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Subwoofer Phase Alignment Control System and Method

BACKGROUND OF THE INVENTION

Reference to Related Applications:
[001] For background and nomenclature purposes, this application is related to the

following commonly owned patent applications:

(a) Ser. No. 12/153,623, filed May 21, 2008 (now U.S. Pat. No. 8,194,874),

(b)  Ser. No. 13/162,294, filed June 16, 2011 (now U.S. Pat. No. 8,995,697),

(c) Ser. No. 14/563,508, filed Dec. 8, 2014 (now U.S. Pat. No. 9,374,640), and

(d)  Ser. No. PCT/US20/24232, filed 03/23/2020 (now WIPO Pub. W02020/191401),
the entireties of which are also incorporated herein by reference.

This application claims priority benefit of U.S. Provisional Patent No. Application No.:
63/127,073 (“Subwoofer Phase Alignment Control Method and System”) filed on
December 17, 2020. The entire content of that US provisional application is also
incorporated by reference.

Field of the Invention:

[002] The present invention relates to methods and circuits configured for use in
subwoofer loudspeaker systems and their crossover networks.

Discussion of the Prior Art:

[003] Consumer audio systems often include one or more main or satellite speakers
and one or more subwoofers which are positioned together in a listener's room, as
illustrated in Figs. 1A and 1B, which provide perspective and top plan views of a typical
prior art surround sound system, as generally indicated at 10, located in a media space,
or room 12. The illustrated system is a conventional Dolby® digital set-up having a home
theater or other audio/video (AV) source 14, optionally including an Audio Video
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Receiver (“AVR").156. System 10 also includes a left channel speaker 16, a right
channel speaker 18, and center channel speaker 20, used with a subwoofer 22, all
located in front of a primary seating area for listeners at a listening position or station 24
such as a sofa or chair. The system often includes a pair of left and right surround
speakers 26 and 28 spaced from the sides of the listening station to provide a sense of
spaciousness to sound_ radiated by the speakers, and providing ambient sounds for AV
programs such as movies and concerts. Also included in the typical home theater
system 10 are left and right back speakers 30 and 32 located generally behind and to
the sides of the listening station to provide a more intense surround sound. The
speakers preferably are arranged around a center line 34 passing through the AV unit
14 and the listening station 24. Subwoofer 22 is typically an “active” subwoofer system,
meaning that within a single enclosure it includes an electrodynamic “woofer” or low
frequency driver which is connected to an amplifier assembly that has a line level “SW"
input (typically a single RCA female connector) as well as an array of input connections
and user accessible controls (e.g., a cutoff frequency dial, a “+/- polarity” or “0 or 180
degrees” phase switch and an “auto on/off’ enablement switch). Older “passive”
subwoofers (often used in two channel “stereo” systems) had no internal amplifier and
included a passive crossover circuit which divided signals below a selected cutoff
frequency (e.g., 80Hz) to a dual voice coil woofer driver and passed higher frequency
signals to the Left and Right “main” speakers (e.g., 16 and 18).

[004] With reference to Fig.1C, a full range loudspeaker system 50 might be used as
the main left and right speakers (16, 18) and typically consists of a low-frequency
module or “subwoofer” section 58 and a satellite section 52 with mid-bass drivers 60, 62
(for which a passband is bounded by mid/upper-bass frequencies) and-a tweeter 64 for
extreme treble extending beyond the upper range of human hearing. Conventional
“subwoofer — satellite” systems (whether embodied by a “powered tower” — a powered
subwoofer married to a passive loudspeaker co-existing in a single enclosure (e.g., 50,
as illustrated in Fig 1C) — or an active soundbar-subwoofer system (e.g., a system 100,

with soundbar 110 and separate subwoofer 130, as illustrated in Fig 1D)) have been
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plagued by poorly controlled acoustic magnitude response over the subwoofer-
“satellite” passband. Simply increasing or attenuating the subwoofer signal level evenly
over its passband typically yields excessive or deficient subwoofer level through and
above the crossover passband (see the typical ideal or theoretical frequency response
plot of Fig. 1E, which shows receiver crossovers set to 80Hz, plus a 2nd order
Butterworth filter which models the natural high pass characteristics of the associated
main LCR speakers (e.g., 16, 18 and 20) or soundbar 110).

[005] Any stereo or home theater sound system (e.g., 10) including full range
loudspeaker systems (e.g., 50 or 100) should preferably blend and balance the outputs
of these sections for use in a listening space 12 and the subwoofer's bass signal is
often difficult to adjust for a satisfactory blend with the mid-bass levels of the other
speakers to achieve satisfactory spectral balance. Simply adjusting the subwoofer
signal’s gain or polarity over its entire passband introduces unfavorable consequences
in terms of system spectral balance, where listeners complain of “chesty” midrange and
“bloated” or “muddy” sound.

[006] In typical modern home theater systems, the audio/video (AV) source 14
(optionally Audio-Video Receiver, AVR 15) includes internal crossover circuits which
provide (a) high pass filtered or full range signals to the “main” LCR speakers (e.g., left
16, center 20 and right 18 speakers) or to a soundbar (e.g., 110) and (b) low pass
filtered signals to one or more subwoofers or subwoofer sections (e.g., 22, 58 or 130).
Typical prior art standalone subwoofers (e.g., 22 or 130), typically have internal
crossovers and at least one amplifier with LFE inputs (i.e. for low frequency effects),
and the user, upon placing the subwoofer in the room, can adjust the Low Pass filter
cutoff frequency, amplitude or amplifier gain level and “polarity”. These subwoofer
adjustment controls have proven inadequate, meaning that for real users in real rooms,
the overall system’s sound often was perceived as “smeared” or weak, especially for
lower frequencies in the octaves near the subwoofer’s cutoff frequency.

[007] Blending a subwoofer’s acoustic output (e.g., from 22 or 130) in a system 10
within a room 12 is a very complex matter. The significant factors include:
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1) Room acoustics (e.g., for room 12),

2) Distance to sp;eakers (e.g., between subwoofer 22 and the LCR speakers
16, 18 and 20),

3) Number of other speakers (apart from the subwoofer),

4) Low frequency design of all of the speakers involved,

5) Amplifier / Receiver frequency response and phase response (e.g., for
AVR 15),

6) Amplifier / Receiver filter slopes and frequency (e.g., in AVR 15), and

7) Other DSP (digital signal processing) adjustment tools or Room EQ
(equalization) routines (e.g., whether AVR 15 includes room correction facilities such as
the Audyssey™ MultiEQ™ DSP system.)
[008] Adding more adjustments to the Subwoofer (e.g., 22, 58 or 130), when combined
with all of the foregoing factors, can lead to user or installer confusion. The laws of
entropy tell us that there are vastly more ways to get these variables to add up wrong
than right. A problem with the crude subwoofer controls of the prior art is that the user
cannot tailor the subwoofer's output to smoothly integrate the subwoofer’s output with
the remaining speakers’ output when listening from listening position 24. Other
examples of the prior art include US 9,524,098 and US 10,681,481.
[009] There is a need, therefore, for an easy to use, accurate and effective system and
method for more intelligently controlling phase and amplitude of the subwéofer(s) SO
that the subwoofer section(s) (e.g., (e.g., 22, 58 or 130) may be easily adjusted by a
user in their room (e.g., 12) using a method which reduces the likelihood of wrong user
inputs.

SUMMARY OF THE INVENTION
[010] Accordingly, the present invention seeks to mitigate at least some of the above

mentioned difficulties by providing an effective and accurate system and method for
integrating a subwoofer’s reproduced sound with the sound generated by other

speakers in a home theater or stereo system by controlling a subwoofer’s phase angle
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and providing a user adjustable phase alignment control input and method.

[011] According to one aspect of the invention there is provided a phase alignment
control system for a subwoofer that is configured for use in a multi—speéker home
theater system. The phase alignment control system includes a first-order all-pass filter
having a selectable tuning frequency and a polarity selection stage. The system allows
one of at least four distinct user-selectable phase correction settings to be selected ata
time. The phase alignment control system is configured to generate an output signal by
applying a phase change to an input signal in dependence on which one of the distinct
user-selectable phase correction settings has been selected by the user. The phase
alignment control system is configured to apply the phase change to the input signal by
a combination of (a) the first-order all-pass filter causing a phase change as a result of a
selected all-pass filter tuning frequency fo and (b) the polarity selection stage selectively
applying, or not applying, a polarity inversion. It may be that the phase alignment
control system is configured to apply the phase change to the input signal by a
combination only of (a) the first-order all-pass filter causing a phase change and (b) the
polarity selection stage selectively applying, or not applying, a polarity inversion. For
example, it may be that there need be no other filter stages provided for the purposes of
phase correction, or for correcting for signal changes caused by filter implemented the
purposes of phase correction. For example, it may be that the phase alignment control
system comprises only one first-order all-pass filter — i.e. a single first-order all-pass
filter.

[012] It may be that the phase alignment control system is configured such that in
response to a first user-selectable phase correction setting corresponding to a first
desired change in phase angle, namely X7 degrees, the first desired change in phase
angle is achieved by (a) the first-order all-pass filter causing a phase change of Y
degrees, and (b) the polarity selection stage applying a polarity inversion thus adding a
180 degree phase change, wherein the magnitude of the difference between X7 and Y
is 180 degrees. It may be that the phase alignment control system is additionally, or
alternatively, configured such that in response to a second user-selectable phase
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correction setting corresponding to a second desired change in phase angle, namely X2
degrees, the second desired change in phase angle is achieved by (a) the first-order all-
pass filter causing a phase change of X2 degrees, and (b) the polarity selection stage
not applying a polarity inversion. It may be that the phase alignment control system is
additionally, or alternatively, configured such that in response to a third user-selectable
phase correction setting corresponding to a third desired change in phase angle,
namely 180 degrees, the third desired change in phase angle is achieved by (a) the
first-order all-pass filter not causing a phase change, and (b) the polarity selection stage
applying a polarity inversion. It may be that the phase alignment control system is
additionally, or alternatively, configured such that in response to a fourth user-selectable
phase correction setting corresponding to a fourth desired change in phase angle,
namely O degrees, the fourth desired change in phase angle is achieved by (a) the first-
order all-pass filter not causing a phase change, and (b) the polarity selection stage not
applying a polarity inversion. It may be that the phase alignment control system is
configured as set out above in relation to the first to fourth user-selectable phase
correction settings and is additionally configured such that in response to a fifth user-
selectable phase correction setting corresponding to a fifth desired change in phase
angle, namely Xs degrees, the fifth desired change in phase angle is achieved by (a) the
first-order all-pass filter causing a phase change of Y degrees, and (b) the polarity
selection stage applying a polarity inversion thus adding a 180 degree phase change. It
may be that none of 0°, 180°, X7°, X2°, and Xs° are equal. A
[013] At least one, and preferably at least two (and possibly only two), user-selectable
phase correction settings may be in the range of -10 to +100 degrees. At least one, and
preferably at least two (and possibly only two), user-selectable phase correction settings
may be in the range of +80 to +190 degrees. At least one and preferably at least two
(and possibly only two), user-selectable phase correction settings may be in the range
of +10 to -100 degrees. At least one, and preferably at least two (and possibly only
two), user-selectable phase correction settings may be in the range of -80 to -190

degrees. There may be eight or more user-selectable phase correction settings. There
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may be 24 or fewer user-selectable phase correction settings. The user-selectable
phase correction setting are preferably at evenly spaced phase increments.

[014] In embodiments further described and illustrated below, the phase alignment
control system is configured such that the selected tuning frequency of the first-order
all-pass filter is selected at least partly in response to a subwoofer cross-over

. frequency. There may be embodiments of the invention providing benefit in a case
where the subwoofer cross-over frequency is a value which is pre-selected, for example
pre-set in a manner not able to be varied by the user. [t may be that the subwoofer
cross-over frequency may be a value which can be user selected. It may be that the
phase alignment control system is also configured such that the selected tuning
frequency of the first-order all-pass filter is selected in response to a subwoofer cross-
over frequency and to which of the distinct user-selectable phase correction settings is
selected. It may be that for a first sub-set of distinct user-selectable phase correction
settings, the tuning frequency selected is less than the subwoofer cross-over frequency
and for a second sub-set of distinct user-selectable phase correction settings the tuning
frequency selected is more than the subwoofer cross-over frequency. In certain cases
(for example if the user-selectable phase correction setting is either -90 or +90
degrees), the selected tuning frequency is selected to be equal to the subwoofer cross-
over frequency. It will be appreciated that, in embodiments, the selection of the tuning
frequency of the first-order all-pass filter is selected automatically, for example by
means of a digital signal processor, executable software, computer, control circuit or
other electronic means. The phase alignment control system may for example include
such electronic means. The phase alignment control system may include a polarity
inverter. The phase alignment control system may include an adjustable amplifier gain
stage. For example, the polarity selection stage (e.g. polarity inverter) may optionally
include an adjustable amplifier gain stage. ,

[015] The phase alignment control system may be wholly integrated in or on a
subwoofer. The phase alignment control system may be patrtially integrated in or on a
subwoofer. The phase alignment control system may be partially integrated in or on a
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device, for example an AVR, which outputs an audio signal to be received by a
subwoofer. The phase alignment control system may be wholly integrated in or on such
a device.

[016] There may additionally be provided a user display device for use with the phase
alignment control system. The user display device may for example be configured to
display which of the distinct user-selectable phase correction settings is selected. The
user display device may be configured to allow the user to select a desired user-
selectable phase correction setting. The user display device may form part of a
subwoofer. The user display device may form part of a subwoofer. The user display
device may form part of a device, for example an AVR, which outputs an audio signal to
be received by a subwoofer. The user display device may be a remote device (e.g. a
remote control unit, preferably a wireless remote control unit).

[017] According to another aspect of the invention, there is provided a subwoofer
including an integrated phase alignment control system according to any aspect of the
invention as claimed or described herein.

. [018] According to a yet further aspect of the invention, there is provided a multi-
speaker home theater system. The multi-speaker home theater system may include a
subwoofer and a phase alignment control system according to any aspect of the
invention as claimed or described herein, the subwoofer being driven in dependence on
the output signal from the phase alignment control system.

[019] The multi-speaker home theater system may include at least one subwoofer
loudspeaker driver having a low-frequency range of operation and multiple other
loudspeaker drivers each having a higher frequency range of operation, the
loudspeaker drivers being arranged to provide a surround sound system. The multi-
speaker home theater system may include an audio signal source, for example an AVR.
The system is preferably configured such that a user of the system is able to select a
cut-off frequency that determines how an audio signal is distributed between the
subwoofer loudspeaker driver and one or more of the other loudspeaker drivers,

optionally from one of a set of discrete values. The system is additionally, or
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alternatively, configured such that a subwoofer phase correction value can be used by
the system to perform a subwoofer phase correction. Preferably, the subwoofer phase
correction value is able to be selected by a user of the system, optionally from one of a
set of discrete values. The multi-speaker home theater system has phase-changing
digital signal processor (preferably in the form of a first-order all-pass filter) and a
polarity inverter. The digital signal processor and the polarity inverter are together
configured to modify the phase of an audio signal from (including being derived from)
the audio signal source before such signal is passed to the subwoofer loudspeaker
driver. In use, the phase of the signal is modified (e.g. by a first-order all-pass filter
operating at a tuning frequency that is automatically selected in dependence on the
subwoofer phase correction value selected and the cut-off frequency selected), for
example enabling the user to reduce (e.g. correct) for subwoofer signal phase errors
that might otherwise be present. The phase of the signal is selectively modified by the
polarity inverter causing a 0 or 180 degree phase change in dependence on the
subwoofer phase correction value selected.

[020] There is provided, according to a yet further aspect of the invention, a method of
operating a subwoofer, for example being a phase alignment control method for a
subwoofer, by modifying the phase of the input signal with a first-order all-pass filter
(“APF™) and changing, or not changing, the polarity of the signal. The method may
include one or more, preferably all of, the following steps. There may be a step of (a)
receiving an audio signal input (e.g., from an AVR or the like) via a low pass filter which
is configured to operate in dependence on a selected low pass filter control frequency.
There may be a step of (b) sensing or determining the low pass filter control frequency
and a desired phase control setting selected by a user from a plurality of distinct user
selectable phase correction settings. There may be a step of (c) computing or selecting
a desired tuning frequency and a desired polarity (e.g. inverting “-* or not “+") in
response to the low pass filter control frequency and the desired phase control setting
so sensed or determined. There may be a step of (d) modifying the phase of the input
signal with a first-order all-pass filter (*APF") set to the desired tuning frequency so
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computed or selected and there may be a step of changing, or not changing, the polarity
in response to the desired polarity so computed or selected. There may be a step of (e)
driving the subwoofer with a signal resulting from the audio signal input so modified, the
signal being optionally amplified (or further amplified) before being supplied to the
subwoofer driver. There are preferably no other digital signal processing stages, or
filtering stages, after the APF modifies the phase and the polarity is changed (or not)
before the signal is passed to the subwoofer driver.

[021] It is preferred for the signal processing steps to be performed by digital signal
processing, but it will be appreciated that some or all aspect of the embodiments
described herein could be performed in part by analogue circuit countérparts or other
electronic means.

[022] Thus embodiments of the method of the invention enable the modifying of the
phase of the input signal to provide, or most nearly provide, the desired phase corrected
signal output for the driver of the subwoofer. Certain embodiments may therefore be in
the form of a phase alignment control method.

[023]The step of computing or selecting the desired tuning frequency (and, optionally,
the step of computing or selecting the desired polarity) may comprise interrogating a
look-up table stored in a memory device. Such a look-up table may provide the desired
tuning frequency values for different combinations of values low pass filter control
frequencies and desired phase control settings. Such a look-up table may provide the
desired tuning frequency values for each possible combination of a plurality of values
(for example, at least ten) of low pass filter control frequencies and of a plurality (for
example, between 4 and 24, inclusive) of desired phase control settings. The phase
control settings may be at evenly spaced phase increments. The step of computing or
selecting the desired tuning frequency (and, optionally, the step of computing or
selecting the desired polarity) may, additionally or alternatively, comprise calculations or
decisions that do not require a look-up table.

[024]1t will of course be appreciated that features described in relation to one aspect of

the present invention may be incorporated into other aspects of the present invention.

10
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For example, the method of the invention may incorporate any of the features described
with reference to the apparatus of the invention and vice versa.

[025] The above and still further objects, features and advantages of the present
invention will become apparent upon consideration of the following detailed description
of a specific embodiment thereof, particularly when taken in conjunction with the
accompanying drawings, wherein like reference numerals in the various figures are

utilized to designate like components.

DESCRIPTION OF THE FIGURES

[026] Exemplary illustrations of the prior art and embodiments of the present invention

will now be described by way of example only with reference to the accompanying
schematic drawings.

[027] Figs 1A and 1B are diagrams illustrating the elements of a typical home theater
system in a listener’s room, in accordance with the prior art.

[028] Fig 1C is a front view, in elevation, illustrating a large, tower shaped multi-driver
loudspeaker system as typically employed as primary speakers in a home stereo or
home theater system, in accordance with the prior art.

[029] Fig 1D is a perspective view illustrating a popular hocme theater
soundbar/subwoofer system, in accordance with the prior art.

[030] Fig 1E comprises a pair of diagrams illustrating the modelled behavior of
crossover elements in typical home theater systems, in accordance with applicant’s
analysis of prior art systems.

[031] Figs 2A and 2B illustrate an improved multi-speaker home theater system
including an Improved Subwoofer System and a Phase Alignment Control system and
method for Subwoofers, placed in a listener's room, in accordance with embodiments of
the present invention.

[032] Figs 2A- § illustrate an improved multi-speaker home theater system including an
Improved Subwoofer System and a Phase Alignment Control system and method for
Subwoofers, in accordance with embodiments of the present invention.

11
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[033] Figs 3A and 3B illustrate applicant's modelling and analytical work used to
develop an improved multi-speaker home theater system including an Improved
Subwoofer System and a Phase Alignment Control system and method for Subwoofers,
in accordance with embodiments of the present invention.

[034] Fig 4 is a signal flow diagram illustrating elements of an improved multi-speaker
home theater system including an Improved Subwoofer System and a Phase Alignment
Control system and method for Subwoofers, in accordance with embodiments of the
present invention.

[035] Fig 5 illustrates contents of a look-up table or matrix which is incorporated into
digital signal processing as programming or stored in memory as a matrix to generate
an improved phase aligned subwoofer drive signal for use in the Improved Subwoofer
System and a Phase Alignment Control method of Figs 2A-4, in accordance with

embodiments of the present invention.

DETAILED DESCRIPTION
[036] There now follows a general description of embodiments of the invention

including some variations not specifically illustrated. As is described in further detail
below, the subwoofer phase alignment control system and method of embodiments of
the present invention provide an easy and intuitive way for the installer, user or listener
to control the phase angle of the signal presented to one or more low frequency
loudspeaker(s) (e.g., an improved standalone subwoofer). The signal processing
apparatus or circuitry used to achieve this includes an all-pass filter which feeds a stage
that applies or omits a polarity inversion. The frequency tuning (i.e., the filter stage’s
“fo”) of the all pass filter and the condition (on/off) of the polarity inversion is directly
related to the desired high frequency cutoff frequency, sometimes called the crossover
frequency, and the desired amount of phase shift at that frequency.

[037] Embodiments of the invention provide a selected amount of desired phase shift
with the smallest (and least deleterious) amount of filtering. Phase shift is often

12
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required in a system consisting of a subwoofer or subwoofers and additional higher
frequency loudspeakers (e.g. as in consumer home theater systems). The phase shift
between the high and low frequency systems at the crossover frequency is rarely
aligned properly for an even summed frequency response. By shifting the phase of the
subwoofer, the response can be made flatter leading to a more natural sound. By doing
so with the minimum amount of filtering ensures less group delay which also leads to a
more natural sound.

[038] This control can be implemented in Digital Signal Processing (“DSP”) most
readily and is the preferred embodiment. The necessary inputs from the user are the
crossover frequency and the amount of desired phase shift. The parameters for the all-
pass filter and the polarity inversion can be calculated or read for a simple table.

[039] In embodiments, a standalone subwoofer (e.g., similar to 22 or 130) is configured
with new control inputs and circuits including a phase control adjustment knob or slider
having a plurality of (e.g., 4-24) distinct phase adjustment steps. For example, an eight
step adjustment input includes 45 degree phase adjustment steps, each providing a
discrete phase adjustment. Preferably the phase control setting has the discrete steps
identified with user-readable indicia and an illuminating (e.g., LED) indicator by each
phase adjustment setting position provides the user with additional visible confirmation
of the operation of the intelligent phase control settings. In embodiments, the
subwoofer system(s) (e.g., similar to 22, 58 or 130) are configured to communicate with
and respond to a handheld remote controller which the user can use when in listening
position 24. In the method of the present invention, the user can play selected program
material through their sound system (e.g., like 10) but with the improved subwoofer(s) of
the present invention and listen to the sound, changing between the plurality of (e.g.,
eight) phase control settings and switching back and forth between the settings, decide
at each transition whether the system’s sound is “better or worse” than the prior
adjustment setting.

[040] The improved subwoofer of the presently described embodiment of the invention

has controls selected from the following options: Subwoofer volume, Subwoofer low
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pass frequency, Subwoofer low pass slope (filter order), other Subwoofer EQ settings,
Subwoofer “Phase” adjustment, and Subwoofer polarity (absolute or inverted). In an
embodiment, the Phase adjustment is in either O degrees to -135 degrees (in eight 45
degree increments) or 0 degrees to -165 degrees (in twenty four 15 degree increments);
implemented by a sliding all-pass filter which can track the low pass filter control
(referred to as “intelligent phase control”).

[041] Applicant’s investigations and development studies on whether to use a delay vs
using an all-pass filter to accomplish intelligent phase control have indicated that an all-
pass filter implementation incorporated in each standalone subwoofer is more likely to
achieve a good result when used to compensate for differences in low frequency
systems (i.e. the natural roll-off of the loudspeakers (e.g., 22, 130). This type of
difference is present in all systems. Delay is only effective if used to compensate for
delay error. It is now preferred to address delay issues in the receiver (e.g., 15).

[042] Turning now to Figures 2A to 5, an improved multi-speaker home theater system
(e.g., 200) is shown which includes one or more Improved Subwcofer Systems 222
incorporating the Phase Alignment Control system and method of a specific
embodiment, which will now be described in greater detail below.

[043] Figs 2A and 2B provide example perspective and top plan views of improved
surround sound system 200 located in a typical media space, or room 12. The
illustrated system may be a conventional Dolby® digital set-up having a home theater or
other audio/video (AV) source 214, in embodiments including either, a typical AVR 15
(as shown in Figs 1A and 1B) or an improved AVR 215 (as shown in Figs 2A and 2B).
System 200 may also include a traditional left channel speaker 16, a right channel
speaker 18, and center channel speaker 20, used with an improved subwoofer 222, all
located in front of a primary seating area for listeners at a listening station 24 such as a
sofa or chair. In embodiments, the system includes left and right surround speakers 26
and 28 spaced from the sides of the listening station to provide a sense of spaciousness
to sound radiated by the speakers, and providing ambient sounds for AV programs such
as movies and concerts. In embodiments, home theater system 200 includes left and
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right back speakers 30 and 32 located generally behind and to the sides of the listening
station and the speakers preferably are arranged around a center line 34 passing
through the AV unit 214 and the listening station or listening position 24.

[044] The illustrated system 200 and method of the presently described embodiment
effectively and accurately integrate the sound from improved subwoofer 222 reproduced
sound with the sound generated by other speakers in a home theater or stereo system
by controlling a subwoofer’s phase angle and providing a user adjustable phase
alignment control input and method. The subwoofer phase alignment control system
and method of the presently described embodiment provide an easy and intuitive way
for the installer, user or listener to control or correct the phase angle of the signal
presented to a low frequency loudspeaker (e.g., Driver D1 in subwoofer 222). The
signal processing apparatus or circuitry used to achieve this includes a single all-pass
filter 260 which feeds a stage that applies or omits a polarity inversion, depending on
the preprogrammed parameters in a matrix 250 (e.g., as seen in Fig. 5). The frequency
tuning (i.e., the filter stage’s “fo”) of the all pass filter and the condition (on/off) of the
polarity inversion is directly related to the desired high frequency cutoff frequency,
sometimes called the crossover frequency, and the desired amount of phase shift at
that frequency.

[045] One embodiment of system 200 and the signal processing method of the present
invention is illustrated in the Diagrams of Figs 3A, 3B, and 4 and the table or matrix of
Fig. 5. Figs 3A and 3B illustrate and describe an exemplary prototype embodiment of
the sysfem and method of the present invention with phase shift and polarity settings
that were developed to correct an exemplary phase error. Figure 3A models the supply
of an audio signal from a source to a subwoofer D1 and a main speaker D2 via various
digital signal processing stages. In the illustrated example, a user has selected a
crossover frequency of 80Hz which is applied by the AVR 215, by means of a 4" order
L-R (Linkwitz—Riley) low-pass lIR (“infinite impulse response”) filter for the signal
received at the subwoofer driver D1 and a 2™ order high-pass IIR filter for the signal
received at the main speaker driver D2. Figure 3A models the natural high pass
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characteristics of the main speaker by means of a 4th order Butterworth filter 252 (fc =
50Hz) — “Speaker LF Alignment®. Similarly, the natural high pass characteristics of the
subwoofer 222 are modelled by a 4th order Butterworth filter 255 (fc = 20Hz). It will be
appreciated that model filter blocks 252, 255 as shown in Figure 3A are circuit diagram
elements modelling the behavior of the system — so modelled filters 252, 255 are not
elements in the physical embodiment of the system of the present invention (an
example of which is illustrated in Fig. 4).

[046] When improved system 200 is in use, the listener or user (e.g., when in position
24) adjusts for phase correction by ear, and chooses, from a finite choice of discrete
phase correction values, a selected phase correction (e.g., of +40 degrees). As a result
(of the user’s choices of a crossover at 80Hz and a phase correction of +40 degrees)
the audio signal passes a first-order all-pass filter that has been tuned to ~30Hz (this
provides a phase shift of about -140° at the cut-off frequency of 80Hz and a polarity
inverter 270 (which effectively introduces a 180° phase shift), yielding the desired phase
correction of 40 degrees at the cut-off frequency of 80Hz. There is +0.6dB of gain to
subwoofer. In the circuit diagram model shown in Figure 3A this combines a phase shift
(of minus 140 degrees) a polarity inversion (effectively a phase shift of plus 180
degrees) to correct for a phase error or minus 40 degrees (i.e. the correction being plus
40 degrees).

[047] Fig. 3B shows the (simulated) sound pressure level (“SPL") graph (upper graph)
and the group delay / phase graph (lower graph) corresponding the set-up illustrated in
Fig. 3A. It will be seen from the SPL curves that the frequency response is very flat
(close to ideal) in the cross-over region with an error (difference between performance
and ideal characteristics) of about +/-0.2dB. The excess group delay is about 5ms, and
acceptable. The combination of polarity inversion and all-pass filter thus provides an
accurate magnitude response at the cost of some additional, but acceptable, group
delay.

[048] The example circuit shown in Figure 3A illustrates the kind of experimental work
which was employed to develop the DSP configuration of a working embodiment
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capable of providing phase corrections given many different combinations of input
parameters, as illustrated in the matrix settings in the embodiment illustrated by Fig. 5.
[049] The purpose of this presently described embodiment is to provide a selected
amount of desired phase shift (or phase error correction) with the smallest (and least
deleterious) amount of filtering. Phase shift is often required in a system consisting of a
subwoofer or subwoofers (e.g., 222, with Subwoofer Driver D1) and the other
loudspeakers (e.g. 16, 18, 20, with main speaker drivers D2) as found in consumer
home theater systems. The phase shift between the high and low frequency systems at
the crossover frequency is rarely aligned properly for an even summed frequency
response. By shifting and correcting the phase of the signal input to the subwoofer
driver D1, the combined system'’s response can be made flatter, leading to a more
natural sound. Without adequate treatment of the sub-woofer’s phase alignment at the
cross-over frequency (i.e. with the use of the presently described embodiment) so that it
aligns with the rest of the speakers of the sound system, the bass sounds can be
caused to smear at or near the cross-over or cutoff frequency and to sound muddy.
Furthermore, accomplishing the corrective phase shift with a minimum amount of
filtering ensures less group delay which also leads to a more natural sound.

[050] This control system and method is preferably implemented in Digital Signal
Processing (“DSP”). The necessary inputs from the user are the low pass filter
crossover frequency 230 and the amount of desired phase shift or phase control setting
240 (see, e.g., Fig. 4). The parameters for the all-pass filter and the polarity inversion
can be calculated or read from a simple Look-Up-Table (“LUT") or matrix 250 (see, e.g.,
Fig. 5). In the example embodiments of Figs 2A-5, a standalone subwoofer (e.g., 222) is
configured with new control inputs and circuits including a phase control adjustment
knob or slider (providing an input signal to phase control setting input 240) having a
plurality of (e.g., 4-24, but in the illustrative example of Fig. 5, eight) distinct phase
control adjustment steps. For example, matrix 250 provides an eight step adjustment
input comprising eight 45 degree phase adjustment steps, each providing a discrete
user-selectable phase adjustment. In embodiments, the phase control setting has the
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discrete steps identified with user-readable indicia and an illuminating (e.g., LED)
indicator by each phase adjustment setting position provides the user with additional
visible confirmation of the operation of the intelligent phase control settings. In
embodiments, the subwoofer system(s) (e.g., 222) communicate with and respond to a
handheld remote controller (not shown) which the user can use when in listening
position 24. In the method of the present invention, the user can play selected program
material through their sound system (200) but with the improved subwoofer(s) 222 of
the presently described embodiment and listen to the sound, changing between the
plurality of (e.g., eight) phase control settings and switching back and forth between the
settings, decide at each transition whether the system’s sound is “better or worse” than
the prior adjustment setting.

[051] The improved subwoofer 222 of the presently described embodiment is an Active
subwoofer system with a dedicated amplifier system A1 and signal processing circuitry
with user-adjustable controls selected from the following options: Subwoofer volume,
Subwoofer low pass frequency (e.g., 230), Subwoofer low pass slope (filter order), other
Subwoofer EQ settings, Subwoofer “Phase” adjustment (e.g., 240), and Subwoofer
polarity (absolute or inverted). The illustrated phase adjustment setting 240 may be
chosen by the user to be any value from the group consisting of 0 degrees to +/-135
degrees (in 45 degree increments) and 180 degrees (i.e. 8 different settings). An
embodiment not illustrated allows the user to choose from any of twenty four phase
correction settings chosen from the group consisting of 0 degrees to +/-165 degrees in
15 degree increments and 180 degrees. A further embodiment not illustrated allows the
user to choose from any of four discrete phase correction settings chosen from 0, +90, -
90, and +180 degrees. The phase correction is implemented by a sliding all-pass filter
which can track the low pass filter control (which is referred to herein as “intelligent
phase control”).

[052] Applicant’s investigations and development studies on whether to use a delay
versus using an all-pass filter to accomplish intelligent phase control have indicated that

an all-pass filter implementation incorporated in each standalone subwoofer is more
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likely to achieve a good result when used to compensate for differences in low
frequency systems - i.e. the natural roll-off of the loudspeakers (e.g., 22, 130). This type
of difference is present in all systems. In system 200, delay is only used to compensate
for delay error, and delay issues are optionally addressed in the improved AVR (e.g.,
215).

[053] Returning to Figs 2A-5, and Figure 4 in particular, in system 200 and improved
subwoofer 222, the intelligent phase control system and method (e.g., DSP) uses
polarity adjustments (i.e. inversion or no inversion) and all pass filter signal processing
in @ manner which responds to inputs including low pass filter frequency (e.g. a user-
selected crossover frequency) and the user-selected phase control setting (e.g., as
illustrated in Figs 4 and 5). An audio input signal 215 is processed by the singie first
order all-pass filter 260 and inverted, or not, by the polarity inverter 270 stage, to
produce the output signal 275 which is then amplified by gain stage A1 before being
passed to the subwoofer driver D1. The modification by the all-pass filter 260 and the
polarity being adjusted (or not adjusted) together produce the desired phase shift at the
crossover frequency of the low pass filter 230. The tuning frequency fo of the all-pass
filter 260 is determined, with the use of the matrix 250, in dependence on both the
desired phase shift (selected by the user with the phase control setting 240) and the
crossover frequency of the low pass filter 230 (also selected by the user). Polarity is
used to augment the all-pass phase shift (by selectively adding an effective phase
change of 0 degrees or 180 degrees) without adding the extra group delay that would
otherwise result from the cascaded all-pass filters that would be necessary to cover the
range of phase 0-345°. The inversion or non-inversion of polarity is also selected with
the use of the matrix 250.

[054] The matrix of the exemplary embodiment shown in Figure 5 can be understood
as follows. There are 8 different phase correction settings available to the user, namely
(1) -135°, (ii) -90°, (iii) -45°, (iv) 0°, (v) +45°, (vi) +90°, (vii) +135° and (viii) +180°.

There are also eighteen different settings for the crossover frequency, namely (i) 40Hz,
(if) 45Hz, (iii) 50Hz, (iv) 55Hz, (v) 60Hz, (vi) 65Hz, (vii) 70Hz, (viii) 75Hz, (ix) 80Hz, (x)
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85Hz, (xi) 90Hz, (xii) 95Hz, (xiii} 100Hz, (xiv) 110Hz, (xv) 120Hz, (xvi) 130Hz, (xvii)
140Hz, and (xviii) 150Hz. The matrix 250 provides, by means of a look-up table stored
in digital memory, a way of determining the value for the tuning frequency fo of the all-
pass filter 260 and whether or not to apply inversion by the polarity inverter 270 that
together provide the desired phase correction at the selected cut-off frequency of the
crossover. For example, the user-selectable phase correction setting may be a change
of +45° and the cut-off frequency may be selected by the user as 70Hz. The matrix
250, when interrogated with such values (+45° and 70Hz) yields a tuning frequency fo
for the all-pass filter 260 of 28.994Hz (which causes a phase change of -135°at 70Hz)
and a polarity inversion (which causes a + 180°phase change), thus achieving the
desired correction in phase angle of +45°with minimum group delay in the audio signal
path. As another example, the user-selectable phase correction setting may be a
change of -135° and the cut-off frequency may be selected as 70Hz. The matrix 250,
when interrogated with such values (-135° and 70Hz) yields a tuning frequency fo for the
all-pass filter 260 of 28.994Hz (Which causes a phase change of -135°at 70Hz) but no
polarity inversion, thus achieving the desired correction in phase angle. As yet another
example, the user-selectable phase correction setting may be a change of +180° and
the cut-off frequency may be selected as 80Hz. The matrix 250, when interrogated with
such values (+180° and 90Hz, or indeed any cut-off frequency) yields a polarity
inversion (which causes a + 180°phase change) and the bypassing of the all-pass filter
260 (i.e. the all-pass filter not causing any additional phase change), thus achieving the
desired correction in phase angle of +180°.

[055] As yet another example, if the user-selectable phase correction setting
corresponds to no change in phase angle, i.e. 0 degrees, then the matrix 250, when
interrogated causes there to be no polarity inversion (i.e. no phase change) and the
bypassing of the all-pass filter 260, thus achieving the desired result, namely no
correction in phase angle. It will also be seen from Figure 5 that, if the user-selectable
phase correction is set to be either +90° or -90°, then the required tuning frequency for
the all-pass filter will simply be the same as the selected cut-off frequency value.
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[056] The signal processing method and system 222 of the presently described
embodiment are surprisingly effective in part because of the unique combination of
adjusting the polarity and phase controls concurrently to arrive at the desired phase shift
(see, e.g., Fig. 5). Changing the all-pass frequency tuning frequency fo based on the
low pass filter frequency and desired phase shift allows the system to provide a more
natural and less deleteriously affected output signal for subwoofer driver D1 which
integrates more naturally with the sound from the other speakers in system 200. Other
benefits arising from use of system 200 are:

(8) a more precise and intuitive tuning of the phase control to correct
subwoofer signal phase errors (because typical prior art phase controls are only
accurate at one frequency since they do not change with the low pass filter setting 230
and since the phase control setting results in the phase shift indicated, it is easier for the
user to control (e.g., with a remote control, from user listening position 24, while music
or test tones are playing); and

(b) less group delay; by using fewer filter stages to arrive at the necessary
phase shift, the group delay is less. Less group delay leads to more accurate, better
sounding bass. The result is that the user should be able to better tune his subwoofer to
blend with the rest of their audio system.

[057] The following clauses form part of the present disclosure:

(Clause 1)  Figs 2A-5 illustrate features of an improved multi-speaker home theater
system including an Improved Subwoofer System and a Phase Alignment Control
system for Subwoofers, including: a subwoofer system having an audio signal input
(e.g., from AVR 15 or 215) and control inputs for Low Pass filter frequency 230 and
desired phase control setting 240 (e.g., with a hand-held remote controller (not shown));
wherein said control input for desired phase control setting 240 includes a plurality of
(e.g., 4-24) distinct user selectable phase correction settings at evenly spaced phase
increments; and wherein the Phase Alignment Control system comprises a single first
order all-pass filter 260 having a selectable fo tuning frequency and a polarity selection
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stage optionally including an adjustable amplifier gain stage A1.
(Clause 2) Figs 2A-5 also illustrate that the Phase Alignment Control system provides

(@) amore precise and intuitive tuning of the phase control to correct
subwoofer signal phase errors (because typical prior art phase controls are only
accurate at one frequency since they do not change with the low pass filter setting 230
and since the phase control setting results in the phase shift indicated, it is easier for the
user to control; and

(b) less group delay; by using fewer filter stages to arrive at the necessary
phase shift, the group delay is less. Less group delay leads to more accurate, better
sounding bass. The result is that the user should be able to better tune his subwoofer to
blend with the rest of their audio system.
(Clause 3) The Improved multi-speaker home theater system including an Improved
Subwoofer System and Phase Alignment Control system for Subwoofers of Clause 1,
wherein said control input for desired phase control setting 240 includes eight distinct
user selectable phase correction settings at evenly spaced (45 degree) phase
increments.
(Clause 4) The Improved multi-speaker home theater system including an Improved
Subwoofer System and Phase Alignment Control system for Subwoofers of Clause 1,
wherein said plurality of (e.g., eight) distinct user selectable phase correction settings at
evenly spaced (e.g., 45 degree) phase increments (and display indicia showing which
phase correction is selected) are provided on a user accessible surface of the improved
subwoofer 222 or on a user’s handheld remote.
(Clause 5) Figs 2A-5 and the accompanying description also show that the Phase
Alignment Control method includes the user-selected Phase Correction setting method
steps: (a) providing a subwoofer system having an audio signal input (e.g., from AVR
15 or 222) and control inputs for Low Pass filter frequency 230 and desired phase
control setting 240; wherein said control input for desired phase control setting 240
includes a plurality of 4-24 distinct user selectable phase correction settings at evenly
spaced phase increments; and wherein said Phase Alignment Control system
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comprises a single first order all-pass filter (“APF") having a selectable fo tuning
frequency and a polarity selection stage optionally including an adjustable amplifier gain
stage;

(b) sensing or determining the current control inputs for Low Pass filter frequency
230 and desired phase control setting 240; and

(¢) either computing or selecting a desired APF selectable fo tuning frequency
and a polarity (+ or -) adjustment to most nearly provide the desired phase corrected
signal output for the driver D1 of improved subwoofer 222,
(Clause 6) The Phase Alignment Control method for Subwoofers of Clause 5,
wherein the step of selecting a desired APF selectable fo tuning frequency and a polarity
(+ or -) adjustment to most nearly provide the desired phase corrected signal output for
the driver D1 of improved subwoofer 222 comprises storing a look-up table or matrix
250 within or in a manner accessible by improved subwoofer 222 having said piurality of
4-24 distinct user selectable phase correction settings at evenly spaced phase
increments.
[058] Persons having skill in the art will appreciate that the present invention makes a
number of improvements in active subwoofers available, in accordance with the present
invention. The following clauses also form part of the disclosure:
(Clause 7) An active subwoofer for use in a multi-speaker home theater system (e.g.,
200) including an Improved Phase Alignment Control system for Subwoofers,
comprising:
(a) a subwoofer system (e.g., 222) having an enclosure supporting at least one amplifier
stage A1 configured to drive at least one electrodynamic transducer D1 in response to
an audio signal input 215 (e.g., from AVR 15 or 215), a first user adjustable control input
230 for Low Pass Filter Cutoff frequency and a second user adjustable control input 240
for desired Phase Control Setting;
(b) wherein said second control input 240 provides a user-selected Phase Correction
setting (e.g., with a hand-held remote controller (not shown)) selected from a plurality of
at least four distinct user selectable Phase Correction settings at evenly spaced phase
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increments to a Phase Alignment Control system 222; and wherein said first control
input 230 provides a user selectable Low Pass filter Cutoff frequency signal to said
Phase Alignment Control system 222;

(c) wherein said Phase Alignment Control system 222 comprises a single All-Pass filter
260 having an adjustable All Pass tuning frequency fO which is adjustable and, in use,
automatically set in response to said user selectable Low Pass filter Cutoff frequency
and (ii) a polarity selection stage 270 optionally incorporated into said amplifier gain
stage A1; and

(d) wherein said Phase Alignment Control system 222 is responsive to both (i) said first
control input 230 and said user selectable Low Pass filter Cutoff frequency signal and
(i) said second control input 240 and said user-selected Phase Correction setting and,
in response thereto, generates a phase, polarity and amplitude adjusted audio signal for
said subwoofer driver D1.

(Clause 8) The active subwoofer of clause 7, wherein said second control input 240
includes a plurality of eight distinct user selectable phase correction settings at evenly
spaced phase increments to said Phase Alignment Control system 222; and wherein
said first user adjustable control input 230 for Low Pass filter Cutoff frequency is
configured to operate in a frequency range from 40 Hertz to 150 Hertz in a selected
plurality of evenly spaced frequencies.

(Clause 9) The active subwoofer of clause 8, wherein said first control input 230
provides said user selectable Low Pass filter Cutoff frequency signal to said Phase
Alignment Control system 222 as one user-selected cutoff frequency selected from the
following evenly spaced frequencies: 40Hz, 45Hz, 50Hz, 55 Hz, 60Hz, 65Hz, 70Hz, 75
Hz, 80Hz, 85Hz, 90Hz, 95 Hz, 100Hz, 105Hz, 110Hz, 115 Hz, 120Hz, 125Hz, 130Hz,
135 Hz, 140Hz, 145Hz and 150Hz; and wherein said all pass filter's selectable tuning
frequency fo is automatically adjusted in response to said user-selected cutoff frequency
and said user-selected Phase Correction setting.

(Clause 10) The active subwoofer of clause 7, wherein said second control input 240
provides one user-selected phase correction settings to said Phase Alignment Control
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system 222 from the following evenly spaced phase correction settings: -135 degrees,
-90 degrees, -45 degrees, zero degrees, +45 degrees, +90 degrees, +135 degrees and
+180 degrees.

(Clause 11) The active subwoofer of clause 7, wherein said Phase Alignment Control
system 222 is programmed to provide an adjustable All Pass tuning frequency fO which
is automatically set to be equal to said user selectable Low Pass filter Cutoff frequency
when said user-selected Phase Correction setting is — 90 degrees or + 90 degrees.
(Clause 12) The active subwoofer of clause 7, wherein said Phase Alignment Control
system 222 is programmed to automatically bypass said All Pass filter 260 when said
user-selected Phase Correction setting is zero degrees or 180 degrees.

(Clause 13) The active subwoofer of clause 7, wherein said Phase Alignment Control
system 222 is configured and programmed to respond to a user-selected Phase
Correction setting and a user selectable Low Pass filter Cutoff frequency signal
transmitted from a handheld remote control when held by a user at a listening position
24 in a room, while listening to a movie soundtrack, music or test tone audio signals.
[0569] Persons having skill in the art will appreciate that the present invention makes a
number of improvements in methods for accurately selecting an optimum phase
alignment in active subwoofers available, in accordance with the present invention. The
following clauses also form part of the disclosure:

(Clause 14) A subwoofer phase control method allowing a listener or user to quickly
and accurately select the most satisfying subwoofer phase adjustments or phase
correction settings for blending the subwoofer’s output with the remainder of

a multi-speaker system’s output in a room 12, comprising:

(14a) providing a subwoofer system (e.g., 222) configured to receive an audio
signal input 215 (e.g., from AVR 15 or 215), and having a first user adjustable control
input 230 for Low Pass Filter Cutoff frequency and a second user adjustable control
input 240 for desired Phase Control Setting; wherein said second control input 240
provides a user-selected Phase Correction setting selected from a plurality of at least
four distinct user selectable Phase Correction settings at evenly spaced phase
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increments to a Phase Alignment Control system 222; and wherein said first control
input 230 provides a user selectable Low Pass filter Cutoff frequency signal to said
Phase Alignment Control system 222; wherein said Phase Alignment Control system
222 comprises a single All-Pass filter 260 having an adjustable All Pass tuning
frequency fo which is adjustable and, in use, automatically set in response to said user
selectable Low Pass filter Cutoff frequency;

(14b) placing said subwoofer system 222 in a room 12 with a listening position
24 for the listener or user and

(14c) playing music, a movie soundtrack, a test audio signal or other audio
program material through all of the speakers in the stereo or home theater system so
that the user or listener in position 24 can audibly evaluate the subwoofer’s output when
playing simultaneously with the remainder of the multi-speaker system’s output, while

(14d) detecting a user’s first adjustment of said second control input 240 of said
user-selected Phase Correction setting Phase Alignment Control system 222 (e.g., with
a hand-held remote controller (not shown)), said user’s first adjustment being a first
selection from said at least four distinct user selectable Phase Correction settings, and,
in response thereto,

(14e) generating a first phase, polarity and amplitude adjusted audio signal 275
for said subwocofer, wherein said user at listening position 24 may evaluate a first
blended subwoofer's output with the remainder of the system’s speakers’ output in the
room;

(14f) detecting a user’s second adjustment of said second control input 240 of
said user-selected Phase Correction setting Phase Alignment Control system 222,
said user's second adjustment being a second selection from said at least four distinct
user selectable Phase Correction settings which differs from said user’s first adjustment,
and, in response thereto,

(14g) generating a second phase, polarity and amplitude adjusted audio signal
275 for said subwoofer, wherein said user at listening position 24 may evaluate whether
a second blended subwoofer's output with the remainder of the system'’s speakers’
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output in the room is preferable to the output from any prior adjustment of said second
control input 240 of said user-selected Phase Correction setting Phase Alignment
Control system 222.

(14h) detecting a user's third adjustment of said second control input 240 of said
user-selected Phase Correction setting Phase Alignment Control system 222,
said user’s third adjustment being a third selection from said at least four distinct user
selectable Phase Correction settings which differs from said user’s first and second
adjustments, and, in response thereto, and then

(14i) generating a third phase, polarity and amplitude adjusted audio signal 275
for said subwoofer, wherein said user at listening position 24 may evaluate whether a
third blended subwoofer’s output with the remainder of the system'’s speakers’ output in
the room is preferable to the output from any prior adjustment of said second control
input 240 of said user-selected Phase Correction setting Phase Alignment Control
system 222.
[060] Whilst the present invention has been described and illustrated with reference to
particular embodiments, it will be appreciated by those of ordinary skill in the art that the
invention lends itself to many different variations not specifically illustrated herein. By
way of example only, certain possible variations will now be described.
[061] While the system 200 and method of the presently described embodiment has
been described using the example embodiments of Figs 2A-5, it can also be
implemented (a) with full range speakers (e.g., like 50, of Fig. 1C) having integral active
subwoofers, or (b) as part of an improved subwoofer soundbar system which externally
resembles the system of Fig. 1D, possibly with one or more added improved
subwoofers 222.
[062] It will be appreciated that in certain embodiments, the look-up table in Figure 5
could be simplified for certain input parameters, and possibly not interrogated in certain
circumstances. For example, whether or not a polarity inversion needs to be applied
can be determined by a binary test: if the phase correction setting is positive then the
polarity is to be inverted; otherwise (i.e. if the phase correction setting is zero or
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negative) then no polarity inversion is required. Also, if the phase correction setting

is -80° or +90° then the required tuning frequency for the all-pass filter is equal to the
selected cut-off frequency value. Also, if the user-selectable phase correction setting is
0° or +180° then it can be decided that the all-pass filter can be bypassed without
directly interrogating the matrix.

[063] There may be benefit in providing an embodiment which provides for phase
correction, by means of a user selecting a correction from a choice of different user-
selectable phase correction settings, without providing the user control over selecting
the cross-over frequency for the sub-woofer. The cross-over frequency could be fixed
for example, so that it does not need to be (or is not able to be) varied by the

user. Such an embodiment could utilize a much simplified version of the matrix shown
in Fig. 5.

[064] There may be benefit in providing an embodiment which provides for phase
correction, by means of a user selecting a correction from a choice of different user-
selectable phase correction settings, without the Phase Alignment Control system
taking into account the cross-over frequency selected by the user for the sub-woofer.
For example, there could be, say, twelve phase correction settings that include 0 and
180 degrees (bypassing the all-pass filter) and for the other ten to step through five
different (but carefully selected) tuning frequencies of the all-pass filter, covering a
range from 15Hz to 360Hz, say, at no polarity inversion and the other five covering a
range from 15Hz to 360Hz with polarity inversion. This could provide the user with the
possibility of having sufficient phase control for a crude correction for most, if not all,
cross-over frequencies able to be selected.

[065] The Phase Alignment Control system of the present invention as illustrated in
Figs 2A-5 provides a surprisingly effective combination of features and method allowing
the listener or user to blend or integrate the sound of a subwoofer 222 into the sound of
a multi-speaker (e.g. home theater) system 200 in a user’s room by focusing on efficient
and effective digital signal processing to achieve, among other benefits, very short
group delays in the subwoofer's signal output 250. A novel combination of adjusting
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phase control and polarity concurrently is employed to arrive at the user's desired phase
correction or phase shift, in the listening room. It is also novel to change the tuning
frequency of, preferably, a single first order all-pass filter based partly on the
subwoofer's user-adjusted low pass filter frequency to derive the user’s desired phase -
correction. These novel features are especially well suited for enabling the user, when
in position 24 in their room, to make phase correction adjustments and minimize
smearing or other adverse effects in the overall system'’s sound.
[066] Having described embodiments of a new and improved method and system, it is
believed that other modifications, variations and changes will be suggested to those
skilled in the art in view of the teachings set forth herein. It is therefore to be
understood that all such variations, modifications and changes are believed to fall within
the scope of the present invention. It will also be appreciated by the reader that
integers or features of the invention that are described as preferable, advantageous,
convenient or the like are optional and do not limit the scope of the independent claims.
“Moreover, it is to be understood that such optional integers or features, whilst of
possible benefit in some embodiments of the invention, may not be desirable, and may

theréfore be absent, in other embodiments.

29



WO 2022/133290 PCT/US2021/064162

Claims

1. A phase alignment control system for a subwoofer that is configured for use in a
multi-speaker home theater system, wherein the phase alignment control system
includes

at least four distinct user-selectable phase correction settings, the system
allowing one of the distinct user-selectable phase correction settings to be selected at a
time,

a single first-order all-pass filter (260) having a selectable tuning frequency, and

a polarity selection stage (270),

and wherein

the phase alignment control system is configured to generate an output signal by
applying a phase change to an input signal in response to said one of the distinct user-
selectable phase correction settings that has been selected,

the phase alignment control system being configured to apply the phase change
to the input signal by a combination of (a) the first-order all-pass filter (260) causing a
phase change as a result of a selected tuning frequency and (b) the polarity selection
stage (270) selectively applying, or not applying, a polarity inversion.

2. A phase alignment control system according to claim 1, wherein the phase
alignment control system is configured such that in response to a first user-selectable
phase correction setting corresponding to a first desired change in phase angle, namely
X1 degrees, the first desired change in phase angle is achieved by (a) the first-order all-
pass filter causing a phase change of Y degrees, and (b) the polarity selection stage
applying a polarity inversion thus adding a 180 degree phase change, wherein the
magnitude of the difference between X7 and Y is 180 degrees.
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3. A phase alignment control system according to claim 1 or claim 2, wherein the
phase alignment control system is configured such that in response to a second user-
selectable phase correction setting corresponding to a second desired change in phase
angle, namely X2 degrees, the second desired change in phase angle is achieved by (a)
the first-order all-pass filter causing a phase change of X2 degrees, and (b) the polarity

selection stage not applying a polarity inversion.

4, A phase alignment control system according to any preceding claim, wherein the
phase alignment control system is configured such that in response to a third user-
selectable phase correction setting corresponding to a third desired change in phase
angle, namely 180 degrees, the third desired change in phase angle is achieved by (a)
the first-order all-pass filter not causing a phase change, and (b) the polarity selection
stage applying a polarity inversion.

5. A phase alignment control system according to any preceding claim, wherein the
phase alignment control system is configured such that in response to a fourth user-
selectable phase correction setting corresponding to a fourth desired change in phase
angle, namely 0 degrees, the fourth desired change in phase angle is achieved by (a)
the first-order all-pass filter not causing a phase change, and (b) the polarity selection
stage not applying a polarity inversion.
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6. A phase alignment control system according to any preceding claim wherein

at least one, and preferably at least two, distinct user-selectable phase correction
settings are in the range of -10 to +100 degrees,

at least one, and preferably at least two, distinct user-selectable phase correction
settings are in the range of +80 to +190 degrees,

at least one, and preferably at least two, distinct user-selectable phase
correction settings are in the range of +10 to -100 degrees, and

at least one, and preferably at least two, distinct user-selectable phase correction
settings are in the range of -80 to -190 degrees.

7. A phase alignment control system according to any preceding claim wherein
there are (a) eight or more and (b) 24 or fewer user-selectable phase correction
settings.

8. A phase alignment control system according to any preceding claim, wherein the
phase alignment control system is configured such that the selected tuning frequency of
the first-order all-pass filter (260) is selected at least partly in response to a subwoofer
cross-over frequency.

9. A phase alignment control system according to claim 8, wherein the phase
alignment control system is configured such that the selected tuning frequency of the
first-order all-pass filter (260) is selected in response to a subwoofer cross-over
frequency and to which of the distinct user-selectable phase correction settings is
selected, and wherein for a first sub-set of distinct user-selectable phase correction
settings the tuning frequency selected is less than the subwoofer cross-over frequency
and for a second sub-set of distinct user-selectable phase correction settings the tuning

frequency selected is more than the subwoofer cross-over frequency.
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10. A phase alignment control system according to any preceding claim, wherein the
phase alignment control system includes an adjustable amplifier gain stage.

11. A phase alignment control system according to any preceding claim, the phase

alignment control system being integrated in or on a subwoofer.

12. A phase alignment control system according to any preceding claim, together
with a user display device which is configured to display which of the distinct user-

selectable phase correction settings is selected.

13. A phase alignment control system according to claim 12, wherein the user
display device is also configured to allow the user to select a desired user-selectable

phase correction setting.

14. A phase alignment cbntrol system according to claim 12 or claim 13, wherein the
user display device is a remote device.

15. A subwoofer including an integrated phase alignment control system according to
any preceding claim.

16. A multi-speaker home theater system including a subwoofer and a phase

alignment control system according to any of claims 1 to 14, the subwoofer being driven
in dependence on the output signal from the phase alignment control system.
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17. A multi-speaker home theater system including

at least one subwoofer loudspeaker driver having a low-frequency range of
operation,

multiple other loudspeaker drivers each having a higher frequency range of
operation, the loudspeaker drivers being arranged to provide a surround sound system,
and

an audio signal source (e.g. AVR), wherein

the system is configured such that a user of the system is able to select both

a cut-off frequency that determines how an audio signal is distributed
between the subwoofer loudspeaker driver and one or more of the other
loudspeaker drivers, and
a subwoofer phase correction value,

the multi-speaker home theater system having a single first-order all-pass filter
and a polarity inverter which are together configured to modify the phase of an audio
signal from the audio signal source before such signal is passed to the subwoofer
loudspeaker driver,

the signal being modified by the first-order all-pass filter operating at a tuning
frequency that is automatically selected in dependence on the subwoofer phase
correction value selected and the cut-off frequency selected, and

the polarity inverter causing a 0 or 180 degree phase change in dependence on
the subwoofer phase correction value selected,

thus enabling the user to reduce for subwoofer signal phase errors that might

otherwise be present.
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18. A method of operating a subwoofer, wherein the method includes the following
steps:

(a) receiving an audio signal input (e.g., from AVR 15 or 215) via a low pass filter
which is configured to operate in dependence on a selected low pass filter control
frequency,

(b) sensing or determining the low pass filter control frequency and a desired
phase control setting (240) selected by a user from a plurality of distinct user selectable
phase correction settings ,

(c) computing or selecting a desired tuning frequency and a desired polarity (e.g.
inverting “-“ or not “+”) in response to the low pass filter control frequency and the
desired phase control setting (240) so sensed or determined,

(d) modifying the phase of the input signal with a single first-order all-pass filter
(“APF") set to the desired tuning frequency so computed or selected and changing, or
not changing, the polarity in response to the desired polarity so computed or selected,
and

(e) driving the subwoofer with a signal resulting from the audio signal input so
modified.

19. A method according to claim 18, wherein the step of computing or selecting the
desired tuning frequency comprises interrogating a look-up table (e.g. matrix 250)
stored in a memory device, the look-up table providing desired tuning frequency values
for different combinations of values of low pass filter control frequencies and desired

phase control settings.
20. A method according to claim 19, wherein the Iook-up table provides desired

tuning frequency values for each combination of a plurality of values of low pass filter
control frequencies and between 4 and 24, inclusive, of desired phase control settings.
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21.  An active subwoofer for use in a multi-speaker home theater system (e.g., 200)
including an Improved Phase Alignment Control system for Subwoofers, comprising:

(a) a subwoofer system (e.g., 222) having an enclosure supporting at least one
amplifier stage A1 configured to drive at least one electredynamic transducer D1 in
response to an audio signal input 215 (e.g., from AVR 15 or 215), a first user adjustable
control input 230 for Low Pass Filter Cutoff frequency and a second user adjustable
control input 240 for desired Phase Control Setting;

(b) wherein said second control input 240 provides a user-selected Phase
Correction setting selected from a plurality of at least four distinct user selectable Phase
Correction settings at evenly spaced phase increments to a Phase Alignment Control
system 222; and wherein said first control input 230 provides a user selectable Low
Pass filter Cutoff frequency signal to said Phase Alignment Control system 222;

(c) wherein said Phase Alignment Control system 222 comprises a single All-
Pass filter 260 having an adjustable All Pass tuning frequency fo which is adjustable
and, in use, automatically set in response to said user selectable Low Pass filter Cutoff
frequency and (ii) a polarity selection stage 270 optionally incorporated into said
amplifier gain stage A1; and

(d) wherein said Phase Alignment Control system 222 is responsive to both (i)
said first control input 230 and said user selectable Low Pass filter Cutoff frequency
signal and (ii) said second control input 240 and said user-selected Phase Correction
setting and, in response thereto, generates a phase, polarity and amplitude adjusted
audio signal for said subwoofer driver D1.

22. The active subwoofer of claim 21, wherein said second control input 240
includes a plurality of eight distinct user selectable phase correction settings at evenly
spaced phase increments to said Phase Alignment Control system 222; and wherein
said first user adjustable control input 230 for Low Pass filter Cutoff frequency is
configured to operate in a frequency range from 40 Hertz to 150 Hertz in a selected
plurality of evenly spaced frequencies.
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23. The active subwoofer of claim 22, wherein said first control input 230
provides said user selectable Low Pass filter Cutoff frequency signal to said Phase
Alignment Control system 222 as one user-selected cutoff frequency selected from the
following evenly spaced frequencies: 40Hz, 45Hz, 50Hz, 55 Hz, 60Hz, 65Hz, 70Hz, 75
Hz, 80Hz, 85Hz, 90Hz, 95 Hz, 100Hz, 105Hz, 110Hz, 115 Hz, 120Hz, 125Hz, 130Hz,
135 Hz, 140Hz, 145Hz and 150Hz; and wherein said all pass filter's selectable tuning
frequency fo is automatically adjusted in response to said user-selected cutoff frequency
and said user-selected Phase Correction setting.

24. The active subwoofer of claim 22, wherein said second control input 240
provides one user-selected phase correction settings to said Phase Alignment Control
system 222 from the following evenly spaced phase correction settings: -135 degrees,
-90 degrees, -45 degrees, zero degrees, +45 degrees, +90 degrees, +135 degrees and
+180 degrees.

25. The active subwoofer of claim 22, wherein said Phase Alignment Control
system 222 is programmed to provide an adjustable All Pass tuning frequency fo which
is automatically set to be equal to said user selectable Low Pass filter Cutoff frequency
when said user-selected Phase Correction setting is — 90 degrees or + 90 degrees.

26. The active subwoofer of claim 22, wherein said Phase Alignment Control
system 222 is programmed to automatically bypass said All Pass filter 260 when said
user-selected Phase Correction setting is zero degrees or 180 degrees.

27. The active subwoofer of claim 22, wherein said Phase Alignment Control
system 222 is configured and programmed to respond to a user-selected Phase
Correction setting and a user selectable Low Pass filter Cutoff frequency signal
transmitted from a handheld remote control when held by a user at a listening position
24 in a room, while listening to a movie soundtrack, music or test tone audio signals.
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28. A subwoofer phase control method allowing a listener or user to quickly
and accurately select the most satisfying subwoofer phase adjustments or phase
correction settings for blending the subwoofer’s output with the remainder of
a multi-speaker (e.g., stereo or home theater) system’s output in a room 12, comprising:

(@)  providing a subwoofer system (e.g., 222) configured to receive an audio
signal input 215 (e.g., from AVR 15 or 215), and having a first user adjustable control
input 230 for Low Pass Filter Cutoff frequency and a second user adjustable control
input 240 for desired Phase Control Setting; wherein said second control input 240
provides a user-selected Phase Correction setting selected from a plurality of at least
four distinct user selectable Phase Correction settings at evenly spaced phase
increments to a Phase Alignment Control system 222; and wherein said first control
input 230 provides a user selectable Low Pass filter Cutoff frequency signal to said
Phase Alignment Control system 222; wherein said Phase Alignment Control system
222 comprises a single All-Pass filter 260 having an adjustable All Pass tuning
frequency fo which is adjustable and, in use, automatically set in response to said user
selectable Low Pass filter Cutoff frequency;

(b) placing said subwoofer system 222 in a room 12 with a listening position
24 for the listener or user and

(c) playing music, a movie soundtrack, a test audio signal or other audio
program material through all of the speakers in the stereo or home theater system so
that the user or listener in position 24 can audibly evaluate the subwoofer’s output when
playing simultaneously with the remainder of the multi-speaker system’s output, while

(d) detecting a user’s first adjustment of said second control input 240 of said
user-selected Phase Correction setting Phase Alignment Control system 222, said
user’s first adjustment being a first selection from said at least four distinct user
selectable Phase Correction settings, and, in response thereto,

(e) generating a first phase, polarity and amplitude adjusted audio signal 275
for said subwoofer, wherein said user at listening position 24 may evaluate a first
blended subwoofer’s output with the remainder of the system’s speakers’ output in the
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room.

29. The improved subwoofer phase control method of claim 28, further
comprising:

1] detecting a user's second adjustment of said second control input 240 of
said user-selected Phase Correction setting Phase Alignment Control system 222,
said user's second adjustment being a second selection from said at least four distinct
user selectable Phase Correction settings which differs from said user’s first adjustment,
and, in response thereto,

(g) generating a second phase, polarity and amplitude adjusted audio signal
275 for said subwoofer, wherein said user at listening position 24 may evaluate whether
a second blended subwoofer's output with the remainder of the system’s speakers’
output in the room is preferable to the output from any prior adjustment of said second
control input 240 of said user-selected Phase Correction setting Phase Alignment
Control system 222.

30. The improved subwoofer phase control method of claim 29, further
comprising:

(h) detecting a user’s third adjustment of said second control input 240 of said
user-selected Phase Correction setting Phase Alignment Control system 222,
said user’s third adjustment being a third selection from said at least four distinct user
selectable Phase Correction settings which differs from said user’s first and second
adjustments, and, in response thereto,

(i) generating a third phase, polarity and amplitude adjusted audio signal 275
for said subwoofer, wherein said user at listening position 24 may evaluate whether a
third blended subwoofer's output with the remainder of the system’s speakers’ output in
the room is preferable to the output from any prior adjustment of said second control
input 240 of said user-selected Phase Correction setting Phase Alignment Control
system 222.
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Continued from Box No. Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a Single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-3 and 21-27, is drawn to a phase alignment control system for a subwoofer that is configured for use in a multi-speaker
home theater system, wherein the phase alignment control system includes at least four distinct user-selectable phase correction
seltings.

Group |l, claim 17, is drawn to a multi-speaker home theater system including at least one subwoofer loudspeaker driver having a
low-frequency ranye of operation, muitiple other loudspeaker drivers each having a higher frequency range of operation, the
loudspeaker drivers being arranged to provide a surround sound system, and an audio signal source.

Group lll, claims 18-20, is drawn to a method of operating a subwoofer, wherein the method includes the following steps: receiving an
audio signal input via a low pass filter which is configured to operate in dependence on a selected low pass filter control frequency,
sensing or determining the low pass filter control frequency and a desired phase control setting selected by a user from a plurality of
'distinct user selectable phase correction settings.

Group IV, claims 28-30, is drawn to a subwoofer phase control method allowing a listener or user to quickly and accurately select the
most satisfying subwoofer phase adjustments or phase correction settings for blending the subwoofer's output with the remainder of a
multi-speaker (e.g., stereo or home theater) system's output in a room.

The inventions listed as Groups |, i, Ill or IV do not relate to a single general inventive concept under PCT Rule 13.1 because, under
PCT Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of
the Group | invention: the phase alignment control system includes at least four distinct user-selectable phase correction settings, the
system allowing one of the distinct user-selectable phase correction settings to be selected at a time, a single first-order all-pass filter
having a selectable tuning frequency, and a polarity selection stage, and wherein the phase alignment control system is configured to
generate an output signal by applying a phase change to an input signal in response to said one of the distinct user-selectable phase
correction settings that has been selected, the phase alignment contro! system being configured to apply the phase change to the input
signal by a combination of (a) the first-order ali-pass filter causing a phase change as a result of a selected tuning frequency and (b) the
polarity selection stage selectively applying, or not applying, a polarity inversion as claimed therein is not present in the invention of
Groups I, Il or IV. The specia! technical feature of the Group Il invention: the system is configured such that a user of the system is able
to select both a cut-off frequency that determines how an audio signal is distributed between the subwoofer loudspeaker driver and one
or more of the other loudspeaker drivers, and a subwoofer phase correction value, the multi-speaker home theater system having a
single first-order all-pass filter and a polarity inverter which are together configured to modify the phase of an audio signal from the audio
signal source before such signal is passed to the subwoofer loudspeaker driver, the signal being modified by the first-order all-pass filter
operating at a tuning frequency that is automatically selected in dependence on the subwoofer phase correction value selected and the
cut-off frequency selected, and the polarity inverter causing a 0 or 180 degree phase change in dependence on the subwoofer phase
correction value selected, thus enabling the user to reduce for subwoofer signal phase errors that might otherwise be present as claimed
therein is not present in the invention of Groups |, !il or IV. The special technical feature of the Group lll invention: receiving an audio
signal input (e.g., from AVR or via a low pass filter which is configured to operate in dependence on a selected low pass filter control
frequency, sensing or determining the low pass filter control frequency and a desired phase control setting selected by a user from a
plurality of distinct user selectable phase correction settings, computing or selecting a desired tuning frequency and a desired polarity
(e.g. inverting "2 or not "+") in response to the low pass filter control frequency and the desired phase control setting so sensed or
determined, modifying the phase of the input signal with a single first-order all-pass filter ("APF") set to the desired tuning frequency so
computed or selected and changing, or not changing, the polarity in response to the desired polarity so computed or selected, and
driving the subwoofer with a signal resulting from the audio signal input so modified as claimed therein is not present in the invention of
Groups |, Il or |V. The special technical feature of the Group IV invention: allowing a listener or user to quickly and accurately select the
most satisfying subwoofer phase adjustments or phase correction settings for blending the subwoofer's output with the remainder of a
multi-speaker (e.g., stereo or home theater) system's output in a room, comprising: providing a subwoofer system configured to receive
an audio signal input, and having a first user adjustable control input for Low Pass Filter Cutoff frequency and a second user adjustable
control input for desired Phase Control Setting; wherein said second control input provides a user-selected Phase Correction setting
selected from a plurality of at least four distinct user selectable Phase Correction settings at evenly spaced phase increments to a Phase
Alignment Control system; and wherein said first control input provides a user selectable Low Pass filter Cutoff frequency signal to said
Phase Alignment Control system; wherein said Phase Alignment Control system comprises a single All-Pass filter having an adjustable
All Pass tuning frequency fo which is adjustable and, in use, automatically set in response to said user selectable Low Pass filter Cutoff
frequency; placing said subwoofer system in a room with a listening position for the listener or user and playing music, a movie
soundtrack, a test audio signal or other audio program material through all of the speakers in the stereo or home theater system so that
the user or listener in position can audibly evaluate the subwoofer's output when playing simultaneously with the remainder of the
multi-speaker system's output, while detecting a user's first adjustment of said second controf input of said user-selected Phase
Correction setting Phase Alignment Control system, said user’s first adjustment being a first selection from said at least four distinct user
selectable Phase Correction settings, and, in response thereto, generating a first phase, polarity and amplitude adjusted audio signal for
said subwoofer, wherein said user at listening position may evaluate a first blended subwoofer's output with the remainder of the
system's speakers' output in the room as claimed therein is not present in the invention of Groups |, Il or Il

Groups |, I1, lll, and IV lack unity of invention because even though the inventions of these groups require the technical feature of a
multi-speaker home theater system including a subwoofer system, this technical feature is not a special technical feature as it does not
make a contribution over the prior art.

Specifically, US 2011/0274286 to McCarty et al. teaches a multi-speaker home theater system including a subwoofer system (Paras.
[0033-0034)).

Since none of the special technical features of the Group |, II, Iil, or IV inventions are found in more than one of the inventions, unity of
invention is lacking.
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