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(57) Abstract: A directional acoustic device (10) that has an acoustic source (14) or an acoustic receiver, and a conduit (12) to
which the acoustic source (14) or acoustic receiver is acoustically coupled and within which acoustic energy travels in a propagation
direction from the acoustic source (14) or to the acoustic receiver, the conduit having finite extent (18) at which the conduit structure
ends. The conduit (12) has a radiating portion (20) that has a radiating surface with leak openings (23) that detine controlled leaks
through which acoustic energy radiated from the source (14) into the conduit (12) can leak to the outside environment or through
which acoustic energy in the outside environment can leak into the conduit (12). The only path for acoustic energy in the conduit
(12) to reach the external environment or acoustic energy in the external environment to enter the conduit (12) is through the con-
trolled leaks (23). The leak openings (23) define leaks having a first extent in the propagation direction, and also define leaks having
a second extent (48) at locations along the conduit (12) with a constant time delay relative to the location of the source (14) or re -
ceiver. The extents of the leaks are determinative of the lowest frequency where usetul directivity control is obtained. The lowest fre -
quency of directivity control for the leak in the propagation direction is within three octaves of the lowest frequency of directivity
control for the leak with constant time delay.
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Directional Acoustic Device

BACKGROUND

[0001]  This disclosure relates to directional acoustic devices including acoustic sources and

acoustic recelvers.

[0002] Directional acoustic devices can control the directivity of radiated or received

acoustic energy.

SUMMARY

[0003]  All examples and features mentioned below can be combined in any technically

possible way.

[0004] In one aspect a directional acoustic device includes an acoustic source or an acoustic
receiver, and a conduit to which the acoustic source or acoustic receiver is acoustically coupled
and within which acoustic energy travels in a propagation direction from the acoustic source or
to the acoustic receiver, the conduit having finite extent at which the conduit structure ends. The
conduit has a radiating portion that has a radiating surface with leak openings that define
controlled leaks through which acoustic energy radiated from the source into the conduit can leak
to the outside environment or through which acoustic energy in the outside environment can leak
into the conduit. The only path for acoustic energy in the conduit to reach the external
environment or acoustic energy in the external environment to enter the conduit is through the
controlled leaks, The leak openings define leaks having a first extent in the propagation
direction, and also define leaks having a second extent at locations along the conduit with a
constant time delay relative to the location of the source or receiver. The extents of the leaks are
determinative of the lowest frequency where useful directivity control is obtained. The lowest
frequency of directivity control for the leak in the propagation direction is within three octaves of

the lowest frequency of directivity control for the leak with constant time delay.

[0005] Embodiments may include one of the following features, or any combination thereof.
The radiating portion of the conduit may be generally planar. The radiating portion of the conduit

may have an end that lies along a circular arc. The radiating portion of the conduit may be a
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circular sector. The radiating portion may lie generally in a plane, and the source or receiver may
be located in the plane of the radiating portion. The radiating portion may lie generally in a
plane, and the source or recciver may not be located in the plane of the radiating portion. The

radiating portion may be curved to form a three-dimensional shell.

[0006] Embodiments may include one of the following features, or any combination thereof.
The area of the leak openings that define leaks in the propagation direction may vary as a
function of distance from the location of the acoustic source or receiver. The acoustic resistance
of the leak openings that define leaks in the propagation direction may vary as a function of
distance from the location of the acoustic source or receiver. The variation in acoustic resistance
may be accomplished at least in part by one or both of: varying the area of the leak as a function
of distance from the source or receiver; and by varying the acoustical resistance of the leak as a
function of distance from the source or receiver. The variation in acoustic resistance may be
accomplished at least in part by one or both of: placing a material with spatially varying
acoustical resistance over a leak opening in the perimeter with constant area as a function of
distance from the source or receiver; and by varying the leak area as a function of distance from

the source or receiver and applying a material with constant acoustical resistance over the leak.

[0007] Embodiments may include one of the following features, or any combination thereof.
The depth of the conduit, at locations where the time delay relative to the source or receiver
location is constant, may decrease as a function of distance from the source or receiver location.
The area of the leak openings that define constant time delay leaks may be between about one
and four times the area of the leak openings that define leaks in the propagation direction. The
extent of the fixed time delay leak may be at least about 1/2 wavelength of sound at the lowest
frequency that it is desired to control directivity. The extent of the leak in the propagation
direction may be at least about 1/4 wavelength of sound at the lowest frequency that it is desired
to control directivity. The ratio of the first extent to the second extent may be less than 6.3 and

greater than 0.25

[0008] Embodiments may include one of the following features, or any combination thereof.
The leak openings may be all in one surface of the conduit. The conduit may be mounted to the

ceiling of a room, and the surface with leaks may face the floor of the room. The conduit may be
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mounted on a wall of a room and the surface with leaks may face the floor of the room. For a
radiating device, substantially all of the acoustic energy radiated into the conduit may leak
through the controlled leaks to the outside environment before it reaches the end of the conduit

structure.

[0009] In another aspect a directional acoustic device includes an acoustic source or an
acoustic receiver, and a conduit to which the acoustic source or acoustic receiver is acoustically
coupled and within which acoustic energy travels in a propagation direction from the acoustic
source or to the acoustic receiver, the conduit having finite extent at which the conduit structure
ends. The conduit has a radiating portion that has a radiating surface with leak openings that
define controlled leaks through which acoustic energy radiated from the source into the conduit
can leak to the outside environment or through which acoustic energy in the outside environment
can leak into the conduit. The only path for acoustic energy in the conduit to reach the external
environment or acoustic energy in the external environment to enter the conduit is through the
controlled leaks. The radiating portion of the conduit expands radially out from the location of
the source over a subtended angle that is at least 15 degrees. The depth of the conduit may

decrease as distance from the acoustic source increases.

[0010] In another aspect a directional acoustic device includes an acoustic source or an
acoustic receiver, and a conduit to which the acoustic source or acoustic receiver is acoustically
coupled and within which acoustic energy travels in a propagation direction from the acoustic
source or to the acoustic receiver, the conduit having finite extent at which the conduit structure
ends. The conduit has a radiating portion that has a radiating surface with leak openings that
define controlled leaks through which acoustic energy radiated from the source into the conduit
can leak to the outside environment or through which acoustic energy in the outside environment
can leak into the conduit. The only path for acoustic energy in the conduit to reach the external
environment or acoustic energy in the external environment to enter the conduit is through the
controlled leaks. The leak openings define leaks having a first extent in the propagation
direction, and also define leaks having a second extent at locations along the conduit with a
constant, maximum time delay relative to the location of the source or receiver. The ratio of the

first extent to the second extent is less than 6.3 and greater than 0.25.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011]  Fig. 1A is a schematic plan view of a directionally radiating acoustic device and

figure 1B is a cross-section taken along line A-A.
[0012]  Fig. 2 is a schematic plan view of a directionally radiating acoustic device.

[0013]  Fig. 3A is a schematic plan view of a directionally radiating acoustic device and

figure 3B is a cross-sectional view taken along line B-B.

[0014] Fig. 4A is a schematic plan view of a directionally radiating acoustic device and

figure 4B is a cross-sectional view taken along line C-C.

[0015] Fig. 5A is a schematic plan view of a directionally radiating acoustic device and

figures 5B and 5C are cross-sectional views taken along lines D-D and E-E, respectively.

[0016] Figs. 6 shows windowing the output volume velocity through a resistive screen in a

linear end fire line source, as a function of distance from the source.
[0017]  Figs. 7 shows the directivity effect of the windowing of Fig. 6,
[0018] Fig. 8 is a schematic cross-sectional view of a directionally radiating acoustic device.

[0019] Fig. 9A is a schematic view of a directionally radiating acoustic device and figure 9B

1s a cross-sectional view thereof.

[0020] Figs. 10A and 10B are top and bottom plan views, respectively, of a directionally

radiating acoustic device.

[0021] Figs. 11A and 11B are top and bottom perspective views of the housing for a

directional receiving device.

DETAILED DESCRIPTION

[0022] One or more acoustic sources or acoustic receivers are coupled to a hollow structure
such as an arbitrarily shaped conduit that contains acoustic radiation from the source(s) and

conducts it away from the source, or conducts acoustic energy from outside the structure through
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the structure and to the receiver. The structure has a perimeter wall that is constructed and
arranged to allow acoustic energy to leak through it (out of it or into it) in a controlled manner.
The perimeter wall forms a 3D surface in space. Much of the discussion rclative to figures 1-10
concerns a directionally radiating acoustic device. However, the discussion also applies to
directionally receiving acoustic devices in which receivers (e.g., microphone elements) replace
the acoustic sources. In a receiver, radiation enters the structure through the leaks and is

conducted to the receiver.

[0023] The magnitude of the acoustic energy leaked through a leak (i.e., out of the conduit
through the leak or into the conduit through the leak) at an arbitrary point on the perimeter wall
depends on the pressure difference between the acoustic pressure within the conduit at the
arbitrary point and the ambient pressure present on the exterior of the conduit at the arbitrary
point, and the acoustical impedance of the perimeter wall at the arbitrary point. The phase of the
leaked energy at the arbitrary point relative to an arbitrary reference point located within the
conduit depends on the time difference between the time it takes sound radiated from the source
into the conduit to travel from the source through the conduit to the arbitrary reference point and
the time it takes sound to travel through the conduit from the source to the selected arbitrary
point. Though the reference point could be chosen to be anywhere within the conduit, for future
discussions the reference point is chosen to be the location of the source such that the acoustic
energy leaked through any point on the conduit perimeter wall will be delayed in time relative to
the time the sound is emitted from the source. For a receiver configured to receive acoustic
output from a source located external to the conduit, the phase of the sound received at any first
point along the leak surface relative to any second point along the leak surface is a function of
the relative difference in time it takes energy emitted from the external acoustic source to reach
the first and second points. The relative phase at the receiver for sounds entering the conduit at
the first and second points depends on the relative time delay above, and the relative distance

within the conduit from each point to the receiver location.

[0024]  The shape of the structure’s perimeter wall surface through which acoustic energy
leaks (also called a “radiating section” or “radiating portion” herein) is arbitrary. In some

examples, the perimeter wall surface (radiating portion) may be generally planar. One example
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of an arbitrarily shaped generally planar wall surface 20 is shown in Figs. 1A and 1B. The cross
hatched surface 23 of wall 20 represents the radiating portion through which acoustic volume
velocity is radiated. Directionally radiating acoustic device 10 includes structure or conduit 12
to which loudspeaker (acoustic source) 14 is acoustically coupled at proximal end 16; the source
couples to the conduit along an edge of the 2D projected shape of the conduit. Radiating portion
20 in this non-limiting example is the bottom surface of conduit 12, but the radiating surface
could be on the top or on both the top and bottom surfaces of generally planar conduit 12.
Arrows 22 depict a representation of acoustic volume velocity directed out of the conduit 12
through leak section 23 in wall 20 into the environment. The length of the arrows is generally
related to the amount of volume velocity emitted. The amount of volume velocity emitted to the
external environment may vary as a function of distance from the source. This is described in
more detail elsewhere in this disclosure. For use as a receiver, source 14 would be replaced with
one or more microphone elements, and the volume velocity would be received into rather than

emitted from radiating portion 20.

[0025] Leak section 23 is a portion of the radiating portion of wall 20, and is depicted
extending along the direction of sound propagation from speaker 14 toward conduit periphery
18. The following discussion of leak section 23 is also applicable to other portions of the
radiating portion of wall 20. It is useful to only consider what is happening in section 23 for
purposes of discussion, to better understand the nature of operation of the examples disclosed
herein. Leak section 23 is depicted as continuous, but could be accomplished by a series of leaks
aligned along the sound propagation direction (or sound reception direction for a receiver). Leak
section 23 is shown in Fig. 1A as a rectangular strip extending in a straight line away from the
location of speaker 14. This is a simplification to help illustrate the lengthwise extent of the
radiating portion of wall 20. In general, a significant or in some examples the entire portion of
surface 20 may be radiating, as illustrated by the cross-hatching. In some examples, the portion
of surface 20 incorporating a leak may vary as a function of distance or angle or both from the
location of a source (or sources in examples with more than one source). As described below the
location, size, shape, acoustical resistance and other parameters of the leaks are variables that are
taken into account to achieve a desired result, including but not limited to a desired directionality

of sound radiation or sound reception.
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[0026] TFigure 2 illustrates directionally radiating acoustic device 30 with source 34 coupled

to structure 32, which has an arbitrary shape.

[0027] In onec example of a directionally radiating acoustic device 40 as shown in figures 3A
and 3B, the source 46 (or, the receiver) is located above the radiating perimeter wall surface 42
of conduit 40, and the conduit curves down and away from the source to form a generally planar
radiating perimeter wall surface (radiating portion) extending outward horizontally and ending at
farthest extent 44. Figure 3A illustrates leakage area section 48 (included within the dotted lines).
Leak section 48 is shown in Fig. 3A as an arc shaped strip extending in a constant radius arc a
fixed distance from the location of speaker 46. Section 48 is thus located at a constant time delay
from the source, as further explained below. The illustration of section 48 is a simplification to
help illustrate that sound emitted from such an arc will be emitted at the same time across the
arc. In general, leak section 48 will extend over the surface 42 (crosshatched in the drawing),
and will be present over a significant or in some examples the entire portion of surface 42. The
portion of surface 42 incorporating a leak may vary as a function of distance or angle or both
from the location of a source/receiver (or sources/receivers in examples with more than one

source/receiver).

[0028] In another example (not shown), the radiating perimeter wall surface continues to
curve in space as the conduit extends away from the source/recciver, in which case the radiating
portion may not be generally planar, or may be only partially generally planar. The location of,

degree of, and extent of curvature of the perimeter is not limited.

[0029] In some examples, the acoustic source/receiver couples to the conduit structure in a
central location. In one example 50 shown in figures 4A and 4B, the source 56 sits above the
planar radiating perimeter wall section 52 of a circular shaped conduit with outer end 54. In
another example 60, figures SA-5C, an arbitrarily shaped conduit 62 extends away from sources
66 and 68 generally horizontally over a 360 degree arc. Though the center is not explicitly
defined in this example, a source/receiver can be generally located in line with the geometric
center of the 2D projected conduit shape, (i.e. aligned with the geometric center when viewed in

a 2D plan view). In some examples, the location where the source/receiver couples to the conduit
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structure is arbitrary and may have any relationship to the conduit shape. For example, neither of

sources 66 and 68 are located at the geometric center of conduit 62 with perimeter 64.

[0030] The source/receiver is coupled into the conduit structure and the conduit structure is
constructed and arranged such that the only path for the source acoustic energy coupled into the
conduit structure to radiate to the outside environment (or for acoustic energy radiated into the
conduit in a receiver) is through controlled leaks in the perimeter wall of the conduit structure.
The acoustic impedance of the leaks (generally, this impedance is made primarily resistive and
the magnitude of this acoustical resistance is determined) and position of the leaks and gcometry
of the conduit are chosen such that substantially all of the acoustic energy radiated into the
conduit from the source is either dissipated by the acoustical resistance of the leaks or the energy
is radiated to the outside environment through the controlled leaks in the perimeter walls of the
conduit, by the time it reaches the end of the conduit. For a receiver, acoustic energy impinging
on the outside surface of the conduit structure either radiates into the conduit or is dissipated into
the resistance. By end, we generally mean that looking into the conduit from the position of the
source (or receiver), the point along the conduit moving away from the source/receiver location
at which the physical structure of the conduit stops. The end can also be thought of as a point
along the conduit where the acoustic impedance seen by the propagating acoustic energy has a
sharp transition in magnitude and/or phase. Sharp transitions in acoustic impedance give rise to
reflections, and it is desired that substantially all of the acoustic energy in the conduit has been
leaked to the outside environment or has been dissipated before the acoustic wave propagating
within the conduit reaches the impedance transition, in order to reduce or eliminate the
reflection. The elimination or substantial reduction of reflections of acoustic energy within the
conduit along the direction of propagation results in elimination or substantial attenuation of
standing waves within the conduit along the propagation direction. Reducing or eliminating
standing waves within the conduit structure provides a smoother frequency response and a better

controlled directivity.

[0031]  The conduit shape, and the extent of (or area of and/or distribution across the
perimeter wall of and/or thickness of) and the acoustical resistance of the leaks in the perimeter

wall, are chosen such that an amount of acoustic volume velocity useful for affecting directional
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behavior is leaked through the substantially all portions of the leak area in the perimeter wall.
For a leak to be considered to be radiating (outward or inward) a useful amount of volume
velocity, we mean that the leak in question should radiate a volume velocity magnitude of at
least 1% of the volume velocity magnitude radiated by the leak radiating the highest magnitude
of volume velocity. It is possible, however, to choose leak parameters (location, area, extent,
acoustical impedance (primarily acoustical resistance)) such that acoustical volume velocity
useful for affecting directional behavior does not radiate through substantially all portions of the
leak area. Useful directivity may still be obtained. However, the “effective extent” of the leak is
limited to the portion of the leak that radiates useful acoustic energy. If a leak exists but no
useful energy is radiated, then that section of the leak is not useful for controlling directional
behavior and the effective extent of the leak is smaller than its physical extent. For example, if
the acoustical resistance near the source location is too small, a large amount of the acoustical
energy radiated by the source into the conduit will exit the conduit through the leak near the
source, which will reduce the amount of acoustical energy available to be emitted through leaks
located farther away from the source. The eflectiveness of the downstream leaks will be
negligible compared to the excessive energy radiated through the leak near the source. Leaks
near the end of the conduit may no longer effectively emit any useful acoustic volume velocity.
The extent of the radiating portion in the direction of propagation will typically be smaller than

the physical extent of the conduit in the propagation direction.

[0032] In general, it is desirable for the acoustic volume velocity radiated through leaks to
vary gradually as a function of distance along the conduit from the source or receiver location.
Abrupt changes in radiated volume velocity over short distances may give rise to undesirable
directional behavior. Figure 6 and Figure 7 show the effect of windowing the output volume
velocity through a resistive screen in a linear end fire line source, as a function of distance from a
source. Fig. 6 shows two curves. The first depicts the output volume velocity of an end fire line
source device with a rectangular volume velocity profile (uniform width screen; solid line curve)
and the second curve depicts a similar device where the output volume velocity has been shaded
(primarily by varying the width of the resistive leak in the perimeter wall of the device) to
approximate a Hamming window function, except for x larger than 0.2m where the screen width

was kept constant to the end (shaped screen; dashed line curve). While not necessary, keeping
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the width of the leak constant to the end of the conduit helps ensure all the acoustic energy
within the conduit leaks out through or is dissipated by the leak acoustical resistance before it
reaches the end of the conduit. It can be seen in Fig. 7 that the side lobe levels are noticeably
reduced for the device with the Hamming shaded output volume velocity (shaped screen; dashed
line curve). While the graphs in Figs. 6 and 7 depict the result of shading output volume velocity

in a linear, end fire device, the principles are applicable to all of the examples disclosed herein.

[0033] The magnitude of the volume velocity radiated should desirably but not necessarily
reach a maximum somewhere near the middle of the distance between the source/receiver and
end of the conduit (or, the end of the radiating portion of the conduit), generally smoothly
increasing from the source/receiver location to the point of maximum radiation, and generally
smoothly decreasing from the point of maximum radiation to the end. This behavior can be
thought of as providing a window function on the volume velocity radiated as a function of
distance from the source/receiver. Various window functions can be chosen [e.g. Hanning,
Hamming, ' cos, uniform rectangular, etc.], and the disclosure is not limited in the window
functions used. Various window functions allow a tradeoff to be made between the main
radiation lobe and side lobe behavior. One can trade off obtaining higher main lobe directivity
for increased side lobe energy (assuming a fixed leak extent), or can accept reduced main lobe
directivity for reduced side lobe energy. Windowing can also be accomplished in the direction
that is orthogonal to the propagation direction, such that there is more volume velocity radiated
in the center of the device and less moving out toward the sides of the device. For example, in
some cases the locations along the conduit with a constant time delay relative to the location of
the source or receiver fall along an axis (e.g., a circular arc), and the acoustic volume velocity
radiated through leaks varies gradually as a function of distance along this axis, from a point on

the axis.

[0034] The previously described structures control the directivity of the emitted or received
acoustic energy in two ways. The first manner of directivity control we refer to as end fire
directional control. End fire directional control devices are described in prior US patents
8,351,630; 8,358,798; and 8,447,055, the disclosures of which are herein incorporated by

reference in their entirety. The end fire directional control arises because the perimeter wall with

10
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a leak having acoustical resistance extends in the direction of sound propagation within the
conduit structure, effectively forming a continuous linear distribution of acoustic sources. One
simplified example is leak 23, figure 1 A. Because sound propagates away from the source within
the conduit (or “pipe” as it is referred to for example in US patent 8,351,630), the outputs from
the linear distribution of acoustic sources (formed by the perimeter leaks to the external
environment) do not occur at the same time along the length of the conduit. Acoustic energy
emitted to the external environment through conduit perimeter wall leaks located closer to the
acoustic source location is emitted before acoustic energy is emitted to the external environment
through leaks located farther away from the acoustic source location. The acoustic energy
emitted from the linear distribution of sources sums coherently in the direction pointing from the
acoustic source location along the length of the conduit. We will refer to a device with the linear
distribution of sources exhibiting the above behavior as an end fire line source. An end fire line

receiver exhibits reciprocal behavior.

[0035] The energy emitted/received by an end fire line source/receiver sums coherently in a
direction pointing away from the acoustic source location along the direction of the conduit
length because the propagation speed of sound within the conduit essentially matches the
propagation speed of sound in the external environment. If, however, the output or input from all
the leaks in the perimeter wall occurred at the same time, the output/reception pattern from the
source/receiver device would have a “broadside” orientation, rather than end fire. It is the
relative time delay for lcaks distributed linearly along the length of the conduit perimeter wall

that provides the end fire line source/receiver directional behavior.

[0036] Another method of directional control obtained by examples disclosed herein is
similar to the broadside directivity mentioned earlier. In the examples described herein, this
method of directional control is combined with the end fire method described above. In this
method of directional control, the “extent” or size of the leaks in the perimeter wall of the

conduit is expanded to form an “end fire surface source” or end fire surface receiver, as opposed

to the end fire line sourcc/receiver described earlier. In an end fire surface source or receiver
(i.e., device), end fire behavior is still present. However, the end fire surface device is arranged

to additionally control directivity in a dimension different to the end fire direction, which is

11
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generally orthogonal to the end fire direction. Note, however, that orthogonality is not a
requirement. For ease of description however, going forward this additional dimension of
directional control will be referred (o as the orthogonal direction. To accomplish this, the
perimeter wall leak through the conduit with an arbitrary, fixed time delay is constructed and
arranged to have an “extent” (e.g., length) that is significant in size with respect to the
wavelength of sound for the lowest frequency for which this end fire surface method of
directivity control is desired. In general, when the extent of the fixed time delay leak is
approximately 1/2 wavelength of sound at the lowest frequency that it is desired to control
directivity, the end fire surface device will start to provide useful directivity control in the
orthogonal direction to the end fire direction. In general, useful end fire directivity control begins
when the size of the perimeter leak in the end fire direction is approximately equal to 1/4
wavelength. By useful, we mean that the directional device has reduced output or input in a
direction where radiation is unwanted by at least 3 dB compared to the output or input of the
acoustic source or receiver operating without the directional device, when measured in the far

field.

[0037] When the acoustic source/receiver that is coupled to the conduit can be approximated
by a simple point element, such as would be the case where a single, electroacoustic transducer
or microphone was coupled, the “extent” of a planar end fire surface at a fixed time delay will be
a circular arc section, such as leak 48, figure 3A. In this case, the directivity control in the
orthogonal direction occurs when the arc length is approximately 1/2 wavelength. It should be
noted that the length of the arc section above is determined by the shape of the conduit, and the
time delay at which the arc length is evaluated. For a longer time delay, sound emitted from the
source will have traveled a greater distance, and the radius of the arc section will be larger,
which means the arc section length is larger. This is limited by the length of the conduit in the
end fire direction. The distance from the source to the end of the conduit controls the largest
radius possible for a given structure. The above description holds for a planar geometry but does
not necessarily hold for more complex 3D shell shapes that are described below. Also, if the
acoustic source/receiver has a different configuration and is not approximated by a simple

monopole, the extent of the conduit at a fixed time delay may not be a circular arc.

12
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[0038] In some examples, it is desirable for the frequency ranges of end fire directional
control and orthogonal dimension directional control to substantially overlap. In these examples,
the length of the perimeter leak in the end fire direction is constructed and arranged to be on the
same order as the (maximum) extent of the leak for the fixed time delay. In one example of a
device having the shape of a circular section, the radius of the section and the arc length at
maximum time delay are chosen to be on the same order of magnitude. In some examples, these
are chosen to be the same. For the same frequency range of directional control, the arc length of
the leak at maximum available time delay (i.e., at the end of the conduit) should be
approximately twice the length as the length of the perimeter leak in the end fire direction. As
mentioned previously, useful directivity control is obtained when the end fire perimeter leak
length is ¥ wavelength, and when the arc length at maximum constant time delay is 2

wavelength.

[0039] In some examples, useful behavior is obtained if there is up to an octave difference in
the frequency range of end fire directional control and the orthogonal direction directivity
control. In some examples, the ratio of the arc length at maximum time delay to the perimeter
wall leak length in the end fire direction is chosen to be between 1 and 4, which results in the
frequency range of directional control in the end fire and orthogonal directions being within one

octave of each other.

[0040] In some examples, useful behavior is obtained if there is up to a three octave
difference in the frequency ranges of directivity control. Other relationships are also possible

and are included within the scope of this disclosure.

[0041] For a planar device with end fire perimeter leak length r, the maximum arc length
possible for constant time delay is for a 360 degree circular planar device, where the arc length is
the circumference of the device at radius r. This gives a maximum ratio constant time delay leak
arc length to end fire perimeter leak length of approximately 6.28. As the angle the planar
circular conduit subtends is reduced, this maximum ratio is further reduced. For example, for a
180 degree subtended semi-circular radiating surface, the maximum arc length at constant time
delay is reduced to 3.14 times the end fire perimeter leak length. For end fire surfaces in general,

the subtended angle for the radiating surface should be at least 15 degrees to obtain any useful

13



WO 2016/160846 PCT/US2016/024786

directivity control benefit over simple linear end fire devices. The ratio of arc length to end fire

perimeter leak length for a circular conduit subtending angle of 15 degrees is 0.25.

[0042] Examples of end fire surface sources are shown in figs. 1 and 3. In Figs. 1A and 3, the
conduit extends in a generally semi-circular manner from the source location. Fig. 3 shows a full
Y, circle conduit where Fig. 1 shows a conduit spanning slightly less than ' circle. Fig. 1 also
shows an acoustic source essentially in the plane of the planar conduit whereas the source in Fig.
3 is located above the plane of the planar conduit and a section of the conduit conducts energy
from the raised source into the planar section. The leaks in the perimeter walls occur over a
semi-circular generally planar section. The extents of the fixed time delay leaks in these
examples are circular arc sections. The arc length for circular sections of arbitrary angle 1s easily
calculated. The example of Fig. 1A shows a semicircular end fire surface source. In some
examples, the end fire surface device has a generally planar radiating section that is an arbitrary
circular section. For example, the end fire acoustic device may be a Y circular section, 1/8
circular section, Y circular section (as shown in fig. 3A), % circular section, or a full circular

section as shown in Fig. 4A. Any circular section is contemplated herein.

[0043] The source/receiver may be located generally in the plane of the planar radiating
section of the conduit, as shown in Figs. 1 and 2, or it may be displaced above or below the

generally planar section, as shown in Fig. 3.

[0044] Examples of end fire surface devices are not limited to semi-circular or circular
geometry. In some examples, the generally planar section of the conduit may have an arbitrary
shape, as shown in Fig. 2. The source/receiver may be located generally in the plane of the planar
radiating section of the conduit, or displaced above or below it. The source/receiver may couple
to the conduit at or near the geometric center of the arbitrarily shaped planar section, or may be
offset from this center. There may be one or more acoustic sources/receivers that are acoustically

coupled to the conduit.

[0045] In the above end fire surface device examples, the conduit is described as having a
generally planar radiating section where the planar section has leaks distributed about its

perimeter wall to radiate acoustic energy from within the conduit to the outside environment, or
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from the environment into the conduit, through the leaks. In some examples, a portion of or all of
this radiating section with perimeter wall leaks is curved into a three dimensional shape such that
the radiating section can no longer be described as generally planar. In these examples, the
device is referred to as an end fire shell device (i.e., source or receiver). Examples of end fire
shell sources are shown in figures 4, 5 and 8 (Fig. 8 illustrates a conical geometry, though this
shape is not limiting). Curving the perimeter of the conduit section with controlled leaks into a
three dimensional surface provides further control of the directivity of the device since the output
or input volume velocity is no longer confined to a plane. The curvature can be used to broaden
the end fire directivity control, particularly at higher frequencies where endfire devices tend to

have relatively narrow directivity patterns.

[0046] In some examples, the perimeter wall surface though which acoustic energy leaks
may be curved into a 3D surface. One example surface that has the benefit of being somewhat
simpler to manufacture is conical, such as conical conduit surface 72 of directionally radiating
acoustic device 70, figure 8. In this example sound from source 78 is leaked through lower
surface 74, although the surfaces may be reversed such that sound leaks through the upwardly-
facing wall. In some examples the device may also be just a portion of a conical structure, such

as 180 degrees of the conical device of figure 8.

[0047] US patent 8,351,630, for example, describes examples of end fire line sources. It
describes a cross section of the “pipe” (the “pipe” term used in US patent 8,351,630 generally
corresponds to the “conduit” term used herein) normal to the direction of propagation of acoustic
energy within the “pipe” may change along the length of the “pipe”, and more specifically may
decrease with distance from the source. This was described as a way to keep the pressure within
the “pipe” more constant along the length of the “pipe” as energy leaked out of the pipe to the

outside environment.

[0048] In end fire surface and end fire shell devices, as energy leaks through or is dissipated
in the resistance of the leaks, it may be desirable to keep the acoustic pressure within the conduit
approximately constant. However, it may also be the case that constant pressure is not needed

* but it is desirable to alter the geometry of the conduit to reduce the pressure drop that would

otherwise occur if the cross sectional area were unchanged. In end fire surface and end fire shell
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devices, the extent of the leak is substantially larger than the extent of leaks in the end fire line
device. In the end fire surface device and end fire shell device examples, because the extent of
the constant time delay leak is approximately 1/2 wavelength of the lowest frequency of
directional control (which is substantially greater than the extent of the constant time delay leak
in the end fire line source examples), the variation of cross sectional area of the conduit
described in US 8,351,630 for the end fire line source would not be sufficient to maintain useful
operation of end fire surface and end fire shell devices. This is because the depth of the conduit
does not decrease fast enough as a function of distance from the source/receiver to compensate
for the extra energy leaked through the perimeter as a function of distance, because the extent in
the constant time delay dimension is substantially greater than in the linear case. Because of the
increase in the extent in the constant time delay direction, reducing the depth of the conduit as a
function of distance from the source/receiver in the propagation direction required in order to
keep the pressure in the conduit relatively constant would cause the depth of the conduit to

become too shallow for sound propagation without excessive viscous losses to the walls.

[0049] To avoid having all of the acoustic energy leak out of the conduit too close to the
location of the source in the end fire surface and end fire shell sources, one or more of the
following approachcs can be followed. All else being equal, the cross-sectional area of the
conduit at a constant distance from the source (a constant time delay section) must decrease
much faster along the direction away from the source than the cross section in the prior art end
fire line source case. This can become problematic because as the extent of the fixed time delay
leak increases, the depth of the conduit must get extremely small. Propagation within a conduit
having such a shallow depth can give rise to non-linear propagation behavior which would be
undesirable. The conduit itself would begin to impede the flow of acoustic energy (i.e., it would
exhibit viscous loss), and acoustical energy would be dissipated in this conduit viscous loss. Any
energy dissipated in the conduit viscous loss is no longer useful for directivity control, and the

efficiency of the device would be reduced.

[0050] To avoid the problems that arise with very shallow depths, in some examples the
amount of energy leaked through the perimeter wall leak is varied as a function of distance from

the source/receiver location. This can be accomplished by varying the area of the leak as a
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function of distance from the source/receiver, by varying the acoustical resistance of the leak as a
function of distance from the source/receiver, or both in combination. In general, the area of the
leak is made small near the source/receiver and/or the acoustic resistance of the leak is made
high near the source/receiver, and the area of the leak is gradually increased as distance from the
source/receiver increases and/or the resistance of the leak is made lower as distance from the
source/receiver increases. This can effectively be accomplished by placing a material with
spatially varying acoustical resistance over a leak opening in the perimeter with constant area as
a function of distance from the source/receiver, by varying the leak area as a function of distance
from the source/receiver and applying a material with constant acoustical resistance over the
leak, or by varying the area and using material with varying acoustical resistance. Additionally,
the acoustical resistance and leak area of the perimeter can be directly controlled by forming in
some manner (for example using a photolithographic method) etched areas of the perimeter wall
of the conduit with the location, size and shape of the etch holes controlled to control acoustical

resistance of the perimeter wall surface.

[0051]  Onec example of using a masking material to alter the percentage of area of the leak as
a function of distance from the source is shown in device 80, fig. 9A. Fig. 9B shows the device
80 of Fig. 9A sectioned in half. Device 80 emits volume velocity through upper radiating portion
86. A transducer would be coupled at location 88. In these figures, the white areas 82 are masked
with an acoustically opaque material so that volume velocity does not leak from the conduit
through these sections. The other cross-hatched areas 84 have acoustical resistance, and volume
velocity from the conduit can be leaked through these areas. Areas 84 could be formed by use of
an acoustically resistive screen or mesh material, while areas 82 may be created by covering
portions of the mesh material with an acoustically opaque material. Non-limiting examples of a
selectively-masked resistive surface are further described below in conjunction with figures 10A
and 10B. Alternatively, material with variable acoustical resistance could be used, for example a
woven material where the tightness of the weave varied spatially. [t can be seen that very little
area near the center (which is the source location 88) is available for leakage, and progressively
more area is available for leakage of volume velocity as the distance from the source location

increases. It can also be seen that the masking in this example has a regular, rectangular pattern.
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This was only done for convenience in fabrication; other patterns are contemplated herein. The

concepts illustrated in figs. 9A and 9B can be applied to a directional receiver.

[0052] Figs. 10A and 10B show bottom and top views respectively of a complete assembly
of a generally semi-circular end fire shell source 90 with masked perimeter to control the leak
area, and single loudspeaker source 92 which mounts above the conduit 94. Stiffening structure
106 may comprise a base 101, a semi-circular peripheral portion 102, and radial ribs 103. Holes
104 may be included to provide for mounting to a surface such as a wall or ceiling. Patterned
arcas 96 are masked with an acoustically opaque material while remainder 98 of conduit surface

100 comprises the radiating portion that may comprise a resistive screen.

[0053] Before the sound waves reach the external environment, they pass through resistive
screen 98. The resistive screen 98 may include one or more layers of a mesh material or fabric.
In some examples, the one or more layers of material or fabric may each be made of
monofilament fabric (i.e., a fabric made of a fiber that has only one filament, so that the filament
and fiber coincide). The fabric may be made of polyester, though other materials could be used,
including but not limited to metal, cotton, nylon, acrylic, rayon, polymers, aramids, fiber
composites, and/or natural and synthetic materials having the same, similar, or related properties,

or a combination thereof. In other examples, a multifilament fabric may be used for one or more

of the layers of fabric.

[0054] In one cxample, the resistive screen 98 is made of two layers of fabric, one layer
being made of a fabric having a relatively high acoustic resistance compared to the second layer.
For example, the first fabric may have an acoustic resistance ranging from 200 to 2,000 Rayls,
while the sccond fabric may have an acoustic resistance ranging from 1 to 90 Rayls. The second
layer may be a fabric made of a coarse mesh to provide structural integrity to the resistive screen,
and to prevent movement of the screen at high sound pressure levels. In one example, the first
fabric is a polyester-based fabric having an acoustic resistance of approximately 1,000 Rayls
(e.g., Saatifil® Polyester PES 10/3 supplied by Saati of Milan, Italy) and the second fabric is a
polyester-based fabric made of a coarse mesh (e.g., Saatifil® Polyester PES 42/10 also supplied
by Saati of Milan, Italy). In other examples, however, other materials may be used. In addition,

the resistive screen may be made of a single layer of fabric or material, such as a metal-based
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mesh or a polyester-based fabric. And in still other examples, the resistive screen may be made
of more than two layers of material or fabric. The resistive screen may also include a

hydrophobic coating to make the screen water-resistant.

[0055] The acoustically resistive pattern 96 may be applied to or generated on the surface of
the resistive screen. The acoustically resistive pattern 96 may be a substantially opaque and
impervious layer. Thus, in the places where the acoustically resistive pattern 96 is applied, it
substantially blocks the holes in the mesh material or fabric, thereby creating an average acoustic
resistance that varies as the generated sound waves move radially outward through the resistive
screen 98 (or outward in a linear direction for non-circular and non-spherical shapes). For
example, where the acoustic resistance of the resistive screen 98 without the acoustically
resistive pattern 96 is approximately 1,000 Rayls over a prescribed area, the average acoustic
resistance of the resistive screen 98 with the acoustically resistive pattern 96 may be
approximately 10,000 Rayls over an area closer to the electro-acoustic driver 92, and
approximately 1,000 Rayls over an area closer to the edge 102 of the loudspeaker (e.g., in areas
that do not include the acoustically resistive pattern 96). The size, shape, and thickness of the
acoustically resistive pattern 96 may vary, and just one example is shown in Figures 10A and

10B.

[0056] The material used to generate the acoustically resistive pattern 96 may vary
depending on the material or fabric used for the resistive screen 98. In the example where the
resistive screen 98 comprises a polyester fabric, the material used to generate the acoustically
resistive pattern 96 may be paint (e.g., vinyl paint), or some other coating material that is
compatible with polyester fabric. In other examples, the material used to generate the
acoustically resistive pattern 96 may be an adhesive or a polymer. In still other examples, rather
than add a coating material to the resistive screen 98, the acoustically resistive pattern 96 may be
generated by transforming the material comprising the resistive screen 98, for example by
heating the resistive screen 98 to selectively fuse the intersections of the mesh material or fabric,

thereby substantially blocking the holes in the material or fabric.
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[0057] Anexemplary process for making loudspeakers as described herein is described in
U.S. Patent Application , entitled “Method of Manufacturing a Loudspeaker” filed

on March 31, 2015, the entire contents of which are incorporated herein by reference.

[0058] In some examples, end fire surface and end fire shell devices are mounted on or
adjacent to one or more wall or ceiling surfaces in a room. In these examples, leaks in the
perimeter wall can be arranged to emit sound into or receive sound from the interior volume of
the room. The radiation may be directed toward or received from the floor of the room, or
elsewhere in the room, as desired. In these examples, the devices can have a single sided

behavior. That is, acoustic energy is leaked through only one side of the planar or shell surface.

[0059] An exemplary end fire shell acoustic receiver is shown in Figs. 11A and 11B. Device
120 comprises housing 122 with openings 132 and 133 that hold microphone elements. There
can be one, two or more microphone elements. Device 120 has a generally % circle profile,
subtending an angle of about 90 degrees. End/sidewalls 123 allow the device to be pitched
downward, but this is not a necessary feature. Peripheral flange 126 provides rigidity. Ribs 127-
129 that project above solid wall 124, along with interior shelf 130, define a surface on which a
resistive screen (not shown) is located. The screen accomplishes the leaks. The screen can be of
the type described above relative to figures 9 and 10. The conduit is formed between this screen
and wall 124. As can be seen, from peripheral wall 126 to the microphone location the depth of

the conduit progressively increases.

[0060] A number of implementations have been described. Nevertheless, it will be
understood that additional modifications may be made without departing from the scope of the
inventive concepts described herein, and, accordingly, other embodiments are within the scope

of the following claims.
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What is claimed is:
1. A directional acoustic device comprising:

an acoustic source or an acoustic receiver;

a conduit to which the acoustic source or acoustic receiver is acoustically coupled and
within which acoustic energy travels in a propagation direction from the acoustic source or to the
acoustic receiver, the conduit having finite extent at which the conduit structure ends;

wherein the conduit has a radiating portion that has a radiating surface with leak openings
that define controlled leaks through which acoustic energy radiated from the source into the
conduit can leak to the outside environment or through which acoustic energy in the outside
environment can leak into the conduit;

wherein the only path for acoustic energy in the conduit to reach the external
environment or acoustic energy in the external environment to enter the conduit is through the
controlled leaks;

wherein the leak openings define leaks having a first extent in the propagation direction,
and also define leaks having a second extent at locations along the conduit with a constant time
delay relative to the location of the source or receiver;

wherein the extents of the leaks are determinative of the lowest frequency where useful
directivity control is obtained; and

wherein the lowest frequency of directivity control for the leak in the propagation
direction is within 3 octaves of the lowest frequency of directivity control for the leak with

constant time delay.
2. The device of claim 1 wherein the radiating portion of the conduit is generally planar.

3. The device of claim 2 wherein the radiating portion of the conduit has an end that lies

along a circular arc.
4. The device of claim 2 wherein the radiating portion of the conduit is a circular sector.

5. The device of claim 1 wherein the radiating portion of the conduit lies generally in a

plane, and wherein the source or receiver is located in the plane of the radiating portion.

6. The device of claim 1 wherein the radiating portion of the conduit lies generally in a

plane, and wherein the source or receiver is not located in the plane of the radiating portion.
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7. The device of claim 1 wherein the radiating portion of the conduit is curved to form a

three-dimensional shell.

8. The device of claim 1 wherein the area of the leak openings that define leaks in the
propagation direction varies as a function of distance from the location of the acoustic source or
receiver.

9. The device of claim 8 wherein the acoustic resistance of the leak openings that define
leaks in the propagation direction varies as a function of distance from the location of the

acoustic source or receiver.

10.  The device of claim 1 wherein the acoustic resistance of the leak openings that define
leaks in the propagation direction varies as a function of distance from the location of the

acoustic source or receiver.

11.  The device of claim 10 wherein the variation in acoustic resistance is accomplished at
least in part by one or both of: varying the area of the leak as a function of distance from the
source or receiver; and by varying the acoustical resistance of the leak as a function of distance

from the source or recelver.

12. The device of claim 10 wherein the variation in acoustic resistance is accomplished at
least in part by one or both of: placing a material with spatially varying acoustical resistance over
a leak opening in the perimeter with constant area as a function of distance from the source or
receiver; and by varying the leak area as a function of distance from the source or receiver and

applying a material with constant acoustical resistance over the leak.

13.  The device of claim 1 wherein the depth of the conduit, at locations where the time delay
relative to the source or receiver location is constant, decreases as a function of distance from the

source or receiver location.

14.  The device of claim 1 wherein the extent of the leak openings that define constant time
delay leaks is between about one and four times the extent of the leak openings that define leaks

in the propagation direction.

15. The device of claim 1 wherein the ratio of the first extent to the second extent is less than

6.3 and greater than 0.25.
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16.  The device of claim 1 wherein the extent of the fixed time delay leak is at least about 1/2

wavelength of sound at the lowest frequency that it is desired to control directivity.

17.  The device of claim 1 wherein the extent of the leak in the propagation direction is at

least about 1/4 wavelength of sound at the lowest frequency that it is desired to control

directivity.
18.  The device of claim 1 wherein the leak openings are all in one surface of the conduit.
19.  The device of claim 18 wherein the conduit is mounted to the ceiling of a room, and the

surface with leaks faces the floor of the room.

20. The device of claim 18 wherein the conduit is mounted on a wall of a room and the

surface with leaks faces the floor of the room.

21.  The device of claim 1 wherein the acoustic volume velocity radiated through the leaks

varies gradually as a function of distance along the conduit from the source or receiver.

22.  The device of claim 1 wherein the locations along the conduit with a constant time delay
relative to the location of the source or receiver fall along an axis, and wherein the acoustic
volume velocity radiated through leaks varies gradually as a function of distance along this axis,

from a point on the axis.

23. A directionally radiating acoustic device, comprising:

an acoustic source or receiver;

a conduit to which the acoustic source or receiver is acoustically coupled and within
which acoustic energy travels in a propagation direction from the acoustic source or to the
acoustic receiver, the conduit having finite extent at which the conduit structure ends;

wherein the conduit has a radiating portion that has a radiating surface with leak openings
that define controlled leaks through which acoustic energy radiated from the source into the
conduit can leak to the outside environment, or through which acoustic energy in the outside
environment can leak into the conduit;

wherein the only path for acoustic energy in the conduit to rcach the external
environment or acoustic energy in the external environment to enter the conduit is through the

controlled leaks;
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wherein the radiating portion of the conduit expands radially out from the location of the
source or receiver over a subtended angle;

wherein the depth of the conduit decreases as distance from the acoustic source or
receiver increases; and

wherein the subtended angle is at least 15 degrees.

24. A directionally radiating acoustic device comprising:

an acoustic source or receiver;

a conduit to which the acoustic source or receiver is acoustically coupled and within
which acoustic energy travels in a propagation direction from the acoustic source or to the
acoustic receiver, the conduit having finite extent at which the conduit structure ends;

wherein the conduit has a radiating portion that has a radiating surface with leak openings
that define controlled leaks through which acoustic energy radiated from the source into the
conduit can leak to the outside environment, or through which acoustic energy in the outside
environment can leak into the conduit;

wherein the only path for acoustic energy in the conduit to reach the external
environment or acoustic energy in the external environment to enter the conduit is through the
controlled leaks;

wherein the leak openings define leaks having a first extent in the propagation direction,
and also define leaks having a second extent at locations along the conduit with a constant,
maximum time delay relative to the location of the source or receiver; and

wherein the ratio of the first extent to the second extent is less than 6.3 and greater than

0.25.
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