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ABSTRACT
This paper presents the Sideband Instrument, a modular
synthesizer capable of producing acoustic amplitude modu-
lation. The instrument consists of a tuning fork, a voice
coil motor, bridge, and soundboard. Intermodulation is
produced through periodic interruption of acoustic trans-
duction using a linear actuator. Our system is compatible
with electronic modular synthesizers, computers, and stan-
dard signal generators. We compare the performance of the
Sideband Instrument with a prior prototype, demonstrat-
ing improved sideband harmonic generation, continuity and
control in the time-frequency domain.

1. INTRODUCTION
Electronic music production is increasingly accessible due
to advancements in personal computing technologies and
reduction in cost [18]. However, for many listeners develop-
ing an a�nity to electronic music is challenging due to the
abstraction of sound through loudspeakers [7, 8].
An alternative synthesis method is called acoustic syn-

thesis [4]. This involves exploiting natural complexities in
physical systems. One way in which acoustic synthesis has
been produced is with the recent expansion of augmented
acoustic instruments. These instruments utilize electromag-
netic and electromechanical actuation to access new sonic
properties in acoustic instruments [12]. However, due to
the nonlinearities present in physical systems, these sonic
properties arising through actuation alone are unwieldy to
control [5, 10, 15, 16].
To overcome challenges associated with actuated physi-

cal systems, we proposed a form of acoustic synthesis called
acoustic amplitude modulation (AAM) using time-varying
damping [6]. This paper extends the theory and concepts
discussed in [6], and outlines the design of a new intermod-
ulation acoustic synthesis instrument.

2. THEORY OF OPERATION
Acoustic synthesis is defined as the ”sound-generating pro-
cess in which synthesis is carried out in acoustical terms:
frequency, spectrum, waveform, amplitude, modulation, and
so on.” [4]. This area of research and practice includes a
broad range of augmented instrument activities, including
the resonator piano [11], the EMvibe [3], EMdrum [16], the
overtone violin [14], and SmartInstruments [1] [2]. This sec-
tion highlights our previous mathematical framework and
past models for AAM [6].

2.1 AM for Simple Harmonic Oscillators
Signal modulation describes the process of combining dif-
ferent signals to produce a new signal containing desired
properties. Amplitude modulation consists of combining a
carrier signal with a modulation signal. If we suppose a
simple sinusoidal carrier with frequency !c, this can be rep-
resented mathematically as:

A(t) = M(t)⇥ C(t) = M(t)⇥ C0 cos(!ct) (1)

where A(t) is the resultant signal, M(t) is the modulator
signal, and C(t) is the carrier signal. Then, consider the
modulator envelope function M(t) = cos(!rt), where A(t)
is of the form:

A(t) = cos(!rt)⇥ C0 cos(!ct+ �)

=
1
2
C0[cos((!c + !r)t+ �)� cos((!c � !r)t� �)]

(2)
and where � is the phase angle. A(t) includes the de-
sired sideband components in the set !AM = {!c ± !r}
in cos(!c + !r) and cos(!c � !r) shown in equation 2. By
principle of the Fourier Transform, the frequency of modu-
lation need not be constant [6]. The Sideband exploits this
fact to produce direct control of sidebands with maximal
responsiveness.

This is extended to a dynamic physical system repre-
sented through the motion of a mass driven by the two
signals !s and !r, shown in Figure 2. The variables m
and k are mass and spring constants, respectively. !s gen-
erates the driving force F (t) = cos(!s) and !r produces
time-varying damping ⇠(t) = ⇠0 cos(!r). Although this os-
cillator model is su�cient for describing simple modulation
and singular sidebands [6], this is insu�cient for describ-
ing the complex behavior of our signal, shown in Figures 3
and 8.

In particular, repetition of integer harmonics and modu-
lation products in Figure 3 suggests the following extension
in Section 2.2.

2.2 Intermodulation of Nonlinear Systems
Most periodic physical systems behave as nonlinear oscilla-
tors, resulting in more complex signal generation [17]. Many
of these systems can be represented as a collection of sinu-
soidal waves or a Fourier series. To illustrate, assume we
have a sinusoidal modulation signal and finite sum for the
carrier:

M(t)⇥ C(t) = cos(!rt)⇥
X

i2I

ai cos(!it+ �i)

=
X

i2I

ai

2
[cos((!iAM)t+ �i)]

(3)

where ai is the coe�cient, !i the frequency, and �i is the
phase for each component. The sideband components !iAM
are the sum and di↵erence of !r and each !i. In other
words, all frequency components undergo modulation, veri-
fied in Figure 8. In this view, one can treat each frequency
component as undergoing the process outlined in 2.1. How-
ever, this does not fully explain the multi-sideband phe-
nomenon present in the spectrograms shown in Figures 3
and 8.



Figure 1: Sideband synthesizer instrument, consisting of three modules: modulator (left), soundboard
(center), and carrier (right).

Figure 2: Free body diagram describing the dy-
namic physical system of AAM

Both the Sideband and AAM Prototype can also be seen
as a nonlinear system driven by the carrier and modula-
tor signal. Intermodulation occurs when nonlinear systems
are driven by two or more signals, whose extent is classified
based on their order. For example, a system of order K the
frequencies follow the general form a!c+ b!r where a and b
are integers and a+ b  K. The weights of these sidebands
can be determined through expansion of coe�cients [9].Ta-
ble 1 show the first three intermodulation products.

3. SIDEBAND INSTRUMENT DESIGN
The minimal components required in our system to produce
acoustic amplitude modulation are a harmonic oscillator,

Table 1: Intermodulation Components
First Order !c,!r

Second Order 2!c, 2!r,!c + !r,!c � !r

Third Order
3!c, 3!r, 2!c + !r, 2!c � !r

2!r + !c, 2!r � !c

time varying damping system, and a soundboard or some
other type of resonator [6]. Our first approach, shown in
Figure 4, used Equation 1 as a starting point for modu-
lating the carrier signal. While the AAM prototype pro-
duced acoustic amplitude modulation, the method involved
periodic dissipation of the harmonic oscillator’s resonance.
Damping the carrier directly diminished the strength and
continuity of the generated sidebands. This approach fur-
ther reduced responsiveness since the harmonic oscillator
required additional time to regain peak resonance.

In the Sideband Instrument, we moved to a modular sys-
tem approach shown in Figure 1. This resulted in the cre-
ation of the following three primary components: the Car-
rier (Figure 5), the Modulator (Figure 7), and the Sideband
Oscillator with soundboard in (Figure 6). The Carrier and
Modulator inject their respective signals into the physical
oscillator system. From a technical perspective, it is use-
ful to view the Sideband as a functional system based on
our previous framework [6]. The functional breakout is as
follows:

1. Acoustic Carrier Harmonic Oscillator: A driven
harmonic oscillator composed of an EM actuator and
a tuning fork.

2. T-Frame Bridge: A bridge fixed at two points on the
soundboard supporting a tuning fork harmonic oscil-



Figure 3: Spectrogram illustrating a frequency
sweep test response from the AAM prototype de-
scribed in [6]

Figure 4: Acoustic Amplitude Modulation Proto-
type [6]

lator. This acts as an interface between the harmonic
oscillator, modulating mechanism, and soundboard.

3. Time Varying Damping System: A linear voice
coil motor with a felt covered stinger pushes slightly
on the side of the tuning fork. Motion is produced
through the intermittent contact between the stinger
and tuning fork, limiting transduction of the modula-
tor signal.

4. System Output and Isolation System: A sound-
board resting on sound isolation foam with a piezo-
electric guitar pickup.

The Sideband Instrument can be regarded in the modu-
lar framework and functional framework as described above.
Although the tuning fork had been initially conceived as a
harmonic oscillator, it is the entire nonlinear oscillator sys-
tem, consisting of the tuning fork, bridge, and soundboard
system that is driven. The inclusion of the T-Frame bridge
plays an important role in the coupling/decoupling func-
tion between the harmonic oscillator and the soundboard,
but the exact operation of this component is still an area of
inquiry.

3.1 Functional Framework System Design
3.1.1 Acoustic Carrier Harmonic Oscillator
This functional unit consists of the EM Actuator and the
tuning fork. A tuning fork harmonic oscillator produces
the acoustic carrier signal in the Sideband Instrument. The
symmetric tine movement of the fork e�ciently generates
sinusoidal motion in the stem. A cylindrical EM actuator
at the end of a goose-neck drives the tines of a steel tuning
fork at half or one-fourth its natural frequency. The driving
frequency is doubled as both positive and negative magnetic
flux attracts ferromagnetic objects [12]. Since the carrier
signal can be varied, tuning forks with di↵erent frequencies
can be interchanged. The goose-neck EM actuator provides
an easy way to adjust for height di↵erences. An eighth inch
jack inputs directly from the carrier actuator unit into a
standard signal generator module.

Figure 5: Sideband Carrier consisting of a electro-
magnet actuator seated in a detachable goose-neck
arm connected to a base.

3.1.2 T-Frame Bridge
This functional component exists as part of the Physical Os-
cillator. Displacement of the fork tines determines the am-
plitude of the periodic output signal, since the motion of the
tines directly a↵ect the motion of the stem. The stem then
physically transduces energy into the three-cantilevered T-
Frame bridge. The nonlinear signal pattern is amplified
through the bridge’s loose coupling with the soundboard.
The bridge described in this paper was 3D printed with
ABS plastic.

3.1.3 Isolation and Amplification
To amplify the desired acoustic signals, we employ a thin
wooden soundboard acoustic resonator similar to surfaces
commonly used to amplify tuning forks. Di↵erent sound-
boards produce harmonics with di↵erent weights, and is
itself a modular component of the Sideband Instrument.
Each module has an isolation feature. Non-active compo-
nents such as acoustic vibration damping foam, resin boxes,
acrylic bases decouple the noise from the EM magnets and
Voice Coil motor. Sound isolation pads under the wooden
soundboard further reduce propagation of noise through a
table or stand.

The sound board is made from cedar, with the dimen-
sions 381 mm, 254 mm, 12 mm (L,W,H), resting on laterally
configured hardwood stands with the dimensions 152 mm,
25 mm, 25 mm (L,W,H). 3D printed resin boxes produced
on an Objet printer provide sound isolation and damping
from free components in the system.



Figure 6: Sideband Oscillator consisting of a tuning-
fork harmonic oscillator seated in a T-frame bridge
resting on a cedar soundboard seated on a foam
block.

3.1.4 Time Varying Damping
We employ time varying damping using a spring-stabilized
linear voice coil motor. This applies mechanical force to
the stem of the tuning fork causing it slightly pivot. Since
the tuning fork is coupled to the bridge, the contact sur-
face of the T-Frame bridge is periodically shifted due to
the motor’s motion. This corresponds to a non-sinusoidal,
periodic modulation signal. The natural frequency of the
tuning fork is unaltered since the the tuning fork’s motion
is minimal and its position relative to the electromagnetic
field is unchanged. This o↵ers improvement over the proto-
type system, where tines were dampened directly to mod-
ulate the carrier, resulting in energy loss and inconsistency
in sideband production [6].

Figure 7: Sideband Modulator consisting of a voice-
coil motor, leather stinger, mounted on a resin box
and acrylic base

4. EXTENSIONS AND CONCLUSION
4.1 Analysis
Figure 8 shows a modulator frequency sweep from 4Hz to
441Hz and back to 4Hz over 80 seconds, with a carrier fre-
quency of 349Hz. We captured the signal from the sound-
board using a piezoelectric acoustic guitar pickup with a
standard digital recorder at 24-bit and a 44100Hz sample

rate. The observed e↵ect is of order at least 15. The hor-
izontal lines are the carrier signal and its multiples, and
the triangular extensions from 0HZ is the modulation fre-
quency. The multiple horizontal lines are the collection of
!i in Equation 3, and the modulating frequency !r is now
a set of intermodulation product frequencies !iAM for all
i 2 I. Higher order intermodulation produces the multiple
triangular extensions, extending from the multiples of the
carrier signal and producing self-symmetry within the Spec-
trogram. At times such as 33 seconds, the intermodulation
products converge to produce striations. The frequency at
that time has been shown as the Fifth below the carrier,
consistent with the ring modulation technique used in rock
and electronic music to produce subharmonics [13].

The frequent breaks in Figure 3 of the original AAM Pro-
totype suggests the sideband components of the Sideband
Instrument is stronger and more consistent. Since the car-
rier is not directly dampened in the new system, the modu-
lation preserves the carrier strength. Given that the system
is physical, musicians can actively control the weights of the
sideband components manually.

4.2 Extensions
Selection of materials is an important feature of acoustic
synthesis systems and EM augmented instruments [4, 11].
The Sideband Instrument accommodates di↵erent combi-
nations of soundboards, bridges, dampers, and harmonic
resonators to produce variations in timbre and control. For
example, soundboards with di↵erent densities and shapes
produce subtle variations in filter and response. Materi-
als, such as metal, produce harsher contact noise resulting
from the interaction between the tuning fork and the hard
surface. Utilizing di↵erent bridge materials also results in
an increase or decrease in the amplitude (dB) of sideband
frequency components.

Further extension of the instrument is achieved by in-
creasing the number of carrier and modulator components
operating on the same soundboard. This produces a multi-
degree of freedom version of the instrument system. For
example, a soundboard housing two tuning forks and two
modulators would produce the modulation of four signals.
Adding more modules would further expand the number of
injected signals by multiples of the intermodulation index,
the result of which would be an increase in complexity of
both the temporal behavior of the system and the signal
output.

4.3 Conclusion
In this paper we have demonstrated that the Sideband In-
strument and function design improves upon the previous
AAM Prototype described in [6]. By changing the connec-
tion between the oscillator and soundboard, direct and in-
stantaneous modulation is produced more e�ciently by pre-
serving energy in the harmonic oscillator, producing stronger
and more consistent intermodulated components.

Harnessing natural complexities found in physical sys-
tems produces richer timbrel possibilities as compared with
similar electronic methods, and variations of sound and
modes of interaction are possible via exchange of di↵erent
materials, components, and modifications. ⇤.

⇤For a video demo of the Sideband instrument, visit: https:
//vimeo.com/189738413/ea40698dad. Additional media,
and designs available at: https://goo.gl/ssbrSs



Figure 8: Spectrogram of the Sideband instrument frequency sweep performance test
Spectrogram of the Sideband instrument, illustrating a frequency sweep from 4Hz to 442Hz and back to 4Hz over 80

seconds, with a carrier frequency of 349Hz.



Figure 9: Live performance control using a keyboard interface. Immediate modulation allows for instant
discrete and continuous control.
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