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We discuss some of the interesting physics behind the design and operation of the Theremin
electronic musical instrument. To complement the theory we present details of a parallel effort to
construct two versions of this remarkable instrument. One of these designs remains fairly faithful to
the traditional beat frequency oscillator approach that first inspired Theremin’s invention, while the
other contains more modern electronics that helps make more reliable the setting up and use of the
instrument. The emphasis on the physical principles continues into a comparison of the two
instruments. Following completion, the Theremins have been extensively used in public and schools
science exhibitions and in lecture demonstrations. 1998 American Association of Physics Teachers.

[. INTRODUCTION II. PHYSICS OF THE THEREMIN ACTION

he Atthe heart of the original Theremins and indeed most of
dhe subsequent designs, there are one or more beat-frequency
oscillators (BFO9. These are used either directly or indi-
hrectly to generate the tone of the instrument and control its

the occasional concert performance or soundtrack ge \éOIU.meéj t‘)rhte][e are many” DUbI'Ca:['O?S d?;[]a'“nﬁ _suclh
Theremin is unique in that it is played without there being@€s!9Nn>" but Tor now we will concentrate on the physica

any physical contact whatsoever between the performer arfppects of the BFO action. Let us first consider the produc-

the instrument. The pitch of the instrument is controlled by©n ©f the tone with a BFO containing two oscillators gen-

the proximity of the player's hand to an antenfraounted ~ ©rating independent signals at angular frequeneigsand
vertically in the original design A second antennéradi-  @2- The basic concept is shown schematically in Fig. 2.
tionally mounted horizontallysenses the proximity of the
player's other hand and controls the volume of the tone.
The experience of playing the device is quite different The outputs of the two oscillators may be expressed math-
from that of performing music with most other types of in- ematically asA; sin w;t and A, sin w,t. The BFO action is

strument. A seasoned performer is able to associate points {Aat of a heterodyne mixer which multiplies these two signals
space with given notes, rather like having the ability to see §ogether providing an outpt,,, given by

piano keyboard that is invisible to everyone else. For both ) )
experienced and beginner players, the playing technique is Vour=A1A2 SiN w;t SIN w,t, (1)

akin to a continuous negative-feedback mechanism; theé PQghich can be expanded using a standard trigonometric iden-
sition of the player’s hands defines an auditory input whichyjty 1o yield

the brain then processes, whereupon the positions of the
player's hands change in order that the desired note can be
converged upon and sustained. Expert Theremin players

have been few and far betwéénwith only a few names _ .
reflected upon when the instrument is mentioned. Perhap¥h€reéA=A;A,. Thus the output signal of the BFO has two

not surprisingly, even the renaissance of the instrument iff€duency components; one at the difference of the indi-
popular music circles over the past few years has uncoveredual oscillator frequencies and another at the sum of the
no real original style or talent to rival the virtuoso performerSOSC'"atOr frequencies. By using a low-pass filter, the signal
that there have been. at the sum of the oscillator frequencies can be almost com-
In this article we will discuss some of the physics behind
the design and operation of the Theremin. The instrument is
commonly regarded as rather difficult to construct well, and
indeed many enthusiasts believe that nobody has been able to
surpass the quality of operation of those early vacuum tube -3 \
instruments built by Theremin himself and subsequently C/ B Lo g
commercially produced under patent. However, we can at- ™
tempt to use some basic physics in order to overcome some
of the common design problems, and to help with this, we
will present two successfully built versions of the instrument,
photographs of which are shown in Fig. 1. While our article
WQUId be incomplete i-f we did not offer these deSig-nS toiFig. 1. Photographs of the completed Theremins. The instrument on the left
StImUIate. further eXperlmem’.We d(.) not want FO Iqse sight o is based on an analog design quite similar in theory to Theremin’s original
the physms hel’e. Th_us we W'II avoid communicating Iength_ydesigns. The instrument on the right contains more sophisticated electronics
technical detail, leaving that instead to personal requests Witficiuding many digital ICs, although the fundamental physical principles
which the principal author will be pleased to assist. that form the player’s interaction with the device remain the same.

In 1921 the Russian physicist Leon Theremin gave t
first public demonstration of his musical instrument that ha
since become known simply as the Thererifiheremin
died in November 1993, but his instrument lives on throug

A. The beat-frequency oscillator

A
VoutZE [cof w1 — wy)t—COg w;+ w)y)t], 2
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can be introduced simply by a semiconductor diode. Of

l . BFO Module " course, these are the principles employed in the early radio
| | oscillator 1 i demodulation circuits which relied upon the nonlinear prop-
3 A;sinmgt tone | erties of “cat-whisker” junction diodes to channel signal
“ low pass OUtpUti from a high carrier frequency down taudig sideband fre-
; fiter [ °* : quencies.
r | oscillator 2 mixer ‘ We should take stock of some of these important prin-
| Asinoyr | ciples of physics that turn up in radio theory, and it is not
| surprising that we should come to them so rapidly here. After
\

all, Theremin originally had the idea for his instrument while
Fig. 2. Simple schematic of a BFO used as a building block in Thereminworkmg on short-wave radio equipment and capacitive sens-
degéigr}. P 9 ing apparatus during the Civil War in Russia. Fortunately, he
was encouraged to work on his instrument, achieving ac-
knowledgement for his first musical demonstrations at the
pletely attenuated, leaving only the Fourier component at th&ighth Electrical Engineering Congress in Moscow in 1921.
difference frequency Over the following years, much advancement in radio re-
search, particularly in Russia, was motivated by darker mili-

v :ﬁ COq w1~ w)t 3) tary application$, but the instrument had already been suffi-
our—2 @17 @2 ciently well introduced to the world, and three companies
The basic Theremin action is to alter very slightly the fre- :gtc;ufénz%SRCA had engaged in its mass production by the

quency of é)ne3of ;he Wo (l)scilllators st_o tht?]t. the beh‘i‘t frz— Returning to Eq(3), we could state that the cleverness of
quency in Eq.(3) changes also. In practice this is achieve Theremin’s idea is summed up in the discussion following

by building one of the oscillators in such a way that they,, s ation, that the small capacitive effect of the player's
capacitive effect on the pitch antenna by the player’s han and is up-converted to a perceptively significant change in
shghtly tunes the OSC'”at(.)r' Now, the presence_of t_he pIay'audio frequency. The practical issues perhaps become more
ers hand is not a very significant .effect, resulting in a Ca'evident; we seek to build two independent oscillators one of
4 : . Qfhich is very stable, the other being linked to the pitch an-
later. However, if the oscillator frequency is arranged to betenna. The nominal frequency of each should be high, cer-
very high, say arour?d 1 MHz,_then We require only a fre'tainly radio frequency, and identical when no player is near
quency change of 1:1000 to give an offset in the beat freg, o "ot ment, whereupon the fractionally small change in
quency ofll kHz. This is a S|g_n|f|cant fraction of the musical antenna capacitance introduced by a player's hand transfers
scale, being over four musical octaves above the Iowe{0 a significant change in the beat frequency. In a well-

thrfsthold of thefaud|o hearmtgtranlgr_ound 50 l-:‘ith hvsi designed instrument the beat frequency can be increased es-
. eh lis. pause for a Thomet? 0 C.a“f3|’ some of the p yﬁlp entially from zero when no player is near to many kilohertz
In what IS going on in the above signal MIXing process. 1S, hen the player is almost touching the antenna. We will now

important to reall_se that the above mixing Is not the same AGiscuss some aspects of the capacitive effect on the antenna
adding the two signals, perhaps an obvious enough observgs i< 'sq crycial to achieving a good Theremin action.
tion at first. However, adding the signals will also lead to the

production of beats, as can be found in most introductory

physics texts under superpositions of waves, and as pointed

out to us by many students who were puzzled when show capacitive influence of the player

that simply adding the two oscillator signals produced no

tone in a speaker. The point to realise, which perhaps often Before we can investigate the effect of the player on the
goes unemphasized but which comes to light immediatelyntenna capacitance, we first must appreciate the effect of the
with experiment, is the following: When addiriguperpos-  antenna capacitance on the actual oscillator frequency, and
ing) two waves of slightly different frequency the beats pro-hence the Theremin pitch. In order to do this, it is better to
duced are amplitude beats, modulating only the power of th@ave a design to make reference to, so now we will introduce
combined waveform. There is no actual power at the beagur first version of the instrument: the “traditional” analog
frequency in this case. However, in taking the product of twomachine. The circuit schematic is shown in Fig. 3. The sche-
waves, you do actually channel power into new frequenciesmatic includes the electronics for both the pitch and volume
namely the sum frequency and differeng®a) frequency. control, but for now we are interested only in the pitch cir-
Another way to look at it is in terms of a Fourier expansioncuit. We have sectioned the schematic in Fig. 3 to highlight
which, for a given signal, indicates the distribution of ampli- the important circuit blocks. We need to consider the block
tude or power over frequency. In the case of a superpositionitled pitch oscillator 1, for it is the frequency of this ocillator
the Fourier expansion is already determined by the terms thalhat depends on the antenna capacitance. Although the circuit
represent the signals you start with, whereas in the case @oks complicated, the basic physics can be extracted from
our product here, it is the terms in E() that form the only a few components located around the pitch antenna, at
Fourier components. We could mention in passing that theéne left-hand side of the diagram. For clarity we will make
superposition idea can work to produce real signal power afeference to Fig. 4 which shows the basic oscillator in greater
the difference frequency, but only if we introduce some sorigetail. This is a Colpitts ocillator which uses off-the-shelf
of nonlinearity into the adding process. For example, a signatkomponents and can be more readily made than many other
proportional to the square ok; sinw;t+A; sinw,t would  popular designs, such as the Hartley circuit which requires a
generate cross terms that can be reduced to identify a wawpecially tapped inductor. The oscillation frequency is given
with frequency (;— w5)/2. In practice such nonlinearities by
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Fig. 3. The complete analog Theremin circuit showi{agthe pitch control circuitry andb) the volume control circuitry.
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player’s hand is a closer distaneérom the antenna, we will
denote the modified capacitance@gx). In view of Eq.(4)
and the fact tha€C,(x) =C+ Cg+ Ca(X), we can then write

whereC, can be regarded as a parallel combination of thehe frequency of the Theremin torie as

circuit component valu€, the antenna capacitan€g , and

all other stray capacitances between the circuit and the an- 1

tennaCg. It is the value ofC, that our Theremin player will
adjust. The instrument is initially set up so thaj takes a

1/2]CpA=Ca(X)

(5

1 1
fr=—— ||
T 2mL (Cl (C+CstCp)

Ca=CalXg)

value that causef, to match the resonant frequency of pitch Now we need to consider what antenna capacitance we
oscnlator 2 in Fig. 3 yvhen the player |s_at a suitable initial might expect for a typical design. In our analog Theremin
distancex, from the pitch antenna; we will denote the value shown in Fig. 1, the pitch antenna is mounted as a vertical

of antenna capacitance for this caseGgXxq). When the
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Fig. 4. Diagram of a transistor oscillator following the Colpitts design,
highlighting the components that determine the resonance frequency, and Theremin round plane
hence affect the Theremin pitch. cabinet g p .
2 (extrapolated interperatation

of the effect of player's hand)

can be deduced from potential considerations regarding cy-
lindrical lines of charge in space. However, invariably these
calculations do not consider the complex effect of the anFig. 5. A first approximation to the effect of a player's hand on the capaci-
tenna being near earth and it is more appropriate to cite rgance of the antenna can be deduced if we extrapolate the vertical hand to a
sults from the field of radio engineering where formulae existground plane and model the result using an image antenna.

for the capacitance of vertical antennae in realistic configu-
rations. For example, after converting the expressions founﬁ1
in Termar to S| units, we can obtain the capacitance of the
antenna in the absence of any player, which we will denot
by Ca(c0), using the formula

e player’s hand and arm rather like a horizontal strip along
he ground plane of Fig. 5 with a width typically around a
enth of the antenna height. Since the contributions to the
capacitance decay with distance, we can neglect the correc-

2megh tion caused by the arm not being infinitely long, and take the
Ca()= ~2n. (6)  antenna height to be the reference rather than the infinitely
IOg(F) —k high ground plane in judging the correction factor. To obtain

some idea of the magnitude of the effect, we can calculate
where h and d denote the height and diameter of the rodthat a player holding his or her arm 10 cm from the vertical
antenna respectivelye, is the permittivity of free space antenna produces an additional capacitance of only 0.4 pF.
(8.85<10 2 F m™Y), andk is a constant depending on how The modified antenna capacitariCg(x) is thus given by
far above the ground the antenna is mourled 0.4 for an ~ Ca(*) +AC,, and with the help of Eq(5) we can now
antenna mounted almost at ground l¢v@aking the values derive a relationship between the Theremin pitch and the
h=0.5m, d=0.01 m, andk=0.4 we obtainC,(=)~7 pF. player’s proximity to the antenna. It is instructive to view
We can neglect the stray capacitance for now since it wilfNiS dependency graphically for the parameter values rel-
most likely be small compared wit@; in the oscillator cir- €vant to the instrument described here. .
cuit (100 pF in Fig. 3. Wg ha}‘vg done this |’r’1 the plqt of Fig. 6 which ghows the
Next we should investigate how much change in antenng1USICaI air-key-range” of the instrument vs playing prox-

capacitance might be expected when a player brings his d i.ty for an instrument that has bgen initially tuned so that
her hand near the instrument. One approach would be tbr IS nN€arly zero for a player stangjri m from the antenna.

consider the player's hand as a ground plésfeinfinite ex- Note that at this distance it is the player’s body that forms
teny approaching the antenna. This will give a many-timesthe dominant capacitive effect, and therefore we cannot take
overestimate but at least allows us to make some initial headhe lower bound in Eq(5) to beCa(=) as perhaps might at
way into the problem. In Fig. 5 the presence of the playerdirst be thought. N . _
hand (ground plang can be modelled as the addition of an  Figure 6 shows that the Theremin’s musical key pattern is

duced from standard results for a twin-cylindrical linear behaviour when the player is very near to the antenna

conductor® The extra capacitana&C, is given by (the linear behaviour is also deviated from when the player is
very far from the antenna although this is not so obvious

meoh from Fig. 6. The behaviour shown in Fig. 6 agreed rather

ACp~ ax\ @ well with experimental data gathered from the instrument

10 Io% F) itself. The musical transfer function suggested by Fig. 6 is

realised when trying to play the instrument, for it is always
where it is assumed that the player proxinitis somewhat easier to perform in a key transpose which occupies the cen-
larger thand. We have included a reduction factor of 10 in tre of the linear range. If, during a performance, the player
Eqg. (7) to balance the overestimate that the formula wouldbegins to veer toward the antenna, then the movements of
otherwise give. We justify this in terms of further modelling fingers, let alone the entire hand, cause rather large pitch
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guencies become similar. On the other hand, the effect of

frequencyf;m Analop Therenin pitch and misical scale versiss lock-in is used to advantage in high power Nd:YAG laser
H2) 250 proximity of player's hand from antenna systems, where a high power but noisy laser cavity is ch_ked
to a quieter more stable low power laser through the injec-

2000 tion of some of the stable light into the high power laser
17608z octaves of 'A’ cavity > What we want to emphasize here is that the concept

15004 of locking is very much a general principle of physics, al-
though the precise coupling mechanisms for a given situation

oooy| | 880Hz can be quite different.

scol| | \40Hz In the case of the Theremin BFOs, we might have capaci-

N{Ofﬁ,wﬂz $5Ex tive or inductive cross talk between the oscillator circuits, or

o e T . ground currents and power supply ripple to contend with.

(m) The diagram in Fig. 7 shows qualitative linewidth curves for

the Colpitts oscillators in Fig. 3. The locking effect is made

antennall T more problematic when the linewidth is wide compared with
the frequency offset from the other oscillator, as is the case

— for the fairly low-Q circuit of Fig. 4. However, some simple

proximity x steps can be taken to reduce the problem. First, electromag-
: netic cross talk can be suppressed significantly by separately

screening each oscillator. Ground currents have to be
Fig. 6. The relationship between the Theremin tone frequency and the proxavoided as much as possible by the use of a good common
imity of the player’s hand to the pitch antenna, and how this relates to th@round mecca to which all oscillators are connected. Power
effective musical key range for the instrument. supply decoupling must be included which can take the form

of series inductors with capacitors to ground at the power

entry points of each oscillator; this will attenuate any high

excursions. A characteristic of the Theremin playing style isfrequency ripple on the dc supply linEsWithout these mea-

the ease with which a player can induce vibrato on the tonesmes, the Theremin circuit of Fig. 3 would lock at a few

Lna\r?gvivsog:cl)%gi Igspr:gtjité;p;ﬁilg %Fflittavimgg ﬁg;"%;gmi hundred hertz, seriously affecting the useful range of the
hallmark of the Theremin sound ' fﬁstrument_. In Fig. 3 th_e 100 resistor and 47+F capacitor
: to ground in each oscillator form a decoupling filter, where
_ the components are connected at the power supply entry
C. Lock-in effect and low frequency performance points to each oscillator. In addition, series inductors in the
In this section we will show how some basic physics canPOWer line outside; eag:h oscill_ator provide additional decou-
help draw attention to a common problem with ThereminPling (not shown in Fig. 8 With the system carefully de-
low frequency performance, ahead of any construction. Théoupled, modularised, and with each block screened as
effect that must be suppressed is the tendency for two fre8hown in Fig. 8 we managed to push the locking effect down
oscillating systems of similar frequency to synchronise toelow 50 Hz so that the player is unaware of it.
gether and run at a common frequency. In the Theremin, this
would cause a problem if the locking happened at a be ; i ;
frequency above the hearing threshold, causing a sudden cqe%l Tuning and playing the analog Theremin
sation in tone, rather than a smooth decrease in pitch when The broad linewidth of the oscillators in an analog Ther-
the player moves further from the antenna. emin design permits a large drift of running frequency, in-
The locking phenomenon is seen in various physical sysfluenced, for example, by thermal drifts in component val-
tems. For example, in a ring-laser-gyroscope, a signal prodes. The instrument can often require tuning when switched
portional to the absolute rotation of the device is derivedon and possibly fine adjustment thereafter. In order to avoid
from the difference in mode frequencies of two counter-the inconvenience of having to open the cabinet and trim an
rotating laser beams in an optical ring cavityin this case, oscillator frequency every time the instrument required ad-
the scattering of light at the mirrors causes a small quantityusting, we included a novel electromechanical tuning con-
of light to be exchanged between the two modes, reducingrol. The control shown in Fig. 9 consists of a simple disk
performance at small rotation speeds where the mode freeapacitor which appears in parallel with the antenna. The

@~ 0y, <<A®
1 .
m2 coupling
mechanisms common

5 frequency

0 @ o
Fig. 7. Coupling mechanisms, which may be of relatively high order in the system, can lead to the synchronisation of the two free running oscillators.
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Fig. 8. Block diagram and photograph illustrating how the various circuit modules of the analog Theremin were individually screened and interconnected. The
ground originates from the power supply and is used to ground the chassis of each fixed oscilldia. bitive oscillators not connected to the antefnae
Subsequent ground lines are made via the shielded cable carrying the signals to other boxes.

disk spacing is controlled by a long plastic shaft which is Now that tuning the instrument is relatively straightfor-

terminated via a threaded collar on the left-hand side of thevard, there is nothing to prevent practising and playing mu-
cabinet. The long shaft was included so that the player casic with the Theremin. However, we should note that another
turn the tuning control without confusing the adjustment bypotential problem is the detection of radio signals, and the
coming too close to the pitch antenna. By turning the contropickup of other electromagnetic fields, by the antennae of the
knob, the spacing between the plates is finely adjusted, thiastrument; we observed this phenomenon for some time in

extra capacitance given by our own machine before retuning the oscillators. It may be
e p2 Wise to research the frequ_encies of local radio §tations before

Cs= o (g)  deciding on the frequencies for the BFO oscillators. How-

a ever, we have found that performing the instrument in an

where we are considering only air as the dielectric. Noticef"®@ Of poor radio reception and away from fluorescent light-
that Cs could be regarded as a changing stray capacitance {79 IS the best safeguard against such interference.

the previous discussion. We implemented such a control Wit%uzglﬂlénwer;gifgé lﬂ)gogomreolfﬁr?t t:whaet \\'/V;uhra\éeo?%ge%g;:
r=2cm and 6<a<1cm, giving the ability to trim the ca- y g

pacitance to any value abovel pF. During initial setup emin tone, even though we have introduced a circuit for
. . S L o i in Fig. . It is fitti i
this control is set ta~2 mm, givingCg~6 pF. This gives doing s in Fig. &). It s fitting now to introduce a more

. . > _stable design of instrument which addresses many of the fac-
a wide range of control to correct for drifts of both polarities 1.« \we have discussed above. and this is doubly convenient
in the BFO output. '

in that our new design is best introduced via the discussion
of the volume control technique.

Ill. BUILDING BLOCKS OF A MODERN
THEREMIN

As with practically any instrument, the facility to adjust
volume adds a great dimension of expressiveness to the mu-
pitch antenna sical sound produced. This facility is particularly important
in the Theremin since without it, the transition from one note
to another would necessarily always be a portamento or
pitch-bending effect. We will now discuss the volume con-
trol circuit for our analog Theremin as this lends itself well

tuning knob

volume lastic rod . . g
antenna pas:\ro ! to introducing the conceptual building block for a more ad-
\ C - 1\ vanced design; the concept is that of a proximity-to-voltage
v H converter.

A. Volume control
electronics . . L . .
l Consider again the analog Theremin circuit shown in Fig.

3. The volume circuit is shown in Fig(l® and contains the
same BFO design as the pitch control circuit in Figa)3The
output of the volume mixer is passed through a low-pass

Fig. 9. Mechanical means to adjust the capacitance between each ante - .
and ground, illustrated here for the pitch antenna. Initial coarse tuning i’;ﬁﬁer with a corner frequency of about 1 kHz. This produces

achieved using the trimmer capacitors in each fixed oscillator, but therf signal W'th,frequency and, more 'mport,anﬂx here, ampli-
subsequent adjustments can be made without the need to reopen the Thide t_hat varies In response to _perturba_\tlons in the_ _antenna
emin case. capacitance. This filtered signal is amplified and rectified and
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Fig. 10. The various stages of the digital control module whose function is to generate a dc voltage that depends on the proximity of the players hand from
the antenna. This circuit block will be referred to as a proximity dete@@ in the text.

passed through a simple integrating filter which provides age (CV), rather like in the volume control circuit of Fig.
dc control signal. This dc signal is a direct function of the 3(b). These CVs can then be used to feed into a wide variety
filtered signal amplitude which in turn depends on the posi-of devices including voltage-controlled oscillata¢COs),
tion of the player’'s hand. The integrator time constant musvoltage-controlled amplifierdVCAs), and possibly even
be chosen so that fluctuations in the dc level can respond teoltage-controlled filterVCFs). In addition it is a simple
the fastest movement of the player’s hand and is taken to bextension of our design to produce a CV with suitable range
about 0.1 s here. Once a control signal has been obtainad pole the CV gates of analog synthesizers. We could call
from the BFO in this way, it can be used to control a widethe functional block that generates each CV by the name of a
variety of electronic devices. In the circuit of Figb3the dc  proximity-to-voltage converter or proximity detect@PD).
control signal is processed so that it changes from(@lose  In the simplest Theremin, we would require only one PD and
proximity to antennato —4 V (far away from antennaThis  one VCO to generate music. To emulate the properties of a
constitutes a convenient control voltage range to apply to &traditional” machine, we would require two PDs, one feed-
JFET in voltage-controlled resistg¢ CR) mode. The JFET ing into a VCO for pitch control and the other controlling a
and the 4.7-R resistor form a potential divider across which VCA for volume adjustment.
the audio tone from the pitch circuit is connected. The output A schematic of the PD unit that we have built is shown in
is taken from the middle and ranges in amplitude from al-Fig. 10. The output of each digital oscillator is a square wave
most full input signal when the JFET resistance is higl#  with frequency set by the values & and C. Two such
V applied to its gateto practically no signal when the JFET oscillators are used in the PD, one of which is connected to
resistance is low0 V applied to its gate This configuration the antenna. The outputs of these oscillators can be com-
allows the volume to be attenuated by moving closer to théined by feeding them via buffers into an exclusive-OR
antenna, as in the early RCA units. We measured a 40-dBR) gate. By considering the truth table for this gate, given
suppression in volume using this simple design. However, alin Fig. 10, it becomes apparent after some careful thought,
the problems of lock-in and drifts in tuning apply also to thethat the output will be a signal whose rising edges occur
volume BFO. Therefore we will now introduce a more mod-roughly at the sum of the input frequencies, but whose duty
ern approach motivated by the idea of control-voltage procycle varies at the difference of the input frequencies. There-
duction described above. fore by integrating the output of the X-OR gate with a suit-
able low-pass filter, it is possible to recover a signal whose
primary Fourier component is at the difference frequency.
The signal is fed through a Schmitt trigger to produce a
A key feature of the analog Theremin design discussed sequare wave, which is then passed to a monostable trigger
far is that the output sound is directly related to the characwhich produces a series of fixed-width pulses at the differ-
teristics of the high frequency signals generated by eacknce frequency. Finally, these are integrated with a second
pitch oscillator'* Some argue that this is what gave the origi- low-pass filter to yield the output CV. Initial frequency
nal Theremins their distinctive sound, with distortion andmatching between each oscillator is achieved by the use of
nonlinearities in the vacuum tubes all contributing to thethe variableR. Since there are no inductors and a minimal
output waveform. However we may not wish to carry this number of capacitors, we can employ precision resistors and
feature here; therefore one aim of our modified circuit is thata stable type ofC in order to achieve much less drift in this
it distances the final output sound from the waveforms prodesign.
duced by the BFO blocks. Instead, the modified equivalent of Having introduced the basic PD building block, the appli-
the analog BFO is used merely to generate a dc control volteations are best left to the imagination of individual experi-

B. Proximity-to-voltage converter
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(b) Volume Control Circuitry

Fig. 11. The complete digital Theremin circuit showi¢a the pitch control electronics an@) the volume control electronics.

menters; however for completeness we will present our owispectively. We will refer to the pitch circuit first of all. We

design for a digital Theremin with pitch and volume control-
lers.

C. Digital Theremin circuit

used the ICL8038 VCO from Harris SemiconductbtThis
device produces a frequency sweep of 1000:1 when its con-
trol voltage input is varied from about two-thirds of its sup-
ply voltage to a few tenths of a volt more than its positive
supply voltage. The necessary control voltage is produced by

The schematic is shown in Fig. 11 with the pitch anda PD of the type discussed above together with appropriate

volume control blocks shown in Figs. (6 and 11b), re-
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frequency (Hz) Digital Theremin pitch and musical scale versus N_IaXimum. and minimum gain.for this VC_A correspor)(_js to
4000 proximity of player's hand from antenna pin 11 being brought, respectively, negative and positive by

aso0]  \ 35208z octaves of A" a few tenths of a volt with respect to grour_ld. '_I'he output
from the 8038 VCO can only drive rather high impedance
30001 inputs, and this accounts for the unusually high choice of a
2500 100-k) potentiometer used to attenuate the signal at the in-
2000, put of the VCA. In normal operation this potentiometer
1760Hz should be set so that when the VCA has maximum gain, no
1500 1 clipping of the signal takes place. However in practice it was
1000 4 880Hz decided to allow the input signal to be sufficiently high so as
500 | \'\"g‘jg;;zw to result in clipping of the output signal for the maximum
S 0 o gain of the VCA chip. This results in a square wave at the
O Toa T o5 T or o5 o8 os output when a sinusoidal wave is present at the input, and
' ' ' ‘ ' m) thus effectively generates new harmonics in the sound. These
harmonics are suppressed when the gain of the VCA is re-
antennalp—_ | | duced, whereupon a sinusoidal wave as pure as the input
—— waveform is produced. Further reduction of the VCA gain
\ results in a normal decrease in volume of this sinusoidal
—a proximity wave. We found it possible to produce a volume sweep of
over 80 dB with the SSM-2018 IC resulting in a range that

begins at inaudibilitywhen the player touches the antenna

Fig. 12. The relationship between the digital Theremin tone frequency angnd ends with around 20-dB amplification of the input signal
the proximity of the player’s hand to the pitch antenna, and how this relatefwhen the player is distant from the antepna
to the effective musical key range for the instrument. It is interesting to

notice that the octave interval remains fairly constant up to much higher . L .
frequency than for the analog Theremin. D. Comparison of the analog and digital Theremin

Finally, we may compare the relative attributes of the ana-
log and digital designs. From a teaching-aid point of view,
the analog Theremin is better suited for conveying the phys-

perform relevant algebra. After initial tuning, the basic PDics of the instrument. There is a clear overlap with radio
generated a CV of 0 te-1 V as the antenna was approached.theory and associated principles, as well as the other ex-
Subsequent adjustments could be made using the 10 and 58fhples of applied physics outlined in Sec. Il. Nevertheless,
kQ) variable resistors around the op-amp following the PD.the analog Theremin of the basic design in Fig. 3 does suffer
These can correct for any drift between the two oscillators irfrom disadvantages of component drift and susceptibility to
the PD and effectively replace the tuning control of the anaexternal interference. In the digital design, we sought to pro-
log design. In fact it was found that only the 10rkesistor duce an easier to operate instrument, using a control-voltage
needed adjustment and so it appears on the front panel, as fapproach borrowed in essence from the analog circuit’s vol-
from the pitch antenna as possible. We found that we couldime section. In doing so, we found the digital Theremin to
achieve a sweeping of the 8038 frequency from around 100ffer a more linear octave range up to higher frequency, at
Hz to over 10 kHz over a playing range of around 0.6m withthe expense of reduced range at very low frequency. The
the circuit of Fig. 11a). degree of linearity of the musical “air-keyboard” can be
The relationship between playing position or proximity to deduced from the plots of Figs. 6 and 12. Perhaps a clearer
pitch antenna and the frequency of tone produced is difficulivay of comparing these plots is to graph the logarithm of
to predict for the digital device, because it will involve the frequency for each instrument, since a truly linear keyboard
transfer function of PD1 as well as the VCO in Fig.(@1 range will be reflected in this graph as a straight line. We
Therefore, in order to produce a diagram equivalent to Fig. have done this for the playing range up to 0.6 m in Fig. 13.
for the digital instrument, we experimentally measured theAn even clearer way to visualize the implications for playing
transfer function from playing position through to output fre- music is shown in Fig. 14 where we have shown the effec-
guency; the results are shown in Fig. 12. It can be seen thditve key ranges over a 0.6-m playing range for each instru-
our digital Theremin preserves a constant octave interval ument. The top key range represents five octaves of a normal
to a much higher frequency than does the analog desigmiano range, and the relative distortions are shown for the
However, the very low frequency behaviour was not as goo@nalog and digital Theremins underneath. Our experience
as that seen with the analog Theremin and this perhaps r&#éas been that beginner players find the analog device the
flects the extra effort we put into decoupling in the analogeasiest to play, probably because there is a larger range of
case to avoid lock-in and achieve the sub-100 Hz perforiinearity all the way outd 1 m from the antenna, making it
mance. easier to converge on a given note. However, once a feeling
Returning to Fig. 1(b) it can be seen that the volume for the playing style has been established, the more linear
circuit is identical to that for the pitch control, up to the end upper octaves of the digital Theremin can be more skillfully
of the PD block. The extra inverter stage after PD2 wasused.
found to be necessary for purely technical reasons stemming The volume control in both instruments felt to have quite
from the requirement that touching the volume antennaimilar transfer functions from playing position to attenua-
should produce zero volume. Again, the 1Q-&ffset control  tion of volume, although we did not make any quantitative
is mounted on the case, this time far from the volume anmeasurements of this. However, the option of setting the
tenna. The VCA chosen here is based on the SSM-2018 chanaximum volume of the digital device so that the signal
sen for its relatively low cost and robust performafte. clips at the VCA output allows more expressive playing style
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equivalent i log(frequency, Hz) IV. CONCLUSION
key-range ' ©

We have outlined the physical concepts behind the design
and operation of the Theremin, making reference to an ana-
log design and taking the opportunity to present a more in-
novative digital device. The overall number of octaves that
each instrument could cover was approximately the same,
however the analog Theremin possessed better low fre-
quency performance, concentrating the upper octaves into a
narrow playing range. The digital instrument had a fairly
linear playing range extending over three octaves above
middle A. The volume circuit was arranged in both instru-
ments to null the sound level when the player's hand was
touching the antennae.

The digital circuit has much scope for expansion using
external control sources to affect the Theremin sound. For
example, adding the output of a drum machine to the dc
Fig. 13. Plots of the logarithm of frequendgquivalent to a piano key control level for the VCA(through a resistor into the virtual
range against proximity to the pitch antenna of each instrument. Musicallyground of the inverting addeallows the sound level to be
linear playing ranges are indicated with the arrow intervals. These intervalpulsed to the beat. The pitch can be modulated in a similar
can be projected onto the vertical keyboard to show immediately the musicflashion by adding in a signal through a resistor to the virtual
key ra"%ﬁeo"ehrol";’highsizcnh inssé;‘:?“elr‘; i‘r’]ﬁegngoeofor'ileghﬁf}gﬁ‘r‘;i%‘érﬁt?%round of its inverting adder stage. If variable sinusoidal
course, w usi u . : .
much wider than these Iine);r interva‘?s,ybu? skillfgul playing requires much |gnals are app"?d to these same pomt_s, then the result
practice in order to become familiar with the entire transfer function of eachVould be an adjustable tremolo and vibrato. We have
instrument. achieved an interesting variety of sounds using a combina-
tion of these techniques. Another possibility is the control of
modern digital synthesizers via the addition of a commercial
CV to MIDI converter using the PD to generate the CV. By

to be achieved. Lastly, as perhaps might be noticeable frorﬁmplo_ying a third antenna .and another PD, a VCF or reso-
nant filter block could be included to produce even more

our photographs in Fig. 1, we tried to forge a stylistic differ- : : .
P grap g ; g 4 icdnteresting sounds; however we leave the implementation of

§’uch upgrades and expansions to enthusiastic experimenters
elsewhere.

We should not forget that the Theremin is first and fore-
most the musical instrument that stimulated the birth of mu-
sic using electricity. Although it is strictly speaking an elec-
tronic musical instrument, we can still regard it in many
N ways as being more closely related to a “passive” instru-
o5 o5 os pm”mt':’;"“’ 02 o1 o0 ment than is say, the electronic synthesizer. This is due in
i I 1 i i 1 16 part to the simplicity of the tone produced, but we might also
argue that it is because so many aspects of its operation can
still be described by principles of applied physics, rather than
of electronics which can so often appear more of an art than
a science. Indeed, some of the early analog Theremins were
IDEAL LINEAR KEYBOARD unigue in providing a tone that was closer to a pure sine
NENNEEEEEEEEE wave than almost any other acoustic instrument you could
mention. Its sound is remarkably distinctive, and in one
sense, much more characteristic than the sounds from to-
day’s digital synthesizers which are sold largely on their
ability to achieve very complex timbres or realistic instru-
ment sounds. The effect of adding harmonics to the basic
Theremin-style sound is well demonstrated by our digital
design, where the signal levels from the amplifier can be
made to clip. There is teaching value to this demonstration,
which could be related to the role of overtones in defining
the acoustic timbre of other types of musical instrument. In
addition, many other aspects pertaining to the principles of
operation have teaching value, and as we mentioned earlier,
Fig. 14. A qualitative illustration showing the distorted key ranges for thethe simplicity of the analog instrument affords its strength in
analog Theremirimiddle) and digital Theremiribottom) compared with the  this area.
playing range that an ideal linear keyboard of roughly the same number of Finally, we acknowledge that an interest in Theremin's

octaves might providetop). This picture clearly shows the merits of the ;o ment would not be complete without due consideration
analog instrument at lower frequencies while also highlighting the advan- f th kabl in the life of th hvsicist hi If
tages of the digital design over the higher octaves. Note that unlike previouQ the remarkable events in the life of the physicist himselt.

diagrams, the proximity decreases to the right here in order to enable thEliS Story iS one of the most amazing SCientiﬁC biographies of
keyboards to be drawn intuitively. the twentieth century, perhaps because it enrobes an endur-

wzzzzm A keys
== middle A

digital instrument

analog instrument

off |- —— N

0.1 02 0.3 04 05
proximity to antenna (m)

endeavouring in particular to keep the analog instrumen
quite similar to the look and feel of the commercially pro-
duced Theremins of the 1920s.
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ing passion in science and society. This passion continuedamples from a multitude of Theremin designs spanning many decades; a
despite the interval of a generation when Theremin was in-,gomprehensive list may be found using Ref. 17.
voluntarily isolated. not only from the people he knew and Theremin’s disappearance from his New York apartments went unex-

- . plained for over 50 years. His wife and most of his closest friends pre-
loved, but also from the research field toward which he had sumed him dead. However in 1991, research for Steven Martin's video

chosen to direct his kn0W|edge of phys?&s. documentaryTheremin: An Electronic Odyssé@rion Classics Release,
1993 led to a remarkable chance encounter with the physicist, then aged
ACKNOWLEDGMENTS 95, in Moscow. In the film, Theremin explains how he was abducted by

the forerunner of the KGB, an act motivated by the need in Russia at the
We would like to thank A. I. Grant, J. Hough, H. Ward, P. time for expertise to expediate technological military developméittsr-
Barbour, the Honours Laboratory Staff, and the Gravitational emin: An Electronic Odysseyas premiered on UK’s Channel 4 Televi-
Waves Group in our department for their help and advice sion. Just one day after the tho_ught—provoking film was shown, Leon Ther-
throughout the circuit construction phases. Financial supporte™in's death was announced in Moscow. _
was provided by the University of Glasgow. KDS was sup- F. E. Terman,Radio Engineers HandbooktMcGraw—Hill, New York,
ported by United Kingdom Pam(,:l_e Physics and Astronomyio;  p. Harnwell, Principles of Electricity and Electromagnetism
Research Counc{PPARQ and British Petroleum/Royal So-  (vcGraw—Hill, New York, 1938.
ciety of Edinburgh(BP/RSE fellowship awards. The other . Dp. Skeldon, “A Museum Scale Ring-Laser-Gyroscope to Demonstrate
authors were all partly supported by student support grants. the Sagnac Effect,” University of Glasgow Vacation Projéoternal Re-
port 1992.
1G. Anfilov, Physics and Musi¢MIR, Moscow, 1966, This rarely cited ~ ~A. E. Siegman,Lasers (University Science Books, Mill Valley, CA,
book was translated from Russian by B. Kuznetsov and describes Ther1—31986- ' ' ' _
emin’s early research in Moscow, although it does not describe the amaz-P- Horowitz and W. Hill, The Art of Electronic¥Cambridge U.P., Cam-
ing course that Theremin’s life took after 1938, when he vanished without bridge 1990, 2nd ed.
trace from his New York apartments. 1The waveforms of each oscillator and the resulting beat waveform pro-
2since Theremin's death, there has been an ever-increasing band of populaguced by the chosen mixer all have an impact on the sound. In the analog
musicians that seem to have just “rediscovered” his instrument’s value as Theremin circuit, we used SBL-1 mixe(#ini Circuits Laboratory,RF
a source of “cult sound.” However, the Theremin has been used occa- Designers HandbogkL994. In this implementation, the two oscillators in
sionally in popular music for many decades; one famous example is the each BFO provide the radio frequengy) and local oscillato(LO) inputs
Beach Boys hit “Good Vibrations” where the Theremin and cello provide to the mixer, and the intermediate frequer(®) output from the mixer

backing melody. (which is nonstandard in being down near dc hen@vides the tone. We

3T. Rhea, “Recordings; Clara Rockmore: The Art of the Theremin,” arranged the signal levels at the SBL-1 to be just below clipgémgund
Comp. Music J13, 61-63(1989. 1.2 V) whereupon the output waveform was reasonably sinusoidal above a
“R. Moog, “Theremin Virtuoso Clara Rockmore—Recollections of Ge- few hundred hertz, beginning to distort more toward dc. However, we
nius,” Keyboard MagazinéFebruary 1994 found the output sound timbre to be very authentic compared to recordings

5In the early twentieth century there were around seven-hundred profes-of early Theremins.
sional Thereminists registered with the musicians’ trade union. It should®Harris Semiconductors have their main home page at hitp:/
also be noted that Leon Theremin’s great niece, Lydia Kavina, is an ac- www.semi.harris.com and information for the ICL8038 can be obtained

complished present-day Thereminist. using the data-sheet links found therein.

5R. Moog, “A Transistorized Theremin, Electronics World (January  ®Precision Monolithics Inc, Data Book-Analog Integrated Circuits, 1990.
1961). The Theremin home page can be found at http://www.nashville.net/
’R. Moog, “A Transistorized Theremin, Elementary Electronic§May/ ~theremin and contains many sources of reference on Theremin’s life and

June 1972 Of course, this and the previous reference are only two ex- work, including much on his “missing years.”

ENTHUSIASM

As a graduate student at the University of Hawdiieidi Hamme] recalls, she was “chided”
by the committee reviewing her thesis for her excessive enthusiasm. “I think the way one guy put
it,” Ms. Hammel laughs, “was that | spoke with exclamation marks when | talked. It's just the
way | talk. | can't help it.”

“I worry sometimes when | give talks at scientific meetings, because the style is to stand up
there,” she adds, her speech growing slower and deeper, “look very serious, and present your
results because they’re so very important.

“l don't care,” she says, “I just get up there and have a good time. | wonder if sometimes
people lose the message of what I'm talking about, because it's so different from the nprmal
scientific style, which iso boring”

Kim A. McDonald, “The Comet Drama’s Biggest Hit,” The Chronicle of Higher Education, 27 July 1994.
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