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UNDERWATER SUBWOOFER WITH
ADVANCED COOLING SYSTEM

BACKGROUND

[0001] The subject matter described in the present disclo-
sure was developed with U.S. Low frequency acoustic and
seismo-acoustic projectors find applications in marine seis-
mic survey, underwater, ocean acoustic tomography, long-
range acoustic navigation and communications. All these
applications need powerful and efficient sound sources in a
low frequency range such as frequency range 5-100 Hz.
[0002] The low frequency source can be one of various
impulse types such as explosive (e.g. dynamite), air-guns,
plasma (sparker) sources and boomers, or marine vibrators
(vibroseis) providing continuous frequency sweeps. Seismic
air-gun surveys such as those used in the exploration of oil
and gas deposits underneath the ocean floor, produce loud,
sharp impulses that propagate over large areas and increase
noise levels substantially. While air-guns conventionally are
traditional tools to image formations, structures, and depos-
its deep in the ocean substrate, they also have drawbacks
from an engineering/industry point of view. They produce
high power non-coherent sound pulses and often radiate in
directions other than those required for hydrocarbon explo-
ration. Also, their signal is not highly controllable, either in
frequencies content or stability. Marine Vibrators are a
coherent type of sound source, which can be a quieter and
less harmful technology. In addition, such a sound source
provides clearer, more precise and higher resolution imaging
of the bottom properties due to their coherent signal and
streamer array processing. Reducing and managing the
impact of oil exploration on marine mammals may be
important to oil and gas producers. Application of quiet and
highly coherent marine vibrators as a replacement for the
traditional air-gun technology has been an increasing focus
of oil and gas producers.

[0003] Current continuous wave type sources make use of
hydraulic, pneumatic, piezoelectric or magnetostrictive driv-
ers and different types of resonance systems to store acoustic
energy and to improve impedance matching, when generat-
ing low-frequency sound waves in water. The power output
of'a simple acoustic source is proportional to the squares of
volume, velocity, and frequency and needs a large vibrating
area to achieve reasonable levels. As a result, the sound
source can become unacceptably large and expensive.
[0004] Seismic sources in the form of an underwater
gas-filled balloon (or bubble) have been proposed and
patented, for example in U.S. Pat. Nos. 1,0139,503, 9,383,
463, 8,634,276, 8,441,892, 8,331,198, the entire disclosures
of which are hereby incorporated by reference herein. A
resonant bubble seismic source is a simple, efficient, narrow-
band projector. Seismic survey applications may demand a
large frequency band and underwater bubble sources may be
mechanically tuned over a large frequency band. In one
system, a projector changes its resonance frequency by
mechanically changing a length of an air-duct between two
inside resonators. This tunable bubble seismic source is
functional, but turbulent losses require large dimensions for
the tunable air duct and for the whole resonator. Further-
more, tunable resonance systems (e.g., high-Q tunable sys-
tems) may have many other disadvantages. For example:
they may be too sensitive to towing depth and water flow
fluctuations; they may have limitations on their frequency
sweep rate; they may transmit only specific waveforms with
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a slowly changing frequency; they may need a special
resonant frequency control system to keep the resonant
frequency equal to the instantaneous frequency of a trans-
mitted signal; and they may have a large start/stop transient
time.

[0005] U.S. Pat. Nos. 10,139,503, 9,383,463, respectively,
describe a broadband dual bubble resonant system and a
bubble resonator excited by an internal motor driven pistons
or by valve controlled air flow from a blower. Both systems
may be relatively inefficient and expensive; they may use a
very complicated nonlinear motor control, either by control-
ling the motor itself or valves for the blower system.
However, such systems may make it difficult to achieve high
quality linear sound reproduction. An additional problem
may be the noise caused by motor itself. Without special
silencers, shock-mounts, and sound isolation from water, the
motor noise radiates directly into the water and may cause
additional problems for sound receivers with high sensitiv-
ity.

[0006] Therefore, it appears that an improved underwater
sound source having low frequency transmission capabili-
ties would be desirable for marine seismic surveying.

SUMMARY

[0007] In one aspect, a sound source may include a few
gas filled underwater air-resonators, at least one resonator in
a form of cylindrical or spherical gas-filled bubble covered
by an elastic membrane, separating gas from water, and at
least one subwoofer speaker, moving between the resonators
and exciting oscillations of the gas pressure. The resonators
and subwoofer may be permanently tuned to different fre-
quencies, uniformly covering the working range of the
frequencies. The subwoofer may be driven by an audio
amplifier, amplifying the signal from digital-analog con-
verter of the computer. The computer is connected to sensors
associated with the subwoofer, measuring current, voltage,
temperature and the position of the subwoofer cone. The
computer may be programmed to equalize the impedance of
the subwoofer and keep the temperature and excursion of the
subwoofer within safe limits.

[0008] In some aspects, the underwater subwoofers may
be mounted on a frame in a polyhedral cluster, thereby
achieving a very large power and high efficiency. The frame
with a polyhedral structure may include suppressor fins and
keels to make it stable when towed at a high speed.
[0009] In various aspects, a submersible sound system
comprises: a housing; a housing end piece in mechanical
communication with a posterior end of the housing; an
elastic membrane in mechanical communication with an
anterior end of the housing; an end cap in mechanical
communication with the elastic membrane; and a subwoofer
speaker system disposed within the housing. The subwoofer
speaker system comprises: a magnet assembly disposed
within the posterior end of the housing; a frame in mechani-
cal communication with the magnet assembly; a voice coil;
a diaphragm in mechanical communication with the frame
and configured to be driven by the voice coil; a spider or
damper to be used as the rear suspension element for a voice
coil; a subwoofer speaker support in mechanical communi-
cation with the frame; and an interior portion of the housing.
An anterior surface of the subwoofer speaker support, an
anterior surface of the diaphragm, the anterior end of the
housing, the elastic membrane, and the end cap together
define a sealed cylindrical bubble sound source.
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[0010] In other aspects, a submersible sound system com-
prises: housing; a housing end piece in mechanical commu-
nication with a posterior end of the housing; an elastic
membrane in mechanical communication with an anterior
end of the housing; an end cap in mechanical communica-
tion with the elastic membrane; a resonator end wall in
mechanical communication with the anterior end of the
housing; a Helmholtz resonator throat disposed within the
resonator end wall; and a subwoofer speaker system dis-
posed within the housing. The subwoofer speaker system
comprises: a magnet assembly disposed within the posterior
end of the housing; a frame in mechanical communication
with the magnet assembly; a voice coil; a diaphragm in
mechanical communication with the frame and configured to
be driven by the voice coil; a subwoofer speaker support in
mechanical communication with the frame and an interior
portion of the housing; and a tuning pipe disposed within the
subwoofer speaker support. The housing, the housing end
piece, and a posterior surface of the subwoofer speaker
support together form a posterior enclosure. An anterior
surface of the resonator end wall, the anterior end of the
housing, the elastic membrane, and the end cap together
define a sealed cylindrical bubble sound source. The anterior
surface of the diaphragm, an anterior surface of the sub-
woofer speaker support, an anterior portion of the housing,
the resonator end wall, and the Helmholtz resonator throat
together define a Helmholtz resonator. The Helmholtz reso-
nator throat is configured to permit fluidic communication
between the Helmholtz resonator and the cylindrical bubble
sound source. The tuning pipe extends between the posterior
enclosure and the Helmholtz resonator and is configured to
permit fluidic communication between the posterior enclo-
sure and the Helmholtz resonator.

[0011] In yet other aspects, an underwater sound system
comprises a sound system support having a plurality of
vertices and a plurality of sound sources. The plurality of
vertices form the vertices of a regular polyhedron. The
plurality of sound sources in the vertices are equidistant
from one center of the polyhedron, which is referred to as a
phase center. Each of the plurality of sound sources com-
prise: a housing; a housing end piece in mechanical com-
munication with a posterior end of the housing; an elastic
membrane in mechanical communication with the anterior
end of the housing; an end cap in mechanical communica-
tion with the elastic membrane; and a subwoofer speaker
system disposed within the housing. The subwoofer speaker
system comprises a magnet assembly disposed within the
posterior end of the housing; a frame in mechanical com-
munication with the magnet assembly; a voice coil; a
diaphragm in mechanical communication with the frame and
configured to be driven by the voice coil; and a subwoofer
speaker support in mechanical communication with the
frame and an interior portion of the housing. An anterior
surface of the subwoofer speaker support, an anterior surface
of the diaphragm, the anterior end of the housing, the elastic
membrane, and the end cap together define a sealed cylin-
drical bubble sound source. Each one of the plurality of
sound sources is affixed to each one of the plurality of sound
system support vertices.

FIGURES

[0012] Various features of the embodiments described
herein are set forth with particularity in the appended claims.
The various embodiments, however, both as to organization
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and methods of operation, together with advantages thereof,
may be understood in accordance with the following
description taken in conjunction with the accompanying
drawings as follows.

[0013] FIG. 1 is a diagram of one aspect of a submersible
sound system comprising a subwoofer speaker system
according to the present disclosure.

[0014] FIG. 2 depicts an equivalent electrical circuit for
the submersible sound system of FIG. 1 according to the
present disclosure.

[0015] FIG. 3 is a frequency versus sound pressure plot for
the response of the submersible sound system of FIG. 1
according to the present disclosure.

[0016] FIG. 4 is a diagram of one aspect of a submersible
sound system comprising a subwoofer speaker system and a
tuning pipe according to the present disclosure.

[0017] FIG. 5 depicts an equivalent electrical circuit for
the submersible sound system of FIG. 4 according to the
present disclosure.

[0018] FIG. 6 is a frequency versus sound pressure plot for
the response of the submersible sound system of FIG. 4
according to the present disclosure.

[0019] FIG. 7 is a diagram of one aspect of a submersible
sound system comprising a dual opposing subwoofer
speaker system according to the present disclosure.

[0020] FIG. 8 is a diagram of one aspect of a dual bubble
submersible sound system comprising subwoofer speaker
system according to the present disclosure.

[0021] FIG. 9is a frequency versus sound pressure plot for
the response of the dual bubble submersible sound system of
FIG. 8 according to the present disclosure.

[0022] FIG. 10 is a diagram of one aspect of a submersible
sound system comprising a subwoofer speaker system hav-
ing a magnet assembly heat sink according to the present
disclosure.

[0023] FIG. 11 is a diagram of one aspect of a submersible
sound system comprising a subwoofer speaker system hav-
ing an anterior place Helmholtz resonator according to the
present disclosure.

[0024] FIG. 12 depicts an equivalent electrical circuit for
the submersible sound system of FIG. 11 according to the
present disclosure.

[0025] FIG. 13 is a frequency versus sound pressure plot
for the response of the submersible sound system of FIG. 12
according to the present disclosure.

[0026] FIG. 14 is a frequency versus sound pressure plot
comparing the frequency outputs of the aspects of the
submersible sound systems depicted in FIGS. 1, 4, and 11
according to the present disclosure.

[0027] FIG. 15 depicts an aspect of the submersible sound
system of FIG. 11 including a sound system control system
according to the present disclosure.

[0028] FIG. 16 illustrates an aspect of a submersible sound
system according to the present disclosure.

[0029] FIG. 17 depicts an aspect of an underwater sound
system comprising a cluster of sound sources each having a
subwoofer speaker system according to the present disclo-
sure.

[0030] FIG. 18 depicts a variety of regular polyhedra
defining positions of the sound sources disposed about the
underwater sound system depicted in FIG. 18 according to
the present disclosure.
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DETAILED DESCRIPTION

[0031] There is a growing interest for a very low fre-
quency sound source in the frequency range below 100 Hz
for such applications as Arctic under-ice acoustic, far-range
navigation, communications and thermometry, sub-bottom
seismic survey, et cetera. The ultra-low frequency sound
propagates without attenuation and loss of coherency at a
very far distance covering the water column from the surface
to the ocean floor. Another benefit, which has been in an
increasing focus of major oil and gas producers, is reducing
the impact of noise from traditional air-guns on marine
mammals.

[0032] A coherent sound source can advantageously be
quieter and more benign to marine mammals. Marine Vibra-
tors are a coherent type of seismic source, which are less
harmful for marine inhabitants. They also provide a clearer,
more precise and higher resolution imaging of the bottom
formations, structures, and deposits. To build a sound source
with a frequency below 100 Hz is a hard task due to a very
large emitted volume velocity or product of aperture area
relative to its linear displacement. For sound pressure levels
(SPLs) larger than 200 dB re 1 pPa at 1 meter, the volume
displacement at 5 Hz cycle can be tens of liters. Accordingly,
systems with rigid or flexural vibrating diaphragm with a
large aperture area are difficult to build. Also, they are
usually not efficient or have a very narrow bandwidth.
Highly efficient frequency sweeping sound sources on the
base of tunable organ pipes show very good performance for
150-2000 Hz frequency bandwidth.

[0033] However, a further decrease of the low frequency
will be hard to achieve because of the organ pipe growing
dimension. The present disclosure may address such giant
design demands relative to underwater sound emitting by
providing a coherent seismic marine sound source based on
the application of an underwater, gas filled bubble resonator.
The present disclosure provides a promising high power,
highly efficient, and coherent seismic source at low frequen-
cies.

[0034] A gas-filled bubble offers a large radiating area and
functions as a good impedance transformer with very high
radiation efficiency. The elastic membrane supports high
volume displacement with a large radiation aperture and
prevents cavitation damage. Large volume displacement and
velocity support the large radiation power. The sound
sources have very small coupling effects in water and can
work together in a large phased array. An infra-sound
transducer with a resonator in the form of an underwater
bubble or balloon made from an elastic material generates
seismic waves in a different manner. However, the physics
of'the dynamics is similar to the physics of air released from
an air-gun.

[0035] The equation of the dynamics of spherical bubbles
was first derived and used by Rayleigh (1917) and then
Plesset (1949). The most general form of the equation of the
dynamics with additional terms due to surface tension and
viscous effects in the bubble surface condition is widely
known as the Rayleigh-Plesset equation. The practical
bubble has a shape that is different from spherical. Its
internal pressure oscillations are comparable with the dif-
ference of static gravity forces and acoustic-gravity oscilla-
tions and are part of its dynamics. The real Q-factor of a
practical bubble may be smaller than a theoretical Q-factor.
The best transducer to excite the propagating spherical wave
is a sphere. It may be desirable to have the shape of the
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seismic source as close as possible to the sphere. However,
practically it may be difficult to keep the spherical shape of
the oscillating resonator in water, especially if it is towed.
The buoyant force will pool at the top of the large spherical
bubble and deform it. In response, a reasonable engineering
compromise can be a short horizontal cylinder. Such a
cylinder has cylindrical symmetry, can be towed, and can
better retain its shape in the water. The bubble source,
consisting of cylindrical sections, has been described in the
U.S. Pat. Nos.: 10,139,503, 9,383,463, 8,634,276, and
8,441,892, the disclosures of which are incorporated by
reference herein in their entirety and for all purposes. A
simplified linear acoustic model of the bubble is based on a
wave propagation condition and an adiabatic equation for an
underwater bubble state.

[0036] The following Equations 1 through 6 are derived
from Newton, Hooke, adiabatic (Boyle-Mariotte) and Euler
laws. The pressure p in a spherical wave with the wave
number k=w/c at the distance r from the source is known
from a spherical symmetry and wave propagation exponent:

_ exp(—ikr) Equation 1

r

where c is the sound, velocity f is the frequency; k=w/c,
w=27f in which o is the angular frequency of the wave.
[0037] The Euler’s equation gives the velocity of water
particles

1 ap B (ikr + 1)

ipw dr ~ iwpr

Equation 2

where p,, is the water density. The combination of the above
equations gives the impedance Z, of the bubble:

4 p_ iwp, 1l Ap _ 1 Equation 3
YT T T ik, 1 L
iwLb Rb

[0038] where I=uA, is the volume velocity; A, is the

aperture area; r,, is the radius of the cylinder; ¢, is the sound
velocity in water; and

are equivalent parameters of the electrical model.

[0039] The Hooke law explains the stretching of the
cylindrical membrane:

Equation 4

A 2
p=1/[in:Z;]=1/(iow)

[0040] where E,, is the Young modulus of the membrane
material; h,, is the thickness of the membrane;
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is the equivalent capacitor of the electrical model.
[0041] The adiabatic oscillations of bubble gas have the
pressure oscillations dp:

dvP, I I

Equation 5
dp=—"=———"—=—+
Voy iwyVy [ Py iwCy

Where y=1.4 is the adiabatic constant and V,, P,, are the
equilibrium volume and pressure of the bubble; C,=V,y/P,,
is the equivalent capacitor of the electrical model.

[0042] Finally the air duct with the length I,, and area of
the pipe A,,, has the equation for its flow [=1A,, and pressure

p:

] Equation 6
p =i = il q
An

where p,, is the air density;

_ Paln

1
" A,

and I is the inductance of the electrical model.

[0043] In a majority of cylindrical bubble systems, the
sound source typically includes a motor and a piston; or a
powerful blower and valves controlled by the motor. Both of
these approaches are limited in the frequency range attain-
able. It is difficult to drive a piston with mass M by a rotary
motor with a crank shaft mechanism or linear motor. The
force F on the piston can be calculated as F=M*a, where
acceleration, a=d*(2*n*f)*. For 100 Hz, the acceleration
will be a=d*394784. For a given displacement of 1 cm and
piston mass 1 kg, the force will be 4000 N. This very large
force is not easy to achieve by simple mechanical engineer-
ing solutions. However, a typical subwoofer system can
readily work at a frequency of 100 Hz. A standard commer-
cial off-the-shelf (COTS) subwoofer may be fabricated of
strong and light composite materials, have neodymium
magnets having large magnetic strength, and may also
include a cooling system. The use of a subwoofer speaker
system can readily operate at 100 Hz. A typical audio
speaker may have a dynamic range between 20 Hz-20 kHz
in air, and a typical woofer speaker may operate in a range
between 20 Hz-2000 Hz range. However, the subwoofer—
using a matching impedance acoustical system including
cylindrical underwater air-bubble resonator as described
herein—may produce a very loud sound underwater in a
very low frequency range between 10 Hz-200 Hz. The
matching impedance acoustical system may refer to match-
ing speaker impedance of the subwoofer speaker system
with the radiation impedance of the water surrounding the
subwoofer system.

[0044] In some aspects, a subwoofer speaker system may
have a diameter between 12"-15" and operate at root mean
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square (RMS) electric power up to 10 kW for a frequency
band between 10 to 200 Hz. A subwoofer may differ from a
typical audio speaker in that the subwoofer may have a very
large speaker excursion of up to 2", very strong motor force
BI=20-30 Tesla-meter, and may have a very low resonance
frequency at about resonance 25 Hz-40 Hz. The traditional
subwoofer may use a ferrite-strontium magnet, while the
more advanced subwoofers may use neodymium rare earth
magnets with very high magnetic field. Additionally, the
subwoofer frame can handle very high temperatures. The
subwoofer cones may be built from aluminum or composite
(carbon-fiber, Kevlar™) multilayer structures, which are
light and very strong. The subwoofers can operate at very
high power up to 10 kW and more at high efficiency.
[0045] For limited power applications (e.g., limited by 185
dB SPL re 1 pPa at 1 m) the standard sub-woofer can be
much easier, more practical and lower cost for an acoustical
exciter. In some aspects, a subwoofer may be available at the
1000-3000 kW RMS electric power range. Such actuators
are highly linear, easy to drive by a standard audio amplifier,
and easy to install and to replace if needed. In addition, a
subwoofer system controller can use information about
voltage, current, excursion and heat to match impedance and
keep the subwoofer in a safe condition. In aspects in which
very high power (up to 230 dB SPL re 1 pPa at 1 m) is
desired, multiple underwater subwoofers may be mounted
on a frame in a polyhedron cluster. In some aspects, the
vertices or corners of the polyhedron are equidistant from
one phase center and operate as one very efficient spherical
wave underwater sound source. The frame with such a
polyhedron structure may include suppressor fins and keels
to make it stable when towed at a high speed. Such clusters
can be combined into array structures and create needed
directivity patterns.

[0046] It may thus be recognized that the use of one or
more subwoofer systems in an underwater sound source may
provide a simplified acoustical actuator and control system,
improve linearity and frequency response of the sound
system, improve the reliability of the sound system, and
simplify maintenance issues, while operating at a frequency
range not readily achievable by other mechanical-based
underwater sound systems.

[0047] The sub-woofer also can be represented by a
simple model as illustrated by Equation 7:

Equation 7

B (Mx]l ! -
=l — =iv| = |l + ———— = iwLsl +
p=te A2 )T i(A2C) S5 e,

where C,,, is the mechanical compliance; M, is the moving
parts mass; Bl is the motor strength; A_ is the effective
radiating area;

is the equivalent inductance and C=AC, _ is the equiva-
lent inductance. Equation 8 is for the electrical part of the
subwoofer and includes back electromotive force (EMF)
pAsBI, the inductance of the coil L, and resistance of the
coil R:

U-BII/A_s=I.(ioL +R,) Equation 8
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where U is the voltage of the input signal; I is the current
through the coil.

[0048] In the following aspects of submersible sound
systems, the equivalent resonance structures are composed
of combinations of the equivalent electrical elements as
disclosed above. Among the various aspects disclosed
below, the transition from air to underwater sound propa-
gation is the principal difference from the traditional audio
engineering systems for air propagated sound. The simplest
system with the smallest number of poles is a 4 pole system.

Basic Submersible Sound System with Subwoofer

[0049] FIG. 1 depicts a first aspect of a submersible sound
system 100. The basic submersible sound system 100
includes a sealed chamber 110 at a posterior end and a
cylindrical bubble source 120 at an anterior end. The sealed
chamber 110 is composed of a cylindrical housing 112 to
which a housing end piece 114 is affixed at a posterior end
of'the cylindrical housing 112. The cylindrical bubble source
120 is configured to be filled with gas. The cylindrical
bubble source 120 is composed of a cylindrical elastic
polyurethane membrane 122 that is affixed at an anterior end
of'the cylindrical housing 112. The cylindrical bubble source
120 also includes an end cap 124 that is sealed at the anterior
end of the elastic membrane 122. The elastic membrane 122
may separate a subwoofer driver (not illustrated) from the
buoyancy forces of the surrounding water and enable a
speaker diaphragm 136 to be loaded uniformly. In some
aspects, the end cap 124 may be a solid piece. In some
aspects, the end cap 124 may also include a deformable
membrane.

[0050] Disposed within the submersible sound system 100
is a subwoofer speaker system 130. In some aspects the
subwoofer speaker system 130 is disposed within the pos-
terior end of the housing 112. The subwoofer speaker system
130 is composed of a magnet assembly 132, a frame 134, a
voice coil (not illustrated), and the speaker diaphragm 136.
The frame 134 is configured to support the magnet assembly
132 and the speaker diaphragm 136. The magnet assembly
132 is disposed within the sealed chamber 110 at the
posterior end of the submersible sound system 100. The
subwoofer speaker system 130 is supported in the housing
110 by means of a subwoofer speaker support 138. The
sealed chamber 110 is maintained in a sealed configuration
by means of the cylindrical housing 112, the housing end
piece 114, a posterior end of the subwoofer speaker support
138, and a posterior surface of the diaphragm 136.

[0051] The speaker diaphragm 136 is driven by the voice
coil in response to receiving an AC electrical signal. The AC
electrical signal may be sourced by a control circuit that may
control an amplitude and a frequency of the AC electrical
signal. The magnetic field developed within the voice coil
due to the AC electrical signal may cause the voice coil and
the diaphragm 136, to which it is attached, to move relative
to a static magnetic field produced by the magnet assembly
132. When the diaphragm 136 is actuated by the voice coil,
its motion perturbs the gas disposed within the bubble
source 120. In this way, the subwoofer speaker system 130
radiates sound through the gas-filled bubble source 120 that
includes the cylindrical elastic membrane 122. It may be
understood that the bubble source 120 may also be main-
tained in a sealed configuration defined by the end cap 124,
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the cylindrical elastic membrane 122, an anterior surface of
the subwoofer speaker support 138, and an anterior surface
of the diaphragm 136.

[0052] It is recognized that a sealed enclosure can have a
relatively smooth roll-off and flat response in an acoustical
system. Equations 9 through 12 relate to the response of the
sound system 100 depicted in FIG. 1 and include:

1 . Equation 9
U~ Bl— = Il + R)

s

Equation 10

Bl
I.— =iwl ]+ +
Ag iwCs  iwCy

P,

+ 175

Py =12p5pr =

1 1 1
+ —
iwly, Ry ] iwCy,

1 Equation 11

z, =

.-
iwC,y 1 N 1
iwl, R,

where V, is the volume of the resonator behind the sub-
woofer

M Equation 12
Co=Ppy/Vo; Cp = Poy /[ Vp; Ly = Vol
) PwCi Ap?
Cs=AGChsi Ry = 3 Cn =
Ap Ephy
[0053] FIG. 2 depicts an equivalent electrical circuit 200

for the response of the submersible sound system depicted in
FIG. 1. Additional parameters presented in the equivalent
electrical circuit 200 include Rg=w_[./Q.; R,=4W/(TA,),
where L is the joint viscosity of water, Q, is the mechanical
Q-factor of the loudspeaker, and w_=2xf is the mechanical
resonance frequency of the loudspeaker. The electrical cir-
cuit is connected to the acoustical equivalent circuit through
a gyrator and in which the back EMF is defined by p=BIl/
Ag; p=Bllgwhere I is the volume velocity through the
speaker, p is the pressure on the speaker, 1. is the current
through the speaker coil, and A is the speaker cone area.

[0054] FIG. 3 depicts a simulation 300 of the frequency
response of the submersible sound system depicted in FIG.
1 according to the equations disclosed above. Table 1
presents the parameters describing the subwoofer speaker
system. Table 2 presents the parameters describing the
enclosure and the bubble. As can be observed in FIG. 3, the
sound system supports good sound pressure at about 184 dB.
The frequency response is smooth with a little dip in the
center. The efficiency of the system is about 1%.

TABLE 1
Subwoofer
Diameter of the subwoofer 12"
Fs (air free resonance, Hz) 37.6
Qms (Q, mechanical) 3.705
Re (DC resistor, ohms) 1
Le (inductance, mH) 9.35
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TABLE 1-continued

Subwoofer

Xmax (one way linear excursion, mm) 47

RMS power, Watts 3000

Nominal power, Watts 6000

Mms (total moving mass, kg) 0.501511

Cms (mechanical compliance, mm/N) 0.036

B1 (motor strength, Tesla M) 16.19

Sd (effective radiating area, sq. m)) 0.045239

TABLE 2

Enclosure
Diameter of the cylindrical hull, inch 14
Length of the motor box, inch 14
Volume of the box, L 35
Length of the bubble membrane, inch 10
Volume of the bubble, L. 25
Area of the membrane, sq. m 0.28
Hardness of the membrane, 70 A
Thickness of the membrane, mm 3.17
Water depth, m 6

Submersible Sound System with Vented Subwoofer

[0055] FIG. 4 depicts a second aspect of a submersible
sound system having a vented subwoofer driver that
includes a tuning pipe. The tuning pipe submersible sound
system 400 includes a chamber 410 at a posterior end and a
cylindrical bubble source 420 at an anterior end. The cham-
ber 410 is composed of a cylindrical housing 412 to which
a housing end piece 414 is affixed at a posterior end of the
cylindrical housing 412. The cylindrical bubble source 420
is configured to be filled with gas. The cylindrical bubble
source 420 is composed of a cylindrical elastic polyurethane
membrane 422 that is affixed at an anterior end of the
cylindrical housing 412. The cylindrical bubble source 420
also includes an end cap 424 that is sealed at the anterior end
of'the elastic membrane 422. The elastic membrane 422 may
separate the subwoofer driver from the buoyancy forces of
the surrounding water and enable a speaker diaphragm 436
to be loaded uniformly. In some aspects, the end cap 424
may be a solid piece. In some aspects, the end cap 424 may
also include a deformable membrane.

[0056] Disposed within the vented submersible sound
system 400 is a subwoofer speaker system 430. In some
aspects, the subwoofer speaker system 460 is disposed at a
posterior end of the cylindrical housing 412. The subwoofer
speaker system 430 is composed of a magnet assembly 432,
a frame 434, a voice coil (not illustrated), and the speaker
diaphragm 436. The frame 434 is configured to support the
magnet assembly 432 and the speaker diaphragm 436. The
magnet assembly 432 is disposed within the chamber 410 at
the posterior end of the vented submersible sound system
400. The subwoofer speaker system 430 is supported in the
housing 410 by means of a subwoofer speaker support 438.
[0057] The speaker diaphragm 436 is driven by the voice
coil in response to receiving an AC electrical signal. The AC
electrical signal may be sourced by a control circuit that may
control an amplitude and a frequency of the AC electrical
signal. The magnetic field developed within the voice coil
due to the AC electrical signal may cause the voice coil and
the diaphragm 436, to which it is attached, to move relative
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to a static magnetic field produced by the magnet assembly
432. When the diaphragm 436 is actuated by the voice coil,
its motion perturbs the gas disposed within the bubble
source 420. Thus, the vented submersible sound system 400
radiates sound into the surrounding water through this
perturbed gas and elastic membrane 422. It may be under-
stood that the bubble source 420 may be maintained in a
sealed configuration defined by the end cap 424, the cylin-
drical elastic membrane 422, an anterior surface of the
subwoofer speaker support 438, and an anterior surface of
the diaphragm 436.

[0058] The vented submersible sound source may also
include a tuning pipe 450 to vent the chamber 410 to the
bubble source 420. In some aspects, the tuning pipe 450 is
disposed within the subwoofer speaker support and extends
between the chamber 410 and the cylindrical bubble sound
source 420. The tuning pipe 450 may be configured to permit
fluidic communication between the chamber 410 and the
cylindrical bubble sound source 420. In some aspects, the
chamber 410 and the tuning pipe 450 together comprise a
Helmbholtz resonator.

[0059] In operation, when the diaphragm 436 moves, its
cone vibrates in both directions, forwards toward the bubble
source 420, and backwards to the chamber 410 which is
vented to the bubble source 420 by the tuning pipe 450. The
diaphragm 436 thus acts as a piston oscillating between two
chambers. The tuning pipe 450 and chamber 410 together
form a Helmholtz resonator having a resonance frequency
below that of the bubble source 420. The volume of chamber
410 acts like compliance and the air in the tuning pipe 450
acts as inertia. The resonance frequency of this resonator is
shown by Equation 13:

1 1 APy ol v Equation 13
= — = — ,where L= ——;C= — ,
mVIC 27N palV A Py
[0060] where L=p,l/A is inertia of the air with the density

P in a pipe with the length 1 and cross section area A;
C=V/Py is the compliance of air in the volume V and
pressure P behind the subwoofer. This formula shows how
resonance frequency related to pipe length and cross section
area.

[0061] When cone of the diaphragm 436 moves inside the
chamber 410 it shrinks the air volume and increases the
pressure within the chamber 410. This pressure moves air
through the tuning pipe 450. When air moves out the
chamber 410, the internal pressure drops and air start
moving back in. The air in the chamber 410 thus oscillates
like a mass (air inside pipe) with a spring (the air inside of
the tuning pipe 450). When the frequency of the diaphragm
436 oscillates at the same frequency as the frequency of the
chamber resonance, the velocity of air in the tuning pipe 450
reaches a maximum. At frequencies above the resonance
frequency of the chamber 410, the air flow from tuning pipe
450 to the bubble source 420 will be in phase with the
diaphragm motion. As such, the resonance of the underwater
bubble source 420 is designed so that the speaker impedance
matches the radiation impedance of the surrounding water.

[0062] FIG. 5 presents an equivalent electrical circuit 500
for the frequency response of the vented subwoofer system
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400. The chamber 410 forms a very low frequency Helm-
holtz resonator with the equivalent capacitor C,=P,y/V, and
inductor

_ Palo
=

where A, I, are the cross-area and length of the port.

w, Lo

Ry = ,
Qo

Qg is the Q-Factor of the Helmholtz port; w =2nf is the
resonance frequency of the Helmholtz port. The full set of
equations is not very different to that presented for the aspect
of the sound system depicted in FIG. 1 and as disclosed
above.

TABLE 3

Enclosure

Diameter of the cylindrical hull, inch 14
Length of the motor box, inch 14
Volume of the box, L 35
Length of the bubble membrane, inch 10
Volume of the bubble, L. 25
Area of the membrane, sq. m 0.28
Hardness of the membrane, 70 A
Thickness of the membrane, mm 3.17
Length of the box port pipe, inch 14
Diameter of port, inch 1
Water depth, m 6

[0063] Table 3 presents parameters of the vented enclosure
(comprising chamber 410 and tuning pipe 450) used in a
frequency response simulation of the vented submersible
sound system depicted in FIG. 4. The parameters of Table 3
are the same as in the submersible sound system depicted in
FIG. 1 with the addition of parameters related to the tuning
pipe 450.

[0064] FIG. 6 depicts the frequency response curve 600
for the simulation of the output of the vented submersible
sound system 400. The parameters related to the enclosure
are those listed in Table 3, while the parameters of the
subwoofer are the same as in Table 1.

[0065] It may be observed that the addition of the tuning
pipe 450 to the chamber 410 may result in a lowering of the
lower-end boundary of the frequency response curve 600 to
about 12 Hz, 10 Hz, or even to about 5 Hz. However, the
SPL of the sound signal may decrease at the center of the
frequency band which may be due to the added dimension
of the tuning pipe 450. Sealed ports easily permit pressure
compensation when the submersible sound system is
actively submerging to lower depths in the water The
submersible vented subwoofer sound system may effec-
tively act as a sealed enclosure for a tuning pipe 450 having
a very small diameter.

Water-Cooled Dual Subwoofer System

[0066] FIG. 7 depicts yet another aspect of a submersible
subwoofer sound system. Depicted in FIG. 7 is a water-
cooled dual subwoofer sound system 700. The dual sub-
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woofer system 700 includes many of the features of the basic
subwoofer system 100 as depicted in FIG. 1 and disclosed
above. Thus, the submersible sound system 100 includes a
sealed chamber 710 at a posterior end and a cylindrical
bubble source 720 at an anterior end. The sealed chamber
710 is composed of a cylindrical housing to which a housing
end piece is affixed at a posterior end of the cylindrical
housing. The cylindrical bubble source 720 is configured to
be filled with gas. The cylindrical bubble source 720 is
composed of a cylindrical elastic polyurethane membrane
that is affixed at an anterior end of the cylindrical housing.
The cylindrical bubble source 720 also includes an end cap
that is sealed at the anterior end of the elastic membrane. The
elastic membrane may separate the subwoofer driver from
the buoyancy forces of the surrounding water and enable a
speaker diaphragm to be loaded uniformly. In some aspects,
the end cap may be a solid piece. In some aspects, the end
cap may also include a deformable membrane.

[0067] A distinction between the basic submersible sound
system 100 and the dual subwoofer submersible sound
system 700 is that the dual subwoofer submersible sound
system 700 includes a pair of subwoofer speaker systems
730a,b. Each of the pair of subwoofer speaker systems
730a,b may be disposed within a posterior end of the
cylindrical housing. Each of the pair of the subwoofer
speaker systems 730q,6 includes a magnet assembly, a
frame, a voice coil, and the speaker diaphragm. Each frame
is configured to support the magnet assembly and the
speaker diaphragm of the respective subwoofer speaker
system 730a,b6. As may be determined in FIG. 7, a first
subwoofer speaker system 730a has a magnet assembly
disposed within the sealed chamber 710 while the dia-
phragm, facing the anterior portion of the sound system 700,
is acoustically coupled to the cylindrical bubble source 720.
The second subwoofer speaker system 7305 has a magnet
assembly also disposed within the sealed chamber 710 while
the diaphragm, facing the posterior portion of the sound
system 700, is acoustically coupled to the sealed chamber
710. Each of the subwoofer speaker systems 730q,b is
supported in the housing 710 by means of a respective
subwoofer speaker support 738a,b.

[0068] The speaker diaphragm of each of the two sub-
woofer speaker systems 730q, 5 is driven by the voice coil in
response to receiving an AC electrical signal. The AC
electrical signal may be sourced by a control circuit that may
control an amplitude and a frequency of the AC electrical
signal. In some aspects, the diaphragm of the first subwoofer
speaker system 730a may be driven in an opposing phase to
the diaphragm of the second subwoofer speaker system
7305.

[0069] The housing of the dual underwater subwoofer
system may be fabricated from material with a high thermal
conductivity, to cool air inside the sound system 700. In one
non-limiting example, the housing may be fabricated out of
aluminum 6061 T6. In use, the underwater subwoofer 700 is
typically surrounded by water 780. As disclosed above, the
two subwoofer sound systems 730aq,6 may operate in an
isobaric push-pull mode, in which the diaphragms both
move together in a single direction (either anterior or
posterior) thereby keeping a constant volume between
cones. To maintain the volume, air may be displaced through
a sealed channel 740 and a central path 782 that is in thermal
communication with the exterior water 780. Because the
magnets and sealed channel 740 are surrounded by water
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780 their temperature cannot exceed 100 degrees C. The
housing having a high temperature conductively can also
essentially cool the gas inside.

[0070] Each subwoofer speaker system 730q,b may be
driven only by half of the current or a quarter of the power
of a single subwoofer system sound device. As a result, each
subwoofer speaker system 730a,b produces only a quarter of
the temperature of a single subwoofer device. As a result,
each subwoofer speaker system 730a,b of the dual sub-
woofer sound source 700 will not suffer as much thermal
degradation as the single subwoofer speaker driven at its
maximum power. Therefore, each subwoofer speaker system
730a,b will be able to operate for a longer time and at a
greater power compared to the single subwoofer speaker
system.

Dual-Resonance Dual-Aperture Subwoofer System

[0071] A dual resonance dual aperture system is depicted
in FIG. 8. The dual resonance subwoofer system 800 is
similar to the basic subwoofer system 100 as depicted in
FIG. 1 and disclosed above, except the dual resonance
subwoofer system 800 also includes a second bubble source
810 at the posterior end. Many of the features of the dual
resonance system 800 are similar to those found in the basic
subwoofer system 100.

[0072] The dual resonance sound system 800 includes a
first cylindrical bubble source 820 at an anterior end and a
second cylindrical bubble source 810 at a posterior end. The
first cylindrical bubble source 820 is composed of a first
cylindrical elastic polyurethane membrane 822a that is
affixed at an anterior end of a cylindrical housing 812. The
first cylindrical bubble source 820 also includes an end cap
824 that is sealed at the anterior end of the first elastic
membrane 822a. In some aspects, the end cap 824 may be
a solid piece. In some aspects, the end cap 824 may also
include a deformable membrane. The second cylindrical
bubble source 810 is composed of a second cylindrical
elastic polyurethane membrane 8225 that is affixed at a
posterior end of a cylindrical housing 812. The second
cylindrical bubble source 810 also includes an endpiece 814
that is sealed at a posterior end of the second elastic
membrane 822a-b. In some aspects, the endpiece 814 may
be a solid piece. In some aspects, the endpiece 814 may also
include a deformable membrane. Both of the first cylindrical
bubble source 820 and the second cylindrical bubble source
810 are configured to be filled with gas. In some aspects, an
acoustic resonance of the first cylindrical bubble source 810
may differ from the acoustic resonance of the second cylin-
drical bubble source 820. In some aspects, an acoustic
resonance of the first cylindrical bubble source 810 may be
the same as the acoustic resonance of the second cylindrical
bubble source 820.

[0073] Disposed within the submersible sound system 100
is a subwoofer speaker system 830. In some aspects, the
subwoofer speaker system 830 is disposed at a posterior end
of the cylindrical housing 812. The subwoofer speaker
system 830 is composed of a magnet assembly, a frame, a
voice coil (not illustrated), and a speaker diaphragm 836.
The frame is configured to support the magnet assembly and
the speaker diaphragm 836. The magnet assembly is dis-
posed within the cylindrical housing 812. The subwoofer
speaker system 830 is supported in the housing 812 by
means of a subwoofer speaker support. It may be understood
that the second bubble source 8100 may also be maintained
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in a sealed configuration defined by the end cap 814, the
second cylindrical elastic membrane 8225, a posterior sur-
face of the subwoofer speaker support 838, and a posterior
surface of the diaphragm 836. The elastic membranes
822a-b may respectively separate the driver vibrating the
speaker diaphragm 836 from the buoyancy forces of the
surrounding water and enable the speaker diaphragm 836 to
be loaded uniformly.

[0074] The speaker diaphragm 836 is driven by the voice
coil in response to receiving an AC electrical signal. The AC
electrical signal may be sourced by a control circuit that may
control an amplitude and a frequency of the AC electrical
signal. The magnetic field developed within the voice coil
due to the AC electrical signal may cause the voice coil and
the diaphragm 836, to which the voice coil is attached, to
move relative to a static magnetic field produced by the
magnet assembly. When the diaphragm 836 is actuated by
the voice coil, its motion perturbs the gas disposed within
the first bubble source 820 and the second bubble source
810.

[0075] The system has two close resonances and shows a
very high efficiency. The system consists from two bubble
resonators 810, 820 excited by one subwoofer speaker 830.
The second bubble resonator 810 may have larger volume
and hence the lower resonance frequency than the first
bubble resonator 820. By changing the length of rigid
support tubing between the two cylindrical bubble resona-
tors 820, 810, the low resonance frequency can be shifted
and moved close to the high resonance frequency. By doing
so, the submersible system may have a narrow output band
and be extremely efficient. The dual resonance dual aperture
underwater subwoofer is very suitable in applications in
which a large bandwidth output is unnecessary, but high
sound pressure levels are desired. However, the dual reso-
nance structure of the frequency response makes the fre-
quency bandwidth large enough for applications such as
long range underwater positioning and ocean acoustic
tomography.

[0076] FIG. 9 shows a power versus frequency graph 900
for a simulation of the dual resonance sound system 800.
The simulation parameters of the subwoofer are the same as
in the previous variants and shown in Table 1. Each bubble
source (820 and 810 of FIG. 8) has a diameter 14" and a
length of 10". A rigid aluminum tubing support structure
(not shown) of the elastic membranes 8224, is also 10" in
length. As can be observed in the graph 900, this sound
source shows very high signal in the low frequency band
from 14 to 24 Hz. It shows very high efficiency ~10% and
high SPL. (>190 dB) in this narrow frequency band. The
band can be expanded if a subwoofer having a heavy
aluminum diaphragm with a very low frequency resonance
is used.

[0077] The two resonators of the dual resonance sound
system 800 are connected through a subwoofer driver. As
shown in FIG. 8, the subwoofer system 800 has two sides
and it operates similarly to a piston. When the subwoofer/
speaker cone is moving to the right, this movement may
compress air in the right side or chamber and expand air
behind the cone in the left side or chamber. Conversely,
when the cone moves back such as back to the left, this
compresses air behind the speaker and expands air in the
right side. In this way, when the subwoofer is placed in the
hole of the wall between the two bubble resonators, the
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subwoofer can excite both of the resonators simultaneously
or substantially simultaneously, but in opposing directions.
[0078] The two bubble resonators may be tuned to two
different frequencies, F; and F2. They may have the same
membrane dimensions and have different bubble volumes,
as shown in the FIG. 16. Generally, however, both bubble
resonators may have different volumes and different areas of
their membranes. The resonance frequency f. of the bubble
resonator is defined by Equation 14:

1 APy Equation 14
"= 5 porv
[0079] Different volumes of the resonators allow them to

be tuned to two different frequencies in conjunction with
setting their resonances close to each other. Such a dual-
resonance system will beneficially have an expanded fre-
quency band while remaining very powerful and efficient.
For typical resonance frequency and phase responses, the
dual-resonance system may generate a radiated signal of the
same phase relative to the two resonators. The radiated
signal may generated so that speaker impedance of the dual
resonance sound system 800 matches the radiation imped-
ance of water. Because the speaker cone is moving between
the two resonators, the cone shrinks one volume and
expands another at the same time. In other words, the cone
excites the resonators in opposite phases. But oscillations
higher than the resonance frequency will be shifted in phase
counterclockwise while oscillations lower than the reso-
nance frequency will be shifted in phase 90 degrees clock-
wise. As result, between resonances, the radiated signal will
be in one phase from both resonators so the double reso-
nance sound system 800 will radiate very well. As described
above, the elastic membranes 822a,b may be flexible mem-
bers. On the other hand, the end cap 814 can be rigid and not
moving. The cylindrical housing of the two cylindrical
bubble resonators 820, 810 also can be rigid or fixed and not
moving.

[0080] The volume behind the speaker is compressing
even when the speaker cone moves but is not radiating a
signal. As discussed herein, the tuning pipe may vent the
subwoofer enclosure to act as phase invertor so that motion
is inverted back and used in the main bubble resonator.
Alternatively, the chamber behind the speaker also has a
bubble radiating to the water using the back-and-forth
motion of the cone (e.g., as the cone moves back) for the
radiation. This way, sound waves are radiated by the two
bubbles, in which each bubble uses the same speaker cone
moving between the two bubbles.

[0081] Underwater Subwoofer Sound System with Heat
Sinks
[0082] FIG. 10 depicts a design similar to that of the basic

subwoofer sound source as depicted in FIG. 1 and disclosed
above.

[0083] The submersible sound system 1000 includes a
sealed chamber 1010 at a posterior end and a cylindrical
bubble source 1020 at an anterior end. The sealed chamber
1010 is composed of a cylindrical housing 1012 to which a
housing end piece 1014 is affixed at a posterior end of the
cylindrical housing 1012. The cylindrical bubble source
1020 is configured to be filled with gas. The cylindrical
bubble source 1020 is composed of a cylindrical elastic
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polyurethane membrane 1022 that is affixed at an anterior
end of the cylindrical housing 1012. The cylindrical bubble
source 1020 also includes an end cap 1024 that is sealed at
the anterior end of the elastic membrane 1022. The elastic
membrane 1022 may separate the subwoofer driver from the
buoyancy forces of the surrounding water and enable a
speaker diaphragm 1036 to be loaded uniformly. In some
aspects, the end cap 1024 may be a solid piece. In some
aspects, the end cap 1024 may also include a deformable
membrane.

[0084] Disposed within the submersible sound system
1000 is a subwoofer speaker system 1030. The subwoofer
speaker system 1030 is composed of a magnet assembly
1032, a frame, a voice coil (not illustrated), and the speaker
diaphragm 1036. The frame is configured to support the
magnet assembly 1032 and the speaker diaphragm 1036.
The magnet assembly 1032 is disposed within the sealed
chamber 1010 at the posterior end of the submersible sound
system 1000. The subwoofer speaker system 1030 is sup-
ported in the housing 1010 by means of a subwoofer speaker
support. The sealed chamber 1010 is maintained in a sealed
configuration by means of the cylindrical housing 1012, the
housing end piece 1014, a posterior end of the subwoofer
speaker support, and a posterior surface of the diaphragm
1036.

[0085] The speaker diaphragm 1036 is driven by the voice
coil in response to receiving an AC electrical signal. The AC
electrical signal may be sourced by a control circuit that may
control an amplitude and a frequency of the AC electrical
signal. The magnetic field developed within the voice coil
due to the AC electrical signal may cause the voice coil and
the diaphragm 1036, to which it is attached, to move relative
to a static magnetic field produced by the magnet assembly
1032. When the diaphragm 1036 is actuated by the voice
coil, its motion perturbs the gas disposed within the bubble
source 1020. It may be understood that the bubble source
1020 may also be maintained in a sealed configuration
defined by the end cap 1024, the cylindrical elastic mem-
brane 1022, an anterior surface of the subwoofer speaker
support, and an anterior surface of the diaphragm 1036.

[0086] The housing 1012 of the underwater subwoofer
system 1000 may be fabricated from material with a high
thermal conductivity to cool air inside subwoofer 1030. In
one aspect, the housing 1012 may be fabricated from alu-
minum 6061 T6. In use, the underwater subwoofer 1000 is
surrounded by water. The housing 1012 fabricated with a
high temperature conducting material may cool air inside of
the device by heat exchange with the external water. In
addition to the thermally conductive housing 1012, the
underwater subwoofer system 1000 may include one or
more heat sinks 1056 in thermal communication with both
the magnet assembly 1032 and the housing 1012. In one
example, the one or more heat sinks 1056 may be composed
of copper. In another example, the one or more heat sinks
1056 may be fabricated as heat ducts. If additional thermal
conduction is required, the one or more heat sinks 1056 may
be implemented as one or more short heat pipes. The thermal
conductivity of the one or more heat sinks 1056 may
additionally lower temperature, improve temperature bal-
ance inside the subwoofer enclosure, and increase the root
means square (RMS) power. Copper has a thermal conduc-
tivity of about 385 [W/Km)]. If a heat sink has a length 5 mm
and has a cross-sectional area of about 0.001 sq. m, and if
eight are used with the magnet system, then a 2 kW



US 2021/0105559 Al

excitatory signal is applied to the subwoofer speaker system,
then the subwoofer frame temperature would only rise about
32.5 degrees C. higher than surrounding water temperature.
Such thermal control of the subwoofer speaker system
would permit reliable use for a long time. It may be
recognized that the one or more heat sinks 1056 and/or the
highly thermal conductive housing 1013 may be included
into any of the submersible subwoofer systems disclosed
either above or below.

Underwater Subwoofer System With Band-pass
Resonator

[0087] FIG. 11 depicts a band-pass submersible subwoofer
sound system 1100. The band-pass submersible subwoofer
sound system 1100 is similar to the vented subwoofer
system 400 with the addition of a second Helmhotz reso-
nator disposed anterior to the subwoofer speaker system.
[0088] The band-pass submersible sound system 1100
includes a posterior enclosure 1111 at a posterior end and a
cylindrical bubble source 1120 at an anterior end. The
posterior enclosure 1111 is composed of a posterior portion
of a cylindrical housing 1112 to which a housing end piece
1114 is affixed at a posterior end of the cylindrical housing
1112. The cylindrical bubble source 1120 is configured to be
filled with gas so that sound can be radiated into the water
through the gas-filled cylindrical bubble source 1120. The
cylindrical bubble source 1120 is composed of a cylindrical
elastic polyurethane membrane 1122 that is affixed at an
anterior end of the cylindrical housing 1112. The cylindrical
bubble source 1120 also includes an end cap 1124 that is
sealed at the anterior end of the elastic membrane 1122. The
elastic membrane 1122 may separate the subwoofer driver
from the buoyancy forces of the surrounding water and
enable a speaker diaphragm 1136 to be loaded uniformly. In
some aspects, the end cap 1124 may be a solid piece. In some
aspects, the end cap 1124 may also include a deformable
membrane.

[0089] Disposed within the band-pass submersible sound
system 1100 is a subwoofer speaker system 1130. In some
aspects, the subwoofer speaker system 1130 is disposed in a
posterior end of the cylindrical housing 1112. The subwoofer
speaker system 1130 is composed of a magnet assembly, a
frame, a voice coil (not illustrated), and a speaker diaphragm
1136. The frame is configured to support the magnet assem-
bly and the speaker diaphragm 1136. The magnet assembly
is disposed within the posterior enclosure 1111 at the pos-
terior end of the band-pass submersible sound system 1100.
The subwoofer speaker system is supported in the posterior
enclosure 1111 by means of a subwoofer speaker support
1138. The posterior enclosure 1111 is thus composed of a
posterior portion of the housing 1112, the housing end piece
1114, a posterior portion of the subwoofer speaker support
1138, and a posterior surface of the speaker diaphragm 1136.
[0090] The speaker diaphragm 1136 is driven by the voice
coil in response to receiving an AC electrical signal. The AC
electrical signal may be sourced by a control circuit that may
control an amplitude and a frequency of the AC electrical
signal. The magnetic field developed within the voice coil
due to the AC electrical signal may cause the voice coil and
the diaphragm 1136, to which it is attached, to move relative
to a static magnetic field produced by the magnet assembly.
[0091] The band-pass submersible sound system 1100
includes a resonator end wall 1164 at the anterior end of the
housing 1112. The portion of the housing 1112 bounded by
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the resonator end wall 1164 and the anterior surface of the
diaphragm 1136 defines a Helmholtz resonator chamber
1162, that, together with a resonator throat 1166, forms a
Helmholtz resonator. The resonator throat 1166 acoustically
and fluidically couples the resonator chamber 1162 with the
cylindrical bubble source 1120. It may be understood that
the bubble source 1120 may be maintained in a sealed
configuration defined by the end cap 1124, the cylindrical
elastic membrane 1122, and an anterior surface of the
resonator end wall 1164. When the diaphragm 1136 is
actuated by the voice coil, its motion perturbs the gas
disposed within the resonator chamber 1162.

[0092] The band-pass submersible sound source 1100 may
also include a tuning pipe 1150 to vent the sealed compart-
ment 1111 to the Helmholtz resonator chamber 1162. In
some aspects, the tuning pipe 1150 is disposed within the
subwoofer speaker support 1138 and extends between the
sealed compartment 1111 and the Helmholtz resonator
chamber 1162. The tuning pipe 1150 may be configured to
permit fluidic communication between the sealed compart-
ment 1111 and the Helmholtz resonator chamber 1162.
[0093] FIG. 12 depicts an equivalent electrical circuit
1200 for the band-pass submersible sound source 1100. The
applicable equations are described above with reference to
FIG. 2. For the Helmholtz resonator, R,=w_L,/Q,,, Q, is the
Qfactor of the Helmholtz resonator; ifr is the resonance
frequency of the Helmholtz resonator; L,=I,p,/A,; I is the
length of the Helmholtz port and A, is the area of the
Helmholtz port; C,=V,/(yP,); V, is the volume of the
Helmholtz resonator; and r=1.4 is the adiabatic constant.
The resonance frequency of the Helmholtz resonators: a,_1/
VI8 Poaom Vil P o), Where p .., Py » are the atmospheric
density and pressure of air. The resonance frequency
remains approximately the same at all depth. This makes
frequency response of the sound source more stable.
[0094] For purposes of simulating the behavior of the
band-pass submersible subwoofer sound source 1100, simu-
lation parameters for the subwoofer are the same as those
given in Table 1 and the simulation parameters for the
enclosure given in Table 4 below. The bandpass resonator
differs from the sealed and vented variants only by the
additional Helmholtz chamber with the narrow throat that is
place anteriorly to the subwoofer speaker system 1130.
[0095] FIG. 13 presents a graph 1300 of sound pressure
versus frequency of the band-pass submersible sound system
1100 operating at a depth of 8 m. The band-pass resonator
expands frequency band to range from 12 Hz to 92 Hz. The
frequency response does not appear to be sensitive to the
water depth because Helmholtz resonances do not depend on
depth. The bandpass resonator filters all harmonics out of the
band and cleans the harmonic content.

TABLE 4

Enclosure

Diameter of the cylindrical hull, inch 14
Length of the motor box, inch 14
Volume of the box, L 35
Length of the bubble membrane, inch 10
Volume of the bubble, L. 25
Area of the membrane, sq. m 0.28
Hardness of the membrane, 70 A
Thickness of the membrane, mm 3.17
Length of the box port pipe, inch 14
Diameter of port, inch 1
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TABLE 4-continued

Enclosure

Length of the Helmholtz chamber, inch 10
Diameter of the Helmholtz throat, inch 3
Length of the Helmholtz throat, inch 12
Water depth, m 6

[0096] FIG. 14 presents a comparison of the simulated
responses of the basic subwoofer system (300), of the vented
subwoofer system (600) and the band-pass subwoofer sys-
tem (1300). All three underwater subwoofers were excited
by 2 kW signals and operated at an 8 m depth. All of the
simulations used the same parameters for the subwoofer.
The enclosure parameters for the simulations were derived
from Table 2 (for the basic design), Table 3 (for the vented
enclosure) and Table 4 (for the band-pass enclosure). It may
be observed that the addition of the tuning pipe shifted the
frequency response to lower frequencies and the addition of
the anterior Helmholtz resonator expanded the high fre-
quency range of the subwoofer systems. It may be under-
stood that a submersible subwoofer sound system may
incorporate any one or more of the tuning pipes and/or
Helmbholtz resonators.

[0097] The Helmholtz resonator throat and Helmholtz
resonator chamber may form the Helmholtz resonator with
a resonance frequency that is higher than the frequency of
the bubble resonance. The resonance frequency of the Helm-
holtz resonator may be seen in FIG. 13 from the first
maximum peak (from the right side of the graph in FIG. 13)
of the frequency response. As indicated in the graph, this
resonance frequency can be a very high frequency and it can
expand the frequency response to 87 Hz. The volume of
Helmholtz resonator works like compliance and the air in
the tuning pipe works as inertia. Volume may be calculated
relative to the Helmholtz chamber while length and cross
area are calculated relative to the tuning pipe. Equation 15
shows how resonance frequency is related to the length of
the tuning pipe and the cross section area.

1 APy Equation 15

= 2 palV’

Ir

Underwater Subwoofer System With Band-pass
Resonator and Computer Control

[0098] The operational reliability of the underwater sub-
woofer may be increased if it includes a set of sensors
providing sensor data that can be used to control the input
power transmitted to drive the subwoofer system. During a
typical use of a submersible sound source, the acoustic drive
may be required to have high reliability over a continuous
use of hours and even days. Typical subwoofer speaker
systems are designed for continuous operation over only a
few hours and could readily over-heat if used over a longer
duration. Therefore, it is desirable to include a controller that
may control the operation of the subwoofer speaker system
based on data received by the set of sensors in order to
prevent overheating. FIG. 15 depicts a band-pass subwoofer
sound system 1500 similar to the sound system 1100
depicted in FIG. 11 and disclosed above. It may be recog-
nized that the control system 1580 depicted in FIG. 15 is not
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limited for use with the band-pass subwoofer sound system
1500 but may be used with any of the submersible sub-
woofer sound systems disclosed above, including, without
limitation, the basic subwoofer system 100 (FIG. 1), the
vented subwoofer system 400 (FIG. 4), the dual-subwoofer
water cooled system 700 (FIG. 7), the dual-resonance/dual-
aperture subwoofer system 800 (FIG. 8), and the subwoofer
sound systems containing heat sinks 1000 (FIG. 10). In the
case of the dual-subwoofer sound system 700, a single
controller may control each of the subwoofer speaker sys-
tems and have separate sensors associated with each. Alter-
natively, each subwoofer speaker system of the dual-sub-
woofer sound system may be controlled by a separate
controller. In some aspects, each of the separate controllers
may be configured to communicate with the other controller
in order to coordinate the phasing of the drive signals
transmitted to each of the respective subwoofer speaker
systems.

[0099] As depicted in FIG. 15, the controller may be
composed of several components including, without limita-
tion, a processor, a memory unit in data communication with
the processor, a controllable power source or power ampli-
fier 1584 configured to source a current to drive the voice
coil of the subwoofer speaker system 1530, and an interface
to receive sensor input data from a plurality of sensors. In
one non-limiting example, the interface may include an
analog to digital converter 1586.

[0100] The set of sensors may include any one or more
sensors that may provide sensor input data to assist the
processor in controlling the power transmitted by the power
source 1584. Non-limiting examples of such sensors may
include a sensor of the output current of the power source
1584 and a sensor of an output voltage of the power source
1584. In some aspects, one or more of the sensor of the
output current and the sensor of the output voltage may be
incorporated in the controller 1580. In some aspects, one or
more of the sensor of the output current and the sensor of the
output voltage may be incorporated in the subwoofer
speaker assembly 1530. In another aspect, one or more of the
sensor of the output current and the sensor of the output
voltage may be separate devices.

[0101] In addition, the set of sensors may include sensors
configured to measure parameters related to the operation of
one or more components of the subwoofer speaker assembly
1530. In one example, the set of the sensors may include a
temperature sensor 1587 of the voice coil. The temperature
sensor 1587 of the voice coil may be an infrared (IR)
temperature sensor that does not make physical contact with
the voice coil while it moves. In another example, the set of
the sensors may include a temperature sensor 1588 config-
ured to measure a temperature of the magnet assembly
within the subwoofer speaker system 1530. In one example,
the temperature sensor 1588 may have direct contact with
the magnet assembly. In another example, the temperature
sensor 1588 may detect a temperature of the air or gas in
contact with the magnet assembly. In another example, the
set of sensors may include a sensor configured to measure a
displacement of the diaphragm during the operation of the
subwoofer speaker system 1530.

[0102] It may be recognized that additional sensors may
be used to monitor additional conditions of the submersible
subwoofer sound system. The present disclosure is not to be
taken to limit such sensors to only those explicitly described
herein.
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[0103] The memory component of the controller may
include instructions that, when executed by the controller
processor, may cause the processor to receive sensor input
data from the sensors and control an output of the power
source 1584 based on the output sensor. The input sensor
data may include data from the output current sensor, the
output voltage sensor, the temperature sensors 1587, 1588 or
any other sensors. It may be understood that if the power or
temperature conditions of the subwoofer exceed a defined
safety limit, the processor will cause the power source 1584
to decrease its output power, increase the duty cycle of the
output signal, or shut off the subwoofer speaker system 1530
until the conditions are within the defined safety limit.
[0104] The full dynamics of the subwoofer cone can be
measured by using the sensors to sense the current and
voltage on the speaker. The back electromotive force (back
EMF voltage) can be calculated as the product of the
Bl-factor or motor force and the voltage of the input signal.
The product of the current (Ic) and the BI yields the force
applied on the cone. The simple electric current circuit
model can be used to determine or calculate any other
dynamic parameters based on these two parameters of EMF
voltage and current. In general, when the controller causes
current to be limited, this also limits the force applied on the
cone and so that the force is maintained within safe limits.
By measuring the back EMF and controlling the power
source 1584, the speed of the cone may be limited. Conse-
quently, the amplitude of the cone’s excursion can be limited
so that the cone does not exceed its safe limits.

[0105] In the subwoofer speaker system 1530, the rate at
which the temperature of the voice coil increase may be a
faster rate compared to the respective rate of other part of the
subwoofer speaker system 1530. In particular, the voice coil
can have a temperature up to 250 degrees Celsius. The
temperature of the voice coil can reach such maximum
levels for approximately two to three second. When the
underwater subwoofer is used at maximum power, it moves
such that its temperature should be measured with a suitable
infrared remote sensor, such as the MLX90621 available
from Melexis Technologies. The temperature in the magnet
assembly and subwoofer enclosure can be measured by a
suitable digital temperature sensor such as the ADT7301
available from Analog Devices. As discussed herein, the
controller may be programmed to implement temperature
control to prevent overheating, for example. Also, one or
more copper temperature conductors can be provided to cool
the magnet assembly and frame of the subwoofer with the
surrounded water.

Realized Example of a Submersible Subwoofer
System

[0106] One example of an experimental submersible sub-
woofer sound system is depicted in FIG. 16 in an open
configuration 1600a and in an enclosed configuration 16005.
The realized subwoofer sound system has a modular con-
struction and includes sealed (or vented) subwoofer enclo-
sure 1602 at the posterior end, a Helmholtz resonator 1604
disposed in the middle, and bubble resonator 1606 at the
anterior end. The experimental system includes multiple
internal round plates bolted together with rods. The internal
structure may slide inside a rigid carbon-fiber pipe 1608. By
changing the position and number of plates, the realized
subwoofer sound system can be transformed into any of the
considered subwoofer variants: sealed, vented, or band-pass.
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Experiments conducted using the experimental system show
good agreement with the simulated models.

Clustered Subwoofer System

[0107] During testing of the practical underwater sub-
woofer sound system, it was determined that, when a
distance between two subwoofers is greater than 4-5 diam-
eters, the subwoofer acoustic pressure outputs do not couple
but rather directly sum. As a result, the sound pressure
outputs together may have an acoustic power about 6 dB
greater than that from the individual sound systems. Each
submersible sound system will act as if the neighboring
sound source does not exist and each sound source will
receive the same power from the power source. As a result,
the total acoustic power of the combined underwater sound
system will have about four times more acoustical power in
the water than the sound sources individually. The efficiency
of such system will be twice higher. The total efficiency of
the cluster of N submersible subwoofer sound source located
at the distance 4-5 times larger than their diameter will be N
times larger. In order for a cluster of such sound sources to
create a spherical wave in the water, the individual sound
sources may be mounted at identical distances from each
other and have the same distance from a common phase
center defined on a surface of an imaginary sphere. Such
geometrical structures are known as congruent regular poly-
hedrals as depicted in FIG. 18. Such polyhedrals may
include, without limitations, a tetrahedron 1800a, an octa-
hedron 18005, a cube 1800¢, a dodecahedron 18004, or an
icosahedron 1800e.

[0108] FIG. 17 depicts an illustration of an underwater
sound system 1700 comprising a cluster of subwoofer sound
sources 1720a-f. The subwoofer sound sources may be
disposed on a support 1710 which may include any number
of features configured to maintain the orientation of the
subwoofer sound sources 1720a-f and permit smooth and
stable towing of the sound system 1700 at high speed. In one
example, the support 1710 may include features such as
fin-depressors 1733 and a keel 1740. The subwoofer sound
sources 1720a-f may be disposed at the vertices of a regular
polyhedron. The regular polyhedron can be a cube, for
example, as depicted in FIG. 17. Each of the subwoofer
sound sources 1720a-f can radiate sound pressure 182 dB re
1 uPa at 1 m with an efficiency of about 0.7% from a 2 kW
power amplifier. However, the cluster system 1700 may
radiate sound pressure at 200 dB re 1 pPa at 1 m and will
need 16 kW power amplifiers. The efficiency of the cluster
will be 5.6%. Such clusters can be combined into array
structures and create needed directivity patterns.

[0109] It may be recognized that the submersible sub-
woofer sound systems used in the clustered sound system
1700 may comprise any one of the subwoofer sound systems
disclosed above including, without limitation, the basic
subwoofer system, the vented subwoofer system, the band-
pass subwoofer system, the water cooled dual subwoofer
system, the dual aperture/dual resonance subwoofer system,
with or without heat sinks. The subwoofer sound systems
that together form the cluster may all comprise the same type
of subwoofer sound system, or the sound systems may mix
any one or more types of sound systems. Each of the
subwoofer sound systems may have its own controller, such
as 1580 (see FIG. 15). In some aspects, the individual
controllers may be configured to communicate among them-
selves in order to coordinate the amplitude, frequency, and
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phase of their respective subwoofer speaker systems. In
another aspect, a single controller may control each of the
individual subwoofer speaker systems and receive sensor
input data from each of them.

[0110] Incluster or array structure formations as described
herein, the distances between bubble resonators may be so
small compared with the wavelength of the wave created in
the water such that all the resonators may effectively operate
as one big bubble at one phase. Accordingly, systems of the
present disclosure such as the clustered sound system 1700
advantageously have sound sources that are highly coherent.
Another advantage is that the efficiency of the cluster is
approximately proportional to a number of sources in the
cluster. That is, the cluster sums the sound pressure from its
constituent bubble resonators. For example, if the cluster
includes a 1 Watt sound source with sound pressure P, and
another 1 Watt source with the same sound pressure level P,
is added to the cluster, the resulting sound pressure will be
2*P, and the total power will be (2P,)"2 or 4 watts. Thus,
doubling the number of sources in a cluster will provide four
times more energy from the same electric power. As such,
providing a cluster so that the sources work together in the
cluster is more efficient than efficiency of one source alone.
[0111] Having shown and described various aspects of the
present disclosure, further adaptations of the methods and
systems described herein may be accomplished by appro-
priate modifications by one of ordinary skill in the art
without departing from the scope of the present disclosure.
Several of such potential modifications have been men-
tioned, and others will be apparent to those skilled in the art.
For instance, the examples, aspects, geometrics, materials,
dimensions, ratios, steps, and the like discussed above are
illustrative and are not required. Accordingly, the scope of
the present disclosure should be considered in terms of the
following claims and is understood not to be limited to the
details of structure and operation shown and described in the
specification and drawings.

[0112] While various details have been set forth in the
foregoing description, it will be appreciated that the various
aspects of the system and method for using sleep enhance-
ment during sleep may be practiced without these specific
details. One skilled in the art will recognize that the herein
described components (e.g., operations), devices, objects,
and the discussion accompanying them are used as examples
for the sake of conceptual clarity and that various configu-
ration modifications are contemplated. Consequently, as
used herein, the specific exemplars set forth and the accom-
panying discussion are intended to be representative of their
more general classes. In general, use of any specific exem-
plar is intended to be representative of its class, and the
non-inclusion of specific components (e.g., operations),
devices, and objects should not be taken limiting.

[0113] Further, while several forms have been illustrated
and described, it is not the intention of the applicant to
restrict or limit the scope of the appended claims to such
detail. Numerous modifications, variations, changes, substi-
tutions, combinations, and equivalents to those forms may
be implemented and will occur to those skilled in the art
without departing from the scope of the present disclosure.
Moreover, the structure of each element associated with the
described forms can be alternatively described as a means
for providing the function performed by the element. Also,
where materials are disclosed for certain components, other
materials may be used. It is therefore to be understood that
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the foregoing description and the appended claims are
intended to cover all such modifications, combinations, and
variations as falling within the scope of the disclosed forms.
The appended claims are intended to cover all such modi-
fications, variations, changes, substitutions, modifications,
and equivalents.

[0114] For conciseness and clarity of disclosure, selected
aspects of the foregoing disclosure have been shown in
block diagram form rather than in detail. Some portions of
the detailed descriptions provided herein may be presented
in terms of instructions that operate on data that is stored in
a computer memory. Such descriptions and representations
are used by those skilled in the art to describe and convey the
substance of their work to others skilled in the art. In
general, an algorithm refers to a self-consistent sequence of
steps leading to a desired result, where a “step” refers to a
manipulation of physical quantities which may, though need
not necessarily, take the form of electrical or magnetic
signals capable of being stored, transferred, combined, com-
pared, and otherwise manipulated. It is common usage to
refer to these signals as bits, values, elements, symbols,
characters, terms, numbers, or the like. These and similar
terms may be associated with the appropriate physical
quantities and are merely convenient labels applied to these
quantities.

[0115] Unless specifically stated otherwise as apparent
from the foregoing disclosure, it is appreciated that, through-
out the foregoing disclosure, discussions using terms such as
“processing” or “computing” or “calculating” or “determin-
ing” or “displaying” or the like, refer to the action and
processes of a computer system, or similar electronic com-
puting device, that manipulates and transforms data repre-
sented as physical (electronic) quantities within the com-
puter system’s registers and memories into other data
similarly represented as physical quantities within the com-
puter system memories or registers or other such informa-
tion storage, transmission or display devices.

[0116] In a general sense, those skilled in the art will
recognize that the various aspects described herein which
can be implemented, individually and/or collectively, by a
wide range of hardware, software, firmware, or any combi-
nation thereof can be viewed as being composed of various
types of “electrical circuitry.” Consequently, as used herein
“electrical circuitry” includes, but is not limited to, electrical
circuitry having at least one discrete electrical circuit, elec-
trical circuitry having at least one integrated circuit, elec-
trical circuitry having at least one application specific inte-
grated circuit, electrical circuitry forming a general purpose
computing device configured by a computer program (e.g.,
a general purpose computer configured by a computer
program which at least partially carries out processes and/or
devices described herein, or a microprocessor configured by
a computer program which at least partially carries out
processes and/or devices described herein), electrical cir-
cuitry forming a memory device (e.g., forms of random
access memory), and/or electrical circuitry forming a com-
munications device (e.g., a modem, communications switch,
or optical-electrical equipment). Those having skill in the art
will recognize that the subject matter described herein may
be implemented in an analog or digital fashion or some
combination thereof.

[0117] The foregoing detailed description has set forth
various forms of the devices and/or processes via the use of
block diagrams, flowcharts, and/or examples. Insofar as
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such block diagrams, flowcharts, and/or examples contain
one or more functions and/or operations, it will be under-
stood by those within the art that each function and/or
operation within such block diagrams, flowcharts, or
examples can be implemented, individually and/or collec-
tively, by a wide range of hardware, software, firmware, or
virtually any combination thereof. In one form, several
portions of the subject matter described herein may be
implemented via an application specific integrated circuits
(ASIC), a field programmable gate array (FPGA), a digital
signal processor (DSP), or other integrated formats. How-
ever, those skilled in the art will recognize that some aspects
of the forms disclosed herein, in whole or in part, can be
equivalently implemented in integrated circuits, as one or
more computer programs running on one or more computers
(e.g., as one or more programs running on one or more
computer systems), as one or more programs running on one
or more processors (e.g., as one or more programs running
on one or more microprocessors), as firmware, or as virtu-
ally any combination thereof, and that designing the cir-
cuitry and/or writing the code for the software and or
firmware would be well within the skill of one of skill in the
art in light of this disclosure. In addition, those skilled in the
art will appreciate that the mechanisms of the subject matter
described herein are capable of being distributed as a
program product in a variety of forms, and that an illustra-
tive form of the subject matter described herein applies
regardless of the particular type of signal bearing medium
used to actually carry out the distribution. Examples of a
signal bearing medium include, but are not limited to, the
following: a recordable type medium such as a floppy disk,
a hard disk drive, a Compact Disc (CD), a Digital Video
Disk (DVD), a digital tape, a computer memory, etc.; and a
transmission type medium such as a digital and/or an analog
communication medium (e.g., a fiber optic cable, a wave-
guide, a wired communications link, a wireless communi-
cation link (e.g., transmitter, receiver, transmission logic,
reception logic, etc.), etc.).

[0118] In some instances, one or more elements may be
described using the expression “coupled” and “connected”
along with their derivatives. It should be understood that
these terms are not intended as synonyms for each other. For
example, some aspects may be described using the term
“connected” to indicate that two or more elements are in
direct physical or electrical contact with each other. In
another example, some aspects may be described using the
term “coupled” to indicate that two or more elements are in
direct physical or electrical contact. The term “coupled,”
however, also may mean that two or more elements are not
in direct contact with each other, but yet still co-operate or
interact with each other. It is to be understood that depicted
architectures of different components contained within, or
connected with, different other components are merely
examples, and that in fact many other architectures may be
implemented which achieve the same functionality. In a
conceptual sense, any arrangement of components to
achieve the same functionality is effectively “associated”
such that the desired functionality is achieved. Hence, any
two components herein combined to achieve a particular
functionality can be seen as “associated with” each other
such that the desired functionality is achieved, irrespective
of architectures or intermedial components. Likewise, any
two components so associated also can be viewed as being
“operably connected,” or “operably coupled,” to each other
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to achieve the desired functionality, and any two compo-
nents capable of being so associated also can be viewed as
being “operably couplable,” to each other to achieve the
desired functionality. Specific examples of operably cou-
plable include but are not limited to physically mateable
and/or physically interacting components, and/or wirelessly
interactable, and/or wirelessly interacting components, and/
or logically interacting, and/or logically interactable com-
ponents.

[0119] In other instances, one or more components may be
referred to herein as “configured to,” “configurable to,”
“operable/operative to,” “adapted/adaptable,” “able to,”
“conformable/conformed to,” etc. Those skilled in the art
will recognize that “configured to” can generally encompass
active-state components and/or inactive-state components
and/or standby-state components, unless context requires
otherwise.

[0120] While particular aspects of the present disclosure
have been shown and described, it will be apparent to those
skilled in the art that, based upon the teachings herein,
changes and modifications may be made without departing
from the subject matter described herein and its broader
aspects and, therefore, the appended claims are to encom-
pass within their scope all such changes and modifications as
are within the true scope of the subject matter described
herein. It will be understood by those within the art that, in
general, terms used herein, and especially in the appended
claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should
be interpreted as “including but not limited to,” the term
“having” should be interpreted as “having at least,” the term
“includes” should be interpreted as “includes but is not
limited to,” etc.). It will be further understood by those
within the art that if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited
in the claim, and in the absence of such recitation no such
intent is present. For example, as an aid to understanding,
the following appended claims may contain usage of the
introductory phrases “at least one” and “one or more” to
introduce claim recitations. However, the use of such
phrases should not be construed to imply that the introduc-
tion of a claim recitation by the indefinite articles “a” or “an”
limits any particular claim containing such introduced claim
recitation to claims containing only one such recitation, even
when the same claim includes the introductory phrases “one
or more” or “at least one” and indefinite articles such as “a”
or “an” (e.g., “a” and/or “an” should typically be interpreted
to mean “at least one” or “one or more”); the same holds true
for the use of definite articles used to introduce claim
recitations.

[0121] In addition, even if a specific number of an intro-
duced claim recitation is explicitly recited, those skilled in
the art will recognize that such recitation should typically be
interpreted to mean at least the recited number (e.g., the bare
recitation of “two recitations,” without other modifiers,
typically means at least two recitations, or two or more
recitations). Furthermore, in those instances where a con-
vention analogous to “at least one of A, B, and C, etc.” is
used, in general such a construction is intended in the sense
one having skill in the art would understand the convention
(e.g., “a system having at least one of A, B, and C” would
include but not be limited to systems that have A alone, B
alone, C alone, A and B together, A and C together, B and
C together, and/or A, B, and C together, etc.). In those
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instances where a convention analogous to “at least one of
A, B, or C, etc.” is used, in general such a construction is
intended in the sense one having skill in the art would
understand the convention (e.g., “a system having at least
one of A, B, or C” would include but not be limited to
systems that have A alone, B alone, C alone, A and B
together, A and C together, B and C together, and/or A, B,
and C together, etc.). It will be further understood by those
within the art that typically a disjunctive word and/or phrase
presenting two or more alternative terms, whether in the
description, claims, or drawings, should be understood to
contemplate the possibilities of including one of the terms,
either of the terms, or both terms unless context dictates
otherwise. For example, the phrase “A or B” will be typi-
cally understood to include the possibilities of “A” or “B” or
“Aand B”

[0122] With respect to the appended claims, those skilled
in the art will appreciate that recited operations therein may
generally be performed in any order. Also, although various
operational flows are presented in a sequence(s), it should be
understood that the various operations may be performed in
other orders than those which are illustrated, or may be
performed concurrently. Examples of such alternate order-
ings may include overlapping, interleaved, interrupted, reor-
dered, incremental, preparatory, supplemental, simultane-
ous, reverse, or other variant orderings, unless context
dictates otherwise. Furthermore, terms like “responsive to,”
“related to,” or other past-tense adjectives are generally not
intended to exclude such variants, unless context dictates
otherwise.

[0123] It is worthy to note that any reference to “one
aspect,” “an aspect,” “one form,” or “a form” means that a
particular feature, structure, or characteristic described in
connection with the aspect is included in at least one aspect.
Thus, appearances of the phrases “in one aspect,” “in an
aspect,” “in one form,” or “in an form” in various places
throughout the specification are not necessarily all referring
to the same aspect. Furthermore, the particular features,
structures or characteristics may be combined in any suitable
manner in one or more aspects.

[0124] With respect to the use of substantially any plural
and/or singular terms herein, those having skill in the art can
translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or
application. The various singular/plural permutations are not
expressly set forth herein for sake of clarity.

[0125] In certain cases, use of a system or method may
occur in a territory even if components are located outside
the territory. For example, in a distributed computing con-
text, use of a distributed computing system may occur in a
territory even though parts of the system may be located
outside of the territory (e.g., relay, server, processor, signal-
bearing medium, transmitting computer, receiving com-
puter, etc. located outside the territory).

[0126] A sale of a system or method may likewise occur
in a territory even if components of the system or method are
located and/or used outside the territory. Further, implemen-
tation of at least part of a system for performing a method
in one territory does not preclude use of the system in
another territory.

[0127] All of the above-mentioned U.S. patents, U.S.
patent application publications, U.S. patent applications,
foreign patents, foreign patent applications, non-patent pub-
lications referred to in this specification and/or listed in any
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Application Data Sheet, or any other disclosure material are
incorporated herein by reference, to the extent not inconsis-
tent herewith. As such, and to the extent necessary, the
disclosure as explicitly set forth herein supersedes any
conflicting material incorporated herein by reference. Any
material, or portion thereof, that is said to be incorporated by
reference herein, but which conflicts with existing defini-
tions, statements, or other disclosure material set forth
herein will only be incorporated to the extent that no conflict
arises between that incorporated material and the existing
disclosure material.

[0128] In summary, numerous benefits have been
described which result from employing the concepts
described herein. The foregoing description of the one or
more forms has been presented for purposes of illustration
and description. It is not intended to be exhaustive or
limiting to the precise form disclosed. Modifications or
variations are possible in light of the above teachings. The
one or more forms were chosen and described in order to
illustrate principles and practical application to thereby
enable one of ordinary skill in the art to utilize the various
forms and with various modifications as are suited to the
particular use contemplated. It is intended that the claims
submitted herewith define the overall scope.

[0129] Various embodiments are described in the follow-
ing numbered examples:

[0130] Example 1. A submersible sound system compris-
ing: a housing; a housing end piece in mechanical commu-
nication with a posterior end of the housing; an elastic
membrane in mechanical communication with an anterior
end of the housing; an end cap in mechanical communica-
tion with the elastic membrane; a subwoofer speaker system
disposed within the housing. The subwoofer speaker system
comprises: a magnet assembly disposed within the posterior
end of the housing; a frame in mechanical communication
with the magnet assembly; a voice coil; a diaphragm in
mechanical communication with the frame and configured to
be driven by the voice coil; a subwoofer speaker support in
mechanical communication with the frame; and an interior
portion of the housing, and wherein an anterior surface of
the subwoofer speaker support, an anterior surface of the
diaphragm, the anterior end of the housing, the elastic
membrane, and the end cap together define a sealed cylin-
drical bubble sound source.

[0131] Example 2. The submersible sound system of
Example 1, wherein the housing, the housing end piece, and
a posterior surface of the subwoofer speaker support
together form a sealed enclosure in the housing.

[0132] Example 3. The submersible sound system of
Examples 1 or 2, comprising a tuning pipe disposed within
the subwoofer speaker support, extending between the
sealed enclosure and the cylindrical bubble sound source,
and configured to permit fluidic communication between the
sealed enclosure and the cylindrical bubble sound source.
[0133] Example 4. The submersible sound system of
Example 3, wherein the tuning pipe and the sealed enclosure
together comprise a Helmholtz resonator.

[0134] Example 5. The submersible sound system of any
of Examples 1-4, comprising a second subwoofer speaker
system disposed within the housing. The second subwoofer
speaker system comprises a second magnet assembly dis-
posed within the posterior end of the housing; a second
frame in mechanical communication with the second magnet
assembly; a second voice coil; a second diaphragm in
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mechanical communication with the second frame and con-
figured to be driven by the second voice coil; and a second
subwoofer speaker support in mechanical communication
with the second frame and an interior portion of the posterior
end of the housing, wherein the second subwoofer speaker
system is disposed in an opposing direction to the subwoofer
speaker system; and a sealed channel configured to permit
fluidic communication between a posterior side of the frame
and an anterior side of the second frame, wherein the
diaphragm is a first diaphragm and the first diaphragm is
configured to operate in opposition to the second diaphragm.
[0135] Example 6. The submersible sound system of any
of Examples 1-5, comprising a second cylindrical bubble
sound source comprising a second elastic membrane in
mechanical communication with the posterior end of the
housing at a first end of the second elastic membrane and in
mechanical communication with the housing end piece at a
second end of the second elastic membrane, wherein the
second elastic membrane, the housing, the housing end
piece, and a posterior surface of the subwoofer speaker
support together form a sealed enclosure.

[0136] Example 7. The submersible sound system of any
of Examples 1-6, further comprising one or more heat sinks
in thermal communication with the magnet assembly and the
housing.

[0137] Example 8. The submersible sound system of any
of Examples 7, wherein the one or more heat sinks are
configured to be positioned in proximity to water to cool the
water.

[0138] Example 9. The submersible sound system of any
of Examples 1-8, further comprising a gas disposed therein.
[0139] Example 10. The submersible sound system of any
of Examples 1-9, wherein the end cap comprises an elastic
portion.

[0140] Example 11. The submersible sound system of any
of Examples 1-10, comprising a control system. The control
system comprises a processor; a memory unit in data com-
munication with the processor; a controllable power source
in electrical communication with the voice coil; and an
interface configured to receive sensor input data from the
subwoofer speaker system; wherein the memory unit stores
instructions that, when executed by the processor, cause the
processor to: receive the sensor input data from the sub-
woofer speaker system; and control the power source based
on the received sensor input data.

[0141] Example 12. The submersible sound system of any
of Examples 11, wherein the subwoofer speaker system
comprises a first temperature sensor of a first temperature of
fluid surrounding the magnet assembly and a second tem-
perature sensor of a second temperature of the voice coil.
[0142] Example 13. The submersible sound system of
Example 12, wherein the second temperature sensor is an IR
temperature sensor.

[0143] Example 14. The submersible sound system of any
of Examples 12-13, wherein the sensor input data are
received from one or more of the first temperature sensor
and the second temperature sensor.

[0144] Example 15. The submersible sound system of any
of Examples 11-15, comprising a sensor of an output current
of'the power source; and a sensor of an output voltage of the
power source, wherein the memory unit stores instructions
that, when executed by the processor, further cause the
processor to: receive current data from the sensor of the
output current; receive voltage data from the sensor of the
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output voltage; and control the power source based on the
received current data and the received voltage data.

[0145] Example 16. A submersible sound system compris-
ing: a housing; a housing end piece in mechanical commu-
nication with a posterior end of the housing; an elastic
membrane in mechanical communication with an anterior
end of the housing; an end cap in mechanical communica-
tion with the elastic membrane; a resonator end wall in
mechanical communication with the anterior end of the
housing; a resonator throat disposed within the resonator end
wall; and a subwoofer speaker system disposed within the
housing. The subwoofer speaker system comprises: a mag-
net assembly disposed within the posterior end of the
housing; a frame in mechanical communication with the
magnet assembly; a voice coil; a diaphragm in mechanical
communication with the frame and configured to be driven
by the voice coil; a subwoofer speaker support in mechani-
cal communication with the frame and an interior portion of
the housing; and a tuning pipe disposed within the sub-
woofer speaker support; wherein the housing, the housing
end piece, and a posterior surface of the subwoofer speaker
support together form a posterior enclosure, wherein an
anterior surface of the resonator end wall, the anterior end of
the housing, the elastic membrane, and the end cap together
define a sealed cylindrical bubble sound source, wherein the
anterior surface of the diaphragm, an anterior surface of the
subwoofer speaker support, an anterior portion of the hous-
ing, the resonator end wall, and the resonator throat together
define a Helmholtz resonator, wherein the resonator throat is
configured to permit fluidic communication between the
Helmholtz resonator and the cylindrical bubble sound
source, and wherein the tuning pipe extends between the
posterior enclosure and the Helmholtz resonator and is
configured to permit fluidic communication between the
posterior enclosure and the Helmholtz resonator.

[0146] Example 17. The submersible sound system of
Example 16, comprising a control system. The control
system comprises: a processor; a memory unit in data
communication with the processor; a controllable power
source in electrical communication with the voice coil; and
an interface configured to receive sensor input data from the
subwoofer speaker system; wherein the memory unit stores
instructions that, when executed by the processor, cause the
processor to: receive the sensor input data from the sub-
woofer speaker system; an control the power source based
on the received sensor input data, an output voltage of the
power source, and an output current of the power source.

[0147] Example 18. An underwater sound system com-
prising: a sound system support having a plurality of vertices
and a plurality of sound sources. The plurality of vertices
form the vertices of a regular polyhedron. Each of the
plurality of sound sources comprise: a housing; a housing
end piece in mechanical communication with a posterior end
of the housing; an elastic membrane in mechanical commu-
nication with the anterior end of the housing; an end cap in
mechanical communication with the elastic membrane; and
a subwoofer speaker system disposed within the housing.
The subwoofer speaker system comprises a magnet assem-
bly disposed within the posterior end of the housing; a frame
in mechanical communication with the magnet assembly; a
voice coil; a diaphragm in mechanical communication with
the frame and configured to be driven by the voice coil; and
a subwoofer speaker support in mechanical communication
with the frame and an interior portion of the housing. An
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anterior surface of the subwoofer speaker support, an ante-
rior surface of the diaphragm, the anterior end of the
housing, the elastic membrane, and the end cap together
define a sealed cylindrical bubble sound source. Each one of
the plurality of sound sources is affixed to each one of the
plurality of sound system support vertices.

[0148] Example 19. The underwater sound system of
Example 18, wherein the sound system support further
comprises one or more suppressor fins and keels.

[0149] Example 20. The underwater sound system of
claim 18, wherein the regular polyhedron comprises one of
a tetrahedron, a cube, an octahedron, a dodecahedron, and an
icosahedron.

1. A submersible sound system comprising:

a housing;

a housing end piece in mechanical communication with a

posterior end of the housing;

an elastic membrane in mechanical communication with

an anterior end of the housing;

an end cap in mechanical communication with the elastic

membrane;

a subwoofer speaker system disposed within the housing,

the subwoofer speaker system comprising:

a magnet assembly disposed within the posterior end of
the housing;

a frame in mechanical communication with the magnet
assembly;

a voice coil;

a diaphragm in mechanical communication with the
frame and configured to be driven by the voice coil;

a subwoofer speaker support in mechanical communi-
cation with the frame; and

an interior portion of the housing; and

one or more heat sinks in thermal communication with the

magnet assembly and the housing,

wherein an anterior surface of the subwoofer speaker

support, an anterior surface of the diaphragm, the
anterior end of the housing, the elastic membrane, and
the end cap together define a sealed cylindrical bubble
sound source.

2. The submersible sound system of claim 1, wherein the
housing, the housing end piece, and a posterior surface of the
subwoofer speaker support together form a sealed enclosure
in the housing.

3-7. (canceled)

8. The submersible sound system of claim 1, wherein the
one or more heat sinks are configured to be positioned in
proximity to water to cool the magnet assembly.

9. The submersible sound system of claim 1, further
comprising a gas disposed therein.

10. The submersible sound system of claim 1, wherein the
end cap comprises an elastic portion.

11. The submersible sound system of claim 1, further
comprising:
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a control system comprising:
a processor;
a memory unit in data communication with the proces-
sor;
a controllable power source in electrical communica-
tion with the voice coil; and
an interface configured to receive sensor input data
from the subwoofer speaker system;
wherein the memory unit stores instructions that, when
executed by the processor, cause the processor to:
receive the sensor input data from the subwoofer
speaker system; and
control the power source based on the received
sensor input data.

12. The submersible sound system of claim 11, wherein
the subwoofer speaker system comprises a first temperature
sensor of a first temperature of fluid surrounding the magnet
assembly and a second temperature sensor of a second
temperature of the voice coil.

13. The submersible sound system of claim 12, wherein
the second temperature sensor is an IR temperature sensor.

14. The submersible sound system of claim 12, wherein
the sensor input data are received from one or more of the
first temperature sensor and the second temperature sensor.

15. The submersible sound system of claim 11, further
comprising:

a sensor of an output current of the power source; and

a sensor of an output voltage of the power source,

wherein the memory unit stores instructions that, when

executed by the processor, further cause the processor

to:

receive current data from the sensor of the output
current;

receive voltage data from the sensor of the output
voltage; and

control the power source based on the received current
data and the received voltage data.

16-20. (canceled)

21. The submersible sound system of claim 1, wherein the
housing is fabricated from a material with a high thermal
conductivity.

22. The submersible sound system of claim 21, wherein
the material comprises aluminum 6061 T6.

23. The submersible sound system of claim 21, wherein
the material is configured to cool air inside of the housing by
thermal exchange with water external to the housing.

24. The submersible sound system of claim 1, wherein the
one or more heat sinks is composed of copper.

25. The submersible sound system of claim 1, wherein the
one or more heat sinks is fabricated as one or more heat
ducts.

26. The submersible sound system of claim 1, wherein the
one or more heat sinks is implemented as one or more heat

pipes.



