

Mellotron 
Beatles producer George Martin likened the the Mellotron to 
a Neanderthal piano that had been impregnated a primitive 
electronic keyboard.4 But this primitive analogue sampler 
had a profound effect on the tonal palette of popular music 
of the nineteen sixties. 
The Mellotron operated by means of a length of tape with 

recordings of real instruments on it. When a key was 
pressed, the length of tape was drawn over a playback head 
until it was exhausted, in Martin's words, "whereupon a 
strong spring snapped it back to the beginning again. This 
meant that if you held down a note longer than a couple of 
seconds, the machine would give a loud hiccup and stop 
while it rewound and reset itself." 
The Mellotron was conceived by a Californian, Harry 

Chamberlin, in the late forties. True to its pedigree as the 
world first sampler, the original model had 14 loops of drwn 
patterns and was aimed at the home organ market. 
For the next ten years, Chamberlin designed and manu-

factured a series of keyboards culminating in a two 35-note 
console machine; the first console was devoted to the 'sam-
pled' instrumental sound, the second to rhythm tapes and 
sound-effects. 

Fig. 8. Fender 
Rhodes striker. 
The wooden key 
activates a 
hammer via a 
cam. When the 
key is pressed, the 
dampers lift above 
the sounding bars 
which are struck 
by the hammer. 
This bar vibrates 
and disturbs the 
magnetic circuit 
formed by the 
permanent 
magnet within the 
pickup. 
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Fig. 9. Inside a 
Mellotron. This 

instrument 
operated by means 
of a length of tape 
with recordings of 

real instruments 
on it. When a key 
was pressed, the 

length of tape was 
drawn over a 

playback head 
until it was 
exhausted. 

In the sixties, Chamberlin hired a salesman who, frustrat-
ed by the inventor's inability to resolve various technical 
problems, took the idea to Bradmatic Ltd in England, who 
supplied tape heads for the Mellotron. He suggested they pro-
duction engineer a new model of the Mellotron and this they 
duly did. 
Unfortunately the salesman failed to tell Bradmatic that the 

concept wasn't his and, similarly, omitted to inform 
Chamberlin about the new 'arrangement'! 
After much acrimony, in 1966, Chamberlin agreed to sell 

the technology to the Bradleys who renamed their company 
Bradmatic to Streetly Electronics and commenced production 
of the mature Mellotron keyboard. 
Chamberlin continued on a parallel development path with 
a series of instruments known simply as the Chamberlin. But 
it was the Bradleys' new Mellotron keyboard that attracted 
the attention of British bands who were searching for new 

additions to their tonal palette. Amongst them were The 
Beatles, The Rolling Stones and The Kinks. 

In 1966, John Lennon composed a small phrase which 
McCartney played on the Mellotron; it was the beginning of 
Strawberry Fields Forever. This four-bar phrase alone, form-
ing as it does the opening of one of the most innovative 
records of all time, guarantees the Mellotron a place in the 
annuls of sonic history. 
The interior of a sixties Mellotron is illustrated in Fig. 9 in 

which the individual pieces of tape are clearly visible. 

Tape-bow Violin 
Akin to the Mellotron is the Tape-bow Violin, the invention 
of Laurie Anderson who was born in 1948 in Chicago 
Illinois. 
Anderson studied sculpture at Columbia University and 

engaged in various performance artworks while at college. 
After qualifying, she remained in New York where she met 
Philip Glass. 
During work with a number of electronic musicians, 

Anderson designed the Tape-bow Violin; an instrument with 
magnetic tape instead of a bow, and a playback head instead 
of strings. The musical 'sample' recorded on the bow could 
be made to play by drawing the bow across the tape head as 
in conventional violin technique. 
The invention's power lies in that variations in bowing can 

bring about very flexible sample manipulation. • 
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Music Engineering 
The Electronics of Playing and Recording 
Written by Richard Brice, published by Newnes 

• Highly illustrated guide to 
the technology of music and 
recording. 

e Written in an approachable 
style using examples of well-
known songs, this book is a 
must-have guide for sound 
recording engineers and 
electronic engineers. 

If you are an electronics engineer 
who needs specific information 
about music reproduction, or if you 
are a sound recording engineer 
who needs to get to grips with the 
electronic technology, Music 
Engineering is for you. 
This handy volume is a technical 

guide to electric and electronic 
music, including the essential 
science, but concentrating on 
practical equipment, techniques 
and circuitry. It covers not only 
basic recording techniques and 
audio effects, kit such as 
microphones, amps and 

instruments, but also valve 
technology, stereo and digital 
audio, sequencers and MIDI, and 
even a glance at video 
synchronisation and a review of 
electronic music. 
Music Engineering lifts the lid on 

the techniques and expertise 
employed in modern music over 
the last few decades. Packed with 
illustrations, the book also refers to 
well known classic recordings to 
describe how a particular effect is 
obtained thanks to the ingenuity of 
the engineer as well as the 
musician. 
Richard Brice has worked as a 

senior design engineer in many of 
Britain's top broadcast companies 
and has his own music production 
company. He is the only writer who 
can provide this unique blend of 
electronics and music. 
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and sensibility; Good Vibrations — 
The nature of sound; Stand By Me 
— Microphones and their 

Inclusive hardback price: £22.50 UK, £25 Europe, £28 ROW. 
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Electronics World, Quadrant House, The Quadrant, Sutton, Surrey SM2 
SAS. Please make your cheque payable to Reed Business Information. 
,Alternatively, fax full credit card details to 0181 652 8111, e-mail 
jackie.lowe@rbi.co.uk. 
ISBN: 0 7506 3903 
Paperback, 256pp, 150 line illustrations. 

• Copies of Richard's previous book, Multimedia and Virtual Reality 

Engineering, are still available, inclusive hardback price: £27.50 UK, 
29.50 Europe, £32 ROW. 

applications; Message in a Bottle — 
Valve technology; Roll over 
Beethoven — Electric Instruments; 
Wild Thing — Electronic effects; Pet 
Sounds — Electronic synthesis; 
Silver Machine — Sequencers & 
MIDI; Got to Get You into My Life — 
Sound recording; Bits 'n' Pieces 
Digital Audio; Space Odyssey — 
Stereo and spatial sound; Let's 
Stick Together — Recording 
consoles; Unchained Melody — 
Amplifiers; Shout — Loudspeakers; 
Synchronicity — Video and 
synchronisation; Dark Side of the 
Moon — Electronics and the music 
of the 20th century. 
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