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1
WAVEGUIDE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to multi-way loudspeaker
systems, and more particularly, to waveguides used in multi-
way systems.

2. Related Art

Loudspeaker systems typically include multiple speakers
sized to process various ranges of the audio frequency band.
For example, the high-frequency range (generally 2 kHz-20
kHz) is typically produced by tweeters. The midrange (gen-
erally 200 Hz-5 kHz) is typically produced by midrange
drivers. Low-frequency ranges (generally 20 Hz-200 Hz) are
typically produced by direct-radiating woofers. Loudspeaker
systems are also being used in applications that call for
smaller and smaller sizes. For example, it is typically pre-
ferred that wall-mounted and ceiling mounted loudspeaker
systems be as small as possible.

The use of multiple speakers dedicated to different fre-
quency ranges makes reducing the size of loudspeaker pack-
ages difficult. In addition, many loudspeaker systems include
waveguides to direct sound in a desired, predetermined way.
For example, a ceiling mounted loudspeaker system may
include a tweeter waveguide that may distribute sound in a
widely dispersed pattern, or focus the sound in a smaller area.

Multiple speakers also require crossover networks that
may be complex, expensive and mounted on electronic circuit
boards that may also take up substantial amount of space.
There exists a need for improved loudspeaker systems that
efficiently make use of limited space without sacrificing per-
formance. There also exists a need for loudspeaker systems
designed to reduce the complexity of crossover networks
therefore saving cost.

SUMMARY

In view of the above, a waveguide is provided to operate as
a high frequency sound waveguide and an acoustical low pass
filter for a low frequency sound driver. According to one
implementation, a waveguide for a loudspeaker system is
provided. The waveguide includes an outer surface shaped to
direct sound waves radiated from a sound source positioned at
an opening in the waveguide, and an inner surface on a side
opposite the outer surface. The waveguide includes a plurality
of'openings, each opening extending from the inner surfaceto
the outer surface. The plurality of openings are disposed to
overlay an acoustical radiating surface of a second sound
source mounted adjacent to the inner surface of the
waveguide. The openings configured to enable the waveguide
to function as an acoustical low pass filter for sound radiated
through the openings from the second sound source.

According to another implementation, a loudspeaker sys-
tem includes a first sound source having a acoustical radiating
surface, a second sound source, and a waveguide mounted in
front of the second sound source. The waveguide includes an
outer surface shaped to direct sound waves radiated from the
first sound source positioned at an opening in the waveguide,
and an inner surface on a side opposite the outer surface. The
waveguide includes a plurality of openings, each opening
extending from the inner surface to the outer surface. The
plurality of openings are disposed to overlay an acoustical
radiating surface of a second sound source mounted adjacent
to the inner surface of the waveguide. The openings config-
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2

ured to enable the waveguide to function as an acoustical low
pass filter for sound radiated through the openings from the
second sound source.

Other devices, apparatus, systems, methods, features and
advantages of the invention will be or will become apparent to
one with skill in the art upon examination of the following
figures and detailed description. It is intended that all such
additional systems, methods, features and advantages be
included within this description, be within the scope of the
invention, and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE FIGURES

The description of examples of the invention below can be
better understood by referring to the following figures. The
components in the figures are not necessarily to scale, empha-
sis instead being placed upon illustrating the principles of the
invention. In the figures, like reference numerals designate
corresponding parts throughout the different views.

FIG. 1A is a cross-sectional and side view of an example of
a loudspeaker system that implements an example of a
waveguide (depicted in a side view) configured to operate as
an acoustical low pass filter.

FIG. 1B is a cross-sectional and bottom perspective side
view of another example of a loudspeaker system that imple-
ments another example of a waveguide (depicted in a side
view) configured to operate as an acoustical low pass filter.

FIG.1Cis atop view of the loudspeaker system in FIG. 1A.

FIGS. 2A-2B are flowcharts illustrating operation of an
example method of configuring a waveguide to operate with
a tweeter and as an acoustical low pass filter.

FIG. 3 A is atop perspective view of an example waveguide
that may be used in the loudspeaker system in FIG. 1B.

FIG. 3B is a perspective top view of another example
waveguide that may be used in the loudspeaker system in
FIG. 1B.

FIG. 3C is a top view of another example waveguide that
may be used in the loudspeaker system in FIG. 1B.

FIG. 4A is a circuit diagram depicting an electrical circuit
equivalent of a loudspeaker system that may be used for
modeling operation of the woofer and acoustical low pass
filter combination.

FIG. 4B is a schematic diagram of a portion of an acoustical
radiating surface overlaid by a slotted waveguide in parallel
with the acoustical radiating surface illustrating dimensions
used to model operation of the waveguide.

FIGS. 4C and 4D are frequency responses illustrating the
effect of varying the h and w dimensions in the model
described with reference to FIG. 4A.

FIG. 4E depicts example waveguide slot configurations
illustrating the h dimension for each configuration for the
model described with reference to FIG. 4A.

FIG. 5 depicts ideal frequency responses at low and high
frequency ranges and an example frequency response gener-
ated by measurement.

FIG. 6 depicts frequency response curves generated with
and without the waveguide acting as a low pass filter, by
driving various configurations of a loudspeaker system illus-
trating the effects of a specified number of openings in the
waveguide.

FIG. 7 depicts frequency response curves generated by
driving various configurations of a loudspeaker system illus-
trating the frequency filtering effects on the woofer of varying
the number of openings in the waveguide. Note that both high
pass and low pass filter effects are seen. In an optimized
system there would be no high pass filtering effects.
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FIG. 8 depicts frequency response curves generated by
driving various configurations of a loudspeaker system illus-
trating the effects on the woofer of varying the spacing
between the waveguide and the woofer cone.

FIG. 9 depicts frequency response curves for an example
loudspeaker system that approximate the ideal frequency
response shown in FIG. 5.

DETAILED DESCRIPTION

FIGS. 1A-1C depict examples of multi-way loudspeaker
systems having at least a first sound source, a second sound
source, and including a waveguide for directing high fre-
quency sounds while operating as an acoustical low pass
filter. The first sound source may be any high frequency sound
transducer such as a tweeter, or a compression driver, for
example. The second sound source may be a low frequency
sound source, which may be any sound transducer such as a
woofer. The second sound source may also be a reflector,
which is an acoustic radiating surface that does not receive a
signal, is not driven by a voice coil, and is driven instead by
sound pressure created by a driven woofer in a woofer and/or
sub-woofer enclosure. The waveguide may be attached to the
front of the woofer with the tweeter fastened to or mounted or
otherwise held to the waveguide in a position to allow the
waveguide to direct the sound produced by the tweeter, which
is generally high frequency sound.

The waveguide also operates as an acoustical low pass filter
for the woofer. The waveguide is a perforated obstruction
placed in front of the woofer to create an acoustic loading of
the woofer, making the woofer behave like a compression
driver implemented using a phase plug. Compression drivers
are generally used as midrange or high-frequency specific
devices and the phase plugs are designed maximize band-
width to extend into higher frequencies. In examples
described below, the woofer and perforated waveguide com-
bination operate in a manner similar to a compression driver,
except that the waveguide provides acoustical low pass filter-
ing. In example implementations of the waveguide described
below, the specific geometry of the openings and obstructions
adjacent to the vibrating surface determines the acoustic pres-
sure vs. frequency characteristic. This characteristic fre-
quency response may be modeled through a circuit analysis of
an appropriate analogous circuit model as discussed below
with reference to FIGS. 4A and 4B.

FIG. 1A is a cross-sectional and side view of an example of
a loudspeaker system 100 that implements an example of a
waveguide 106 (depicted in a side view) configured to operate
as an acoustical low pass filter. The loudspeaker system 100
includes a woofer 102 mounted behind the waveguide 106
and a tweeter 104 mounted to generate high frequency sound
within the waveguide 106 such that the waveguide 106
projects the high frequency sound outward towards the lis-
tening area. The waveguide 106 also includes openings 108
distributed on the surface of the waveguide 106. The woofer
102 includes an acoustic radiating surface 110, which is
excited by a voice coil to move and create sound waves. The
openings 108 provide channels through which the low fre-
quency sound generated by the acoustic radiating surface 110
behind the waveguide 106 is radiated. The area between the
openings 108 on the waveguide 106 creates a compression
chamber in a space between an inner surface 114 of the
waveguide 106 and the acoustic radiating surface 110 of the
woofer 102, shown generally at 112. The size and geometry of
the compression chamber determine the sound pressure level
and frequency response characteristics of the woofer 102.
The openings 108 also affect the performance of the
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4

waveguide 106 because tweeter waveguides generally per-
form best with a minimal amount of discontinuities on the
surface that guides the sound. The openings 108 present dis-
continuities that are accounted for in adjusting the geometry
and dimensions of the waveguide 106 and the size and loca-
tion of the openings 108.

In the loudspeaker system 100 in FIG. 1A, the woofer 102
and tweeter 104 are substantially aligned to generate sound in
substantially coaxially aligned patterns. The loudspeaker sys-
tem 100 generates sound that may extend across the full
audible frequency range while minimizing the frontal surface
area. Typically, woofers and tweeters radiate sound in
unaligned patterns because they are typically mounted to
project through their own speaker surface areas. This requires
either separate enclosures for each component (woofer,
tweeter, and midrange, if used), or an enclosure having
enough surface area on the surface of projection to accom-
modate the woofer, tweeter and any other sound projecting
component (such as a midrange speaker) required to generate
the full audible frequency range. The loudspeaker system 100
in FIG. 1A only requires an enclosure with enough surface
area to accommodate the widest component (typically, the
woofer). The waveguide 106 in FIG. 1A has a long throw
(deep) profile for projecting the high frequency sound over a
longer distance with narrower pattern for more focused cov-
erage of the intended area.

FIG. 1B is a cross-sectional and top perspective side view
of another example of a loudspeaker system 120 that imple-
ments another example of a waveguide 122 (depicted in a side
view) configured to operate as an acoustical low pass filter.
The second loudspeaker system 120 in FIG. 1B also includes
a woofer 124 and a tweeter 126 mounted to project sound in
substantially aligned sound patterns. The waveguide 122 in
FIG. 1B has a low profile to generate a more widely dispersed
sound pattern than that of the waveguide 106 in FIG. 1A. The
waveguide 122 also has openings 128 to permit low fre-
quency sound generated by the woofer 124 to radiate and
closed areas between the openings 128 to provide a compres-
sion chamber between an inner surface 130 of the waveguide
122 and an acoustic radiating surface 132 on the woofer 124.

FIG. 1C is a top view of a loudspeaker system 140 of the
type described in FIGS. 1A and 1B. The loudspeaker system
140 in FIG. 1C includes a woofer 142, a tweeter 144, and a
waveguide 146. FIG. 1C shows the woofer 142 behind the
waveguide 146 and the tweeter 144 projecting from the center
of the waveguide 146. The waveguide 146 includes an outer
surface 148 extending from a center opening 150 in the
waveguide 146 to direct sound waves generated from the
tweeter 144 mounted in the central opening 150. As described
with reference to FIG. 1A, the waveguide 146 also has an
inner surface similar to the inner surface 114 in FIG. 1A,
which is the surface of the waveguide 146 facing away from
the listening area. The inner surface serves as the boundary
for the compression chamber in front of the woofer 102.
Similarly, the waveguide 146 in FIG. 1C includes an inner
surface that also serves as the boundary for the compression
chamber in front of the woofer 142.

In the examples shown in FIGS. 1A-1C, the waveguide
106, 122, 146 has a curved surface profile, and the inner and
outer surfaces, which are shaped similarly to provide a simi-
lar, or even constant, wall thickness throughout the
waveguide 106, 122, 146. In other implementations, the
waveguide does not have a similar wall thickness throughout.
The outer surface 148, for example, may include features, or
other details that provide additional sound projecting func-
tions. The shape of the inner surface 114 may also be such that
it does not result in a constant wall thickness. In some cases,
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it may be desirable to allow the shape of the inner surface to
closely follow the contour of the woofer diaphragm, for
example, or any other profile that may result in advantageous
performance benefits, including control of standing waves or
reflections due to the air cavity formed between the woofer
diaphragm and the inner wall surface.

The waveguides 106, 122, 146 shown in FIGS. 1A-1C
include openings to permit the low frequency sound gener-
ated by the woofer to radiate outward; the area between the
openings provided a compression chamber for the woofer. In
this example the openings are uniformly spaced equidistant
from one another, but it is possible that unequal spacing could
be used if it results in an advantageous frequency response
characteristic for the particular application in question.

The loudspeaker systems 100, 120, 140 in FIGS. 1A-1C
each have the woofers 102, 124, 142 and tweeter 104, 126,
144 substantially aligned along an axis and separated by the
waveguide 106, 122, 146. The woofer 102, 124, 142 is
mounted behind the waveguide 106, 122, 146 in each loud-
speaker system 100, 120, 140. Each waveguide 106, 122, 146
includes openings 108, 128, 142, which allow the low fre-
quency sound generated by the woofer 102, 124, 142 to
radiate outward. The area between the openings 108,128, 142
creates a compression chamber to tailor the sound pressure
characteristic created by the woofer. The openings 108, 128,
142 may also be configured as described below in example
implementations to enable the waveguide 106, 122, 146 to
operate as an acoustical filter, which allows low frequencies
to pass. Such operation as a low pass filter reduces the design
requirements for any crossover networks that may be required
to drive the woofer 102, 124, 142 and the tweeter 104, 126,
144. In some examples, this acoustical filter may be sufficient
to eliminate the need for any crossover network altogether.

The waveguide 106, 122, 146 provides the loudspeaker
system 100, 120, 140 with tweeter waveguide functions as
well as acoustical low pass filter functions by selecting
parameters relating to the construction of the waveguide,
modeling the parameters to determine their effect, construct-
ing a prototype, and testing the prototype to determine the
extent to which the prototype meets a set of predetermined
design specifications. The waveguide 106, 122, 146 and loud-
speaker systems 100, 120, 140 described herein may be used
in any type of environment. An example implementation that
would make use of the loudspeaker system 100, 120, 140 is a
ceiling mounted loudspeaker. Another example application is
a low cost monitoring loudspeaker

FIGS. 2A-2B are flowcharts illustrating operation of an
example method of configuring a waveguide to operate with
a tweeter and as an acoustical low pass filter. The first step,
step 202, in configuring the waveguide 106 is to identify
performance and design specifications for the loudspeaker
system 100. In particular, the parameters and components that
should be determined at this point may include: dimensions
of'the enclosure, specific woofers and tweeters to be included,
and application, such as a ceiling mounted speaker or a wall-
mounted speaker, or a speaker with a free-standing enclosure,
etc. The performance specifications that should be deter-
mined include frequency response at each sub-range of fre-
quencies.

At step 204, a waveguide profile type is selected. For
example, the loudspeaker system may require a long throw
type profile, or a wide dispersion type profile. The shape of
the waveguide may also be determined. For example, the
shape may be conical, or elliptical, or of some other surface
shape. The desired angular coverage pattern in degrees of the
system, where the acoustical response is generally desired to
be uniform across all angles in the design coverage area
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dictates the profile of the waveguide. The examples described
here with reference to FIGS. 1-9 depict waveguides with
round mouths, however, the mouth of the waveguide may be
any shape including rectangular, rounded rectangular, oval,
etc.

At step 206, a model of the waveguide is created, and
values are selected for variable parameters that are part of the
selected model. In an example implementation, the woofer
and waveguide portion of the loudspeaker system may be
modeled as an analogous electrical circuit where electrical
components are substituted for acoustical or mechanical
components, such as the circuit depicted in, and described
below with reference to FIGS. 4A and 4B. The values of the
components of the electric circuit may have the values of their
components defined in terms of parameters that define con-
struction details of the loudspeaker system. As described
below, the electric circuit model in FIG. 4A permits selection
of parameters and simulation of the model to predict the
ultimate behavior of the woofer and waveguide portion of
loudspeaker system. For example, several parameters may be
selected as variable parameters that may be adjusted in steps
or iterations. The selected variable parameters may be further
selected for the effect that the parameter values have on the
operation of the waveguide as an acoustic low pass filter.

At step 208, the waveguide model is tested for operation as
an acoustical low pass filter. The waveguide may be tested by
simulating operation of the waveguide using the set of
selected variable parameters. The simulation may be per-
formed by calculating the sound pressure level over the fre-
quency range of operation and plotting the sound pressure
level to yield a frequency response for the parameters
selected. It is to be understood that example implementations
are not limited to use of the model described in the examples
described herein. Any other suitable model may be used,
particularly if such a model reduces the configuration of the
waveguide to a search for values for a few parameters that
would allow the model to operate with the desired frequency
response. In another example implementation, the waveguide
may be built according to the specifications defined by the
parameters and tested in an anechoic chamber using a physi-
cal prototype instead of an abstracted model.

At decision block 210, the frequency response of the
woofer is checked to determine if it matches the low pass filter
requirements. If'it does, the waveguide would be constructed,
and assembled in a loudspeaker system at step 212. The
assembled loudspeaker system may then be further tested for
performance of the waveguide as a tweeter waveguide
according to the process described by the flowchart in FIG.
2B. If the frequency response of the waveguide does not meet
the low pass filter requirements, the variable parameters may
be adjusted at step 214. The model may then be tested at step
208 using the new adjusted variable parameters.

FIG. 2B depicts a flowchart illustrating operation of a
method for analyzing a prototype waveguide for operation as
a tweeter waveguide. At step 220, a prototype loudspeaker
system may be assembled using a prototype waveguide con-
structed and built into the loudspeaker system according to
specifications determined from the variable parameters
selected using the method described with reference to FIG.
2A. The prototype waveguide may be constructed for proto-
typing purposes in a variety of ways. For example, the proto-
type may be machined using manual or computer aided
equipment out of wood, plastic or metal, or through direct
digital printing from a computer model (CAD) in metal,
plastic, or wax, or any of the commonly known rapid proto-
typing techniques used for making physical models. Direct
digital printing, also known as 3D printing, takes as input a
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CAD model which fully describes the geometry, and directly
creates a physical model in a matter of minutes or hours with
no user intervention required. These parts are suitable for
limited physical testing and confirmation of design intent, and
are very useful as precursors to mass production methods. In
some cases the parts can even be used as a master for produc-
tion molding.

At step 222, the assembled loudspeaker system may be
tested to determine its frequency response over the entire
range of operation. The loudspeaker system may be tested in
an anechoic chamber while connected to a frequency genera-
tor. A microphone may be positioned in various positions near
the loudspeaker system area of excitation. Typically, the fre-
quency response is checked at several points in space to
determine the performance both on-axis and off axis. Com-
paring the on and off-axis measurements allows determina-
tion of the suitability of the system to provide adequate per-
formance over the entire intended listening area. The sound
signals collected by the microphone may be plotted against
the frequency settings of the frequency generator. Frequency
response curves may be generated to test various aspects of
the speaker operation by connecting the frequency generator
to the loudspeaker system as follows:

1. Connect frequency generator to the loudspeaker system
input to test overall performance of the waveguide as a
tweeter waveguide and an acoustical low pass filter by
matching to an ideal frequency response.

2. Connect frequency generator to woofer only to confirm
operation of the waveguide as an acoustical low pass
filter.

3. Connect frequency generator to tweeter only to confirm
operation of the tweeter waveguide in the high fre-
quency range.

At decision block 224, the frequency responses generated
by the tests described above are analyzed to determine
whether the loudspeaker system performance matches the
previously determined frequency specifications. If the loud-
speaker system matches the specifications, the waveguide is
configured for operation and may be implemented at step 226.
If the loudspeaker system does not match the specifications,
the waveguide profile may be modified at step 228 and the
configuration process may continue by proceeding to step
206 as shown at step 230. This iterative loop is typical in the
optimization of a particular design to match the target speci-
fications. It is noted that the design order shown in FIGS. 2A
and 2B is arbitrary, i.e. the waveguide shape may be designed
before or after the design of the low pass characteristic, or
they may be done in parallel. The objective measurements
described may be used in conjunction with subjective listen-
ing evaluations to guide the subsequent iterations.

The modification of the waveguide profile may entail
selecting a profile from various preconfigured waveguide
profiles. In the examples described, a basic waveguide profile
has a horn-like shape and symmetrically arranged openings
formed in a radial pattern around the center of the waveguide
where the tweeter is mounted. The different waveguide pro-
files may be distinguished by:

1. Depth of the horn-like shape

2. Curvature of the horn-like shape

3. Number of openings

4. Size, shape, and position of the openings

In general, the waveguide profile depends on the perfor-
mance and features desired of the loudspeaker system at high
frequencies. The performance on-axis is a result of the com-
bination of the high frequency driver and its interaction with
the waveguide. The off-axis performance relative to the on-
axis response depends primarily on the waveguide design.
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The waveguide may be designed to cover particular included
angles using a variety of different approaches to waveguide
design. Typically an approach to waveguide design provides
general rules for choosing an approximate shape that will
approximate the desired operation. A prototype may be built
using the chosen shape, or profile and tested. Based on the
measured performance, another iteration is made on the
waveguide profile get closer to the desired operation. In one
example implementation, computer simulation may be used
in the iterations making the process virtual, which may reduce
or eliminate the number of physical prototypes thatneed to be
made. In an example implementation, the waveguide profile
has a desired uniform coverage over 65 degrees included
angle for the long-throw design, and 120 degrees for the
low-profile design.

The off-axis performance of the tweeter may also be a
consideration in selecting values for the variable parameters
of'the model used to configure the waveguide for operation as
an acoustical filter. Any openings in the waveguide surface
can be detrimental to the tweeter frequency response at posi-
tions in the sound field where the openings are along the line
of sight between the tweeter and the microphone location.
The proper selection of the sizing and placement of the open-
ings may help minimize undesirable aberrations in the
smoothness of the tweeter frequency response.

FIGS. 3A-3C illustrate example waveguides that may be
configured for use in a two-way loudspeaker system shown in
FIG. 1C. FIG. 3A shows a first example of a waveguide 300
having 12 openings 302 that are identically sized and trian-
gular in shape. The openings 302 radiate outward from the
center 304 of the waveguide 300 forming a symmetrical pat-
tern around the center 304. As described above, the
waveguide 300 is assembled for use in the loudspeaker sys-
tem in FIG. 1C in front of the woofer 122. The waveguide 300
is positioned such that the openings 302 are substantially
aligned with the diaphragm of the woofer 126. The sound is
output through the openings 302 and the area between the
openings 302 covers the diaphragm creating a compression
chamber for the woofer when the diaphragm vibrates. In
example implementations of the waveguide 300, the size of
the openings 302 and the number of openings 302 on the
waveguide 300 are adjusted to permit the waveguide 300 to
operate as an acoustical filter that will pass low frequencies.

FIGS. 3B and 3C show two additional example
waveguides 310 and 320 having 24 openings 312 and four
openings 322, respectively. The waveguide 320 is shown
from a top view. The waveguide 320 has depth to allow it to
operate as a tweeter waveguide. The waveguide 320 has an
outer rim 330, or mouth. The overall size of the waveguide set
by the diameter of the outer rim 330 determines the lowest
frequency at which the waveguide will control the pattern
coverage of the tweeter. Below this frequency the tweeter
tends towards a more omni-directional behavior.

The openings 302, 312, 322 may be slots, or holes, or other
openings of any shape. In addition, the waveguides 310, 312,
320 show the openings 302, 312, 322 extending radially from
the center of the waveguide 310, 312, 320. In other imple-
mentations, the openings may be arranged along a circumfer-
ential pattern in the shape of annular concentric rings. This
spacing between the openings, whether in an angular sense
for radial slots, or in a radial sense for annular ring shaped
openings, is one factor that affects the frequency response of
the acoustic filter (parameter “w” in equations 4 and 5 below,
and FIG. 4B).

It is noted that the waveguides 310, 312, 320 in FIGS.
3A-3C are round. However, the waveguide may be of any
shape. In addition, the openings 302, 312, 322 and curvature
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of'the waveguides 310, 312, 320 in FIGS. 3A-3C extend from
the center of the waveguides 310, 312, 320 in a symmetrical
curvature and pattern. However, the curvature need not
extend from a geometric center nor be symmetrical in curva-
ture or in the pattern of the openings. Any suitable shape and
curvature may be used instead.

As discussed above, the waveguide used in example loud-
speaker systems may be configured using a model that pre-
dicts the behavior of the waveguide and selecting values for
variable parameters of the model to achieve a desired behav-
ior. FIG. 4A is a circuit diagram 400 depicting an electrical
circuit equivalent of a loudspeaker system that may be used
for modeling operation of the woofer and waveguide portion
of'the loudspeaker system. The circuit diagram 400 described
with reference to FIG. 4 A is similar and its use is analogous to
a model for designing a phasing plug. An example of such a
model is described in Kinoshita, Yoshimi, Hamada, and
Locanthi, “Design of 48 mm. Beryllium Diaphragm Com-
pression Driver,” Audio Engineering Society Preprint, 60”
Audio Engineering Society Convention in Los Angeles,
Calif., May 2-5,1978. The description of the use of the circuit
diagram 400 that follows is based on using a waveguide
similar to the waveguides 300, 310, and 320 described with
reference to FIGS. 3A-3C. Those of ordinary skill in the art
will appreciate that other opening shapes and waveguide pro-
files may be used as well.

The components in the circuit 400 in FIG. 4A include a
resistor R, at an input 402 to the circuit 400. The resistor
R, 1s in series connection with a first parallel combination
404 of a voice coil inductor L.~ and R,. The resistor R is the
eddy current loss in the center pole. The first parallel combi-
nation 404 connects to a first node 408, which further con-
nects to a second parallel combination 406 and the impedance
at an output 410 of the circuit 400. The impedance at the
output 410 includes the reactance, X ,, and resistance, r,,, at the
output 410.

The circuit diagram 400 may be used to determine a theo-
retical sound pressure level measurement based on the values
of the components in the circuit diagram 400 and on charac-
teristics of the phaseplug (in this case the waveguide is acting
as a phaseplug for the woofer). The sound pressure level
(SPL) may be determined by solving for SPL in Equation 1
below.

2 Eq. 1

Ey
SPL= 1010g( + 1010gr—

i)
S, x 10712

In Equation 1, the value S, is simply a scaling factor that
accounts for the area into which the energy is radiated and
does not affect the shape of the frequency response. This
constant first term may be ignored in the present context. The
value Eo may be determined from the following:

VinZp- 75
(Zs +2Zp)- (ra + jixa)

Eq 2
E, = Mod 4

The values of Z, and Z, are the series and parallel imped-
ances, respectively, of the circuit in FIG. 4A. The values of Z,
and Z, may be determined using circuit analysis given the
components shown in the circuit.

The resistor r, is connected to the output 410 of the circuit
diagram 400. The output signal, E,,, is the voltage across the
resistor r,. The term x,, is the reactance at the output of the
circuit in FIG. 4A.
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Eq. 3

B
rq = Re
Fant + Xapm

B
s In{ ]
Yar + Xap

In Eq. 3, Re signifies the real part of the complex expres-
sion in the parenthesis. In Eq. 4, Im signifies the imaginary
part of the complex expression in the parenthesis. The term B
is the magnetic flux density of the woofer driver. The term, 1,
is the length of the woofer voice coil wire immersed in the
magnetic field. The terms r,,, and x_,, are the mechanical
radiation resistance and reactance, respectively, referred to
the diaphragm and calculated with the following equations:

Eq. 4

1 ] Eq. §
K2H2T? + k2wl cotkw

{ pocSoT
s == ][1 -

Fam = PoCSOTZ(

1

Eq. 6
hTY?
kweotkw + (—) kwtankw
w

where, the terms in Eqs. 5 and 6 are defined as follows:

S,=area of the openings;

T=ratio—area of diaphragm/S;

h=distance of air gap between the diaphragm and the sur-

face of the waveguide;

w=L% width between openings;

po=density of air;

c=velocity of sound in the air gap;

k=2rf/c; and

f=frequency.

FIG. 4B is a schematic diagram of a portion 420 of an
acoustical radiating surface 422 (such as a diaphragm) over-
laid by a slotted waveguide 424 in parallel with the acoustical
radiating surface 422 illustrating the dimensions kand w used
in the equations above. The slotted waveguide 424 includes
slots 428 between walls 430. The walls 430 and acoustic
radiating surface 422 form a gap 426 which forms the com-
pression chamber for the woofer. As shown in FIG. 4B, the
value of w is determined from the distance 2w between cen-
ters of the adjacent gaps 428. The value h is the distance
between the acoustic radiating surface 422 and the surface of
the wall 430 that forms the compression chamber.

Referring back to FIG. 4A, the second parallel combina-
tion 406 includes a capacitance, C,,; an inductance, L._; and
R,, a radiation resistance of the diaphragm to the back side,
which may be defined as follows:

M Eq. 7
"7 (BYY
where M is the total mass of the diaphragm
L,=C,(B1)?, where C, is the compliance of suspension. Eq.8
oy Eq. 9
" pocSa

where Sy is the area of the diaphragm
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As shown in Egs. 1-9 above, the circuit diagram 400 in
FIG. 4A may be used to model the frequency response of a
driver/phase plug combination. In this case, the driver is the
woofer, and the phaseplug can be considered to be the
waveguide. The openings in the waveguide correspond to the
openings in a phase plug. Typically, a specific woofer is
selected for the loudspeaker system. The woofer selected
determines the following parameters used in the model: B, 1,
R,, M, C,, and S . The parameters p, (density of air) and ¢
(velocity of sound in the air gap) are physical constants. k and
f depend on the frequency value at any given point since the
frequency is the x-axis of the frequency response curve. The
following parameters may be varied to test selected
waveguides: S, T, h, and w. The S , T, w parameters charac-
terize the waveguide: S, corresponds to the total area of the
openings in the waveguide; T corresponds to the ratio of total
woofer diaphragm area to So (otherwise known as the “com-
pression ratio”); and w corresponds to the %% width between
openings.

The h parameter is the distance between the waveguide and
the woofer diaphragm. In the described example implemen-
tations, the Sy, T, h, and w parameters are the variable param-
eters that may be adjusted to achieve a desired performance of
the waveguide as an acoustical low pass filter given a selected
woofer.

The effect of varying h and w in configuring the waveguide
may be predicted by referring to examples of using the model
described with reference to FIG. 4A in the design of a phasing
plug. FIGS. 4C and 4D are frequency responses illustrating
the effect of varying the h and w dimensions in the model
described with reference to FIG. 4A. FIG. 4C illustrates the
effect of varying the distance between the diaphragm and the
phasing plug; or the h dimension. FIG. 4D illustrates the
effect of varying the distance between the slots; or the w
dimension.

Itis noted that w is measured along a circumference around
a center in the waveguide for the waveguides described with
reference to FIGS. 3A-3C because the openings 322 are radial
openings. In an implementation where the openings are cir-
cumferential in the shape of concentric annular rings, w
would be measured along a radial direction. FIG. 4E depicts
example waveguide slot configurations illustrating the w
dimension for each configuration for the model described
with reference to FIG. 4A. FIG. 4E shows a first waveguide
slot configuration 450 having annular slots 452. In the first
waveguide configuration 450, the w dimension is defined as
half the distance between the circumference at a halfway
point of one of the slots and the circumference at a halfway
point of the next slot in the radial direction as shown in FIG.
4E. FIG. 4E also shows a second waveguide slot configura-
tion 460 having radial slots 462. In the second waveguide
configuration 460, the w dimension is defined as half the
distance between the radius at a halfway point of one of the
slots and the radius at a halfway point of the next slot in the
circumferential direction as shown in FIG. 4E.

FIG. 5 depicts ideal frequency responses at low and high
frequency ranges and an example frequency response repre-
sentative of an actual measurement. The frequency responses
are shown as plots of sound pressure levels (SPL) against
frequency. The SPL may be determined from measurements
using a microphone placed near the output surface of the
loudspeaker system and a frequency generator to excite the
loudspeaker system. The frequency generator may be con-
nected to either the woofer, the tweeter, or the common input
to both woofer and tweeter. In example implementations of
the loudspeaker system, a crossover network for the woofer is
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neither used nor required, which is confirmed by the fre-
quency response curves generated as described with refer-
ence to FIGS. 6-9.

The frequency response curves may also be generated
using the model described above with reference to FIG. 4A.
In general, the model described above with reference to FIG.
4A is used to generate frequency response curves to deter-
mine the performance of the waveguide as an acoustical low
pass filter given selected values of the variable parameters of
the model. Once values of the variable parameters have been
determined to provide an acceptable low pass filter response,
a prototype waveguide may be constructed using the selected
values of the variable parameters that characterize the
waveguide. The prototype waveguide may be assembled in
the loudspeaker system according to any other selected values
of variable parameters, such as the air gap distance between
the waveguide and diaphragm.

Referring to FIG. 5, the ideal frequency responses are two
bandpass responses with the proper amount of overlapping
area between them. The right side of response 502 is called a
low pass response, while the left side of response 504 is called
a high pass response. FIG. 5 includes a combined low-high
frequency response 508, which is the result obtained when
responses 502 and 504 are summed. The combined low-high
frequency response 508 may be generated by exciting the
common input of the woofer and tweeter in the same way as
it will be driven in actual use.

In an ideal frequency response, the combined low-high
frequency response 508 is the sum of the low pass frequency
response 502 of the woofer and the high pass frequency
response 504 of the tweeter. In reality, the frequency response
of the low frequency portion generated by the woofer will
typically look like the measured frequency response 506 in
FIG. 5. The woofer, in particular, may generate energy (at
506) at frequencies higher than the desired low pass fre-
quency cutoff. In typical applications, an electrical cross-over
network is designed to eliminate the excess energy. Imple-
mentations of waveguides designed according to the model
described above with reference to FIG. 4A may transform a
woofer response from that of response 506 into that approxi-
mating response 502 without the use of an additional electri-
cal crossover network.

FIG. 6 depicts frequency response curves 600 generated by
driving various configurations of a loudspeaker system illus-
trating the effects of a specified number of openings in the
waveguide. The frequency response curves 600 include:

1. afirst frequency response 602 with no waveguide driving

the woofer only through the entire frequency range.

2. a second frequency response 604 with a four-opening
waveguide similar to the waveguide 320 shown in FIG.
3C and driving the woofer only through the entire fre-
quency range.

The first frequency response curve 604 in FIG. 6 has a
significant response at higher frequencies leading to exces-
sive overlap with the frequency range where the tweeter
would operate. This excessive high frequency output is gen-
erally undesirable. Using a waveguide configured as
described above with reference to FIGS. 2A-4A, the woofer is
driven through the entire operating frequency range to 