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APPARATUS AND METHOD FOR POWER
EFFICIENT SIGNAL CONDITIONING FOR A
VOICE RECOGNITION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This U.S. patent application i1s a continuation of, and
claims priority under 35 U.S.C. § 120 from, U.S. patent
application Ser. No. 15/977,397, filed on May 11, 2018,
which 1s a continuation of U.S. patent application Ser. No.
13/955,186, filed on Jul. 31, 2013, which claims priority
under 35 U.S.C. § 119(e) to U.S. Provisional Application
61/827,797, filed on May 28, 2013, U.S. Provisional Appli-
cation 61/798,097, filed on Mar. 15, 2013, and U.S. Provi-
sional Application 61/776,793, filed on Mar. 12, 2013. The
disclosures of these prior applications are considered part of
the disclosure of this application and are hereby incorpo-
rated by reference in their entireties.

FIELD OF THE

DISCLOSUR

L1

The present disclosure relates generally to mobile devices
and more particularly to voice recognition systems for such
mobile devices.

BACKGROUND

Mobile devices such as, but not limited to, mobile phones,
smart phones, personal digital assistants (PDAs), tablets,
laptops or other electronic devices, etc., increasingly include
voice recognition systems to provide hands free voice con-
trol of the devices. Although voice recognition technologies
have been improving, accurate voice recognition remains a
technical challenge.

A particular challenge when implementing voice recog-
nition systems on mobile devices 1s that, as the mobile
device moves or 1s positioned 1n certain ways, the acoustic
environment of the mobile device changes accordingly
thereby changing the sound perceived by the mobile
device’s voice recognition system. Voice sound that may be
recognized by the voice recognition system under one
acoustic environment may be unrecognizable under certain
changed conditions due to mobile device motion or posi-
tioning. Various other conditions in the surrounding envi-
ronment can add noise, echo or cause other acoustically
undesirable conditions that also adversely impact the voice
recognition system.

More specifically, the mobile device acoustic environ-
ment impacts the operation of signal processing components
such as microphone arrays, noise suppressors, echo cancel-
lation systems and signal conditioning that 1s used to
improve voice recognition performance. Such signal pro-
cessing operations for voice recognition improvement are
not power eilicient and increase the drain on battery power.
Because users expects voice recognition systems to be
available as needed, various voice recognition system pro-
grams, processes or services may be required to run con-
tinuously resulting 1n further increased power consumption.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a partial schematic block diagram of an appa-
ratus 1n accordance with the embodiments.

FIG. 2 1s a flow chart providing an example method of
operation of the apparatus of FIG. 1 in accordance with
various embodiments.
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FIG. 3 1s a flow chart showing a method of operation
related to voice signal detection 1n accordance with various

embodiments.

FIG. 4 1s a tlow chart showing a method of operation
related to selection of signal processing in accordance with
various embodiments.

FIG. § 1s a flow chart showing a method of operation 1n
accordance with various embodiments.

FIG. 6 1s a flow chart showing a method of operation 1n
accordance with various embodiments.

DETAILED DESCRIPTION

Briefly, the disclosed embodiments detect when condi-
tions require the use of accurate, and thus less power
eilicient, signal processing to assist in voice recogmtlon
Such power intensive signal processing 1s turned off or
otherwise disabled to conserve battery power for as long as
possﬂ:)le The disclosed embodiments achieve a progresswe
increase of accuracy by running more computationally effi-
cient signal processing on fewer resources and making
determinations of when to invoke more sophisticated signal
processing based on detected changes of conditions. More
particularly, based on information obtained from signal
observations, decisions may be made to power-oil hardware
that 1s not needed. In other words, when conditions improve
from the standpoint of voice recognition performance, the
amount of signal processing 1s ramped down which results
in decreased battery power consumption.

Among other advantages of the disclosed embodiments,
power consumption 1s minmimized by optimizing voice rec-
ognition system operation 111 every software and hardware
layer including switching off non-essential hardware, run-
ning power eflicient signal processing and relying on accu-
rate, less power eflicient signal processing only when needed
to accommodate acoustic environment conditions.

A disclosed method of operation includes monitoring an
audio signal energy level while having a noise suppressor
deactivated to conserve battery power, bullering the audio
signal 1n response to a detected increase 1n the audio energy
level, activating and running a voice activity detector on the
audio signal 1n response to the detected increase 1n the audio
energy level and activating and running a noise estimator 1n
response to voice being detected in the audio signal by the
voice activity detector. The method may further mclude
activating and running the noise suppressor only 11 the noise
estimator determines that noise suppression 1s required. The
method may further include activating and running a noise
type classifier to determine the noise type based on infor-
mation received from the noise estimator and selecting a
noise suppressor algorithm, from a group of available noise
suppressor algorithms, where the selected noise suppressor
algorithm 1s the most power consumption etlicient for the
noise type. The method may further include determining, by
the noise estimator, that noise suppression 1s not required,
and performing voice recognition on the buflered audio
signal without activating the noise suppressor.

The method may also include applying gain to the buil-
ered audio signal prior to performing voice recognition. The
method may include activating additional microphones to
receive audio 1n response to the detected increase in the
audio energy level. The method of operation may deactivate
the additional microphones and return to a single micro-
phone configuration 1n response to voice not being detected
in the audio signal by the voice activity detector. The energy
estimator calculates a long term energy baseline and a short
term deviation, and monitors the audio signal energy level
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3

while having a noise suppressor deactivated to conserve

battery power. The method of operation may include buil-
ering the audio signal in response to a detected short term
deviation.

A disclosed apparatus includes voice recognition logic, a
noise suppressor operatively coupled to the voice recogni-
tion logic, an energy estimator operative to monitor an audio
signal energy level while the noise suppressor 1s deactivated
to conserve battery power, and a voice activity detector
operatively coupled to the energy estimator. The voice
activity detector 1s operative to activate in response to a first
activation control signal from the energy estimator. A noise
estimator 1s operatively coupled to the voice activity detec-
tor. The noise estimator 1s operative to activate in response
to a second activation control signal from the voice activity
detector.

The apparatus may include a bufler that 1s operatively
coupled to the voice recognition logic and the energy
estimator. The bufler 1s operative to receive a control signal
from the energy estimator and to bufler the audio signal 1n
response to the control signal. The energy estimator may be
turther operative to send the first activation control signal to
the voice activity detector 1n response to a detected increase
in the audio signal energy level. The voice activity detector
1s operative to send the second activation control signal to
the noise estimator in response to detecting voice in the
audio signal.

Th apparatus may include a switch that 1s operatively
coupled to the voice recognition logic, the noise suppressor
and the noise estimator. The noise estimator may actuate the
switch to switch the audio signal sent to the voice recogni-
tion logic from a buflered audio signal to a noise suppressed
audio signal output by the noise suppressor. The apparatus
may further include a noise suppressor algorithms selector,
operatively coupled to the noise estimator and to the noise
suppressor. The noise suppressor algorithms selector opera-
tive to activate and run the noise suppressor in response 1o
a noise estimator control signal sent when the noise estima-
tor determines that noise suppression 1s required.

The apparatus may further include a noise type classifier,
operatively coupled to the noise estimator and to the noise
suppressor algorithms selector. The noise type classifier 1s
operative to activate and run in response to a control signal
from then noise estimator, and 1s operative to determine
noise type based on information received from the noise
estimator. The noise suppressor algorithms selector may be
turther operative to select a noise suppressor algorithm, from
a group of available noise suppressor algorithms, where the
selected noise suppressor algorithm 1s the most power
consumption etlicient for the noise type. The noise estimator
may also be operative to determine that noise suppression 1s
not required and actuate the switch to switch the audio signal
sent to the voice recognition logic from a noise suppressed
audio signal output by the noise suppressor to a builered
audio signal.

In some embodiments, the apparatus includes a plurality
of microphones and microphone configuration logic com-
prising switch logic operative to turn each microphone on or
ofl. The energy estimator 1s further operative to control the
microphone configuration logic to turn on additional micro-
phones 1n response to a detected increase 1n the audio signal
energy level. The voice activity detector may be further
operative to deactivate the additional microphones and
return to a single microphone configuration in response to
voice not being detected m the audio signal by the voice
activity detector.
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Turning now to the drawings, FIG. 1 1s a partial schematic
block diagram of an apparatus 100 which 1s a voice recog-
nition system 1n accordance with various embodiments. The
apparatus 100 may be incorporated into and used 1n various
battery-powered electronic devices that employ voice-rec-
ognition. That 1s, the apparatus 100 may be used in any of
various mobile devices such as, but not limited to, a mobile
telephone, smart phone, camera, video camera, tablet, lap-
top, or some other battery-powered electronic device, efc.

It 1s to be understood that FIG. 1 1s a “partial” schematic
block diagrams in that FIG. 1 1s limited, for the purpose of
clanity, to showing only those components necessary to
describe the features and advantages of the various embodi-
ments, and to describe how to make and use the various
embodiments to those of ordinary skill. It 1s therefore to be
understood that various other components, circuitry, and
devices etc. may be necessary 1n order to implement a
complete functional apparatus and that those various other
components, circuitry, devices, etc., are understood to be
present by those of ordinary skill. For example, the appa-
ratus may include a power bus that may be connected to a
battery housed within one of the various mobile devices to
provide power to the apparatus 100 or to distribute power to
the various components of the apparatus 100.

Another example 1s that the apparatus 100 may also
include an internal communication bus, for providing opera-
tive coupling between the various components, circuitry, and
devices. The terminology “operatively coupled” as used
herein refers to coupling that enables operational and/or
functional communication and relationships between the
various components, circuitry, devices etc. described as
being operatively coupled and may include any intervening
items (1.e. buses, connectors, other components, circuitry,
devices etc.) necessary to enable such communication such
as, for example, internal communication buses such as data
communication buses or any other necessary intervening
items that one of ordinary skill would understand to be
present. Also, it 1s to be understood that other intervening
items may be present between “operatively coupled™ items
even though such other intervening items are not necessary
to the functional communication facilitated by the operative
coupling. For example, a data communication bus may be
present 1n various embodiments and may provide data to
several i1tems along a pathway along which two or more
items are operatively coupled, etc. Such operative coupling
1s shown generally in FIG. 1 described herein.

In FIG. 1 the apparatus 100 may include a group of
microphones 110 that provide microphone outputs and that
are operatively coupled to microphone configuration logic
120. Although the example of FIG. 1 shows three micro-
phones, the embodiments are not limited to three micro-
phones and any number of microphones may be used 1n the
embodiments. It 1s to be understood that the group of
microphones 110 are shown using a dotted line 1n FIG. 1
because the group of microphones 110 1s not necessarily a
part of the apparatus 100. In other words, the group of
microphones 110 may be part of the mobile device into
which the apparatus 100 1s incorporated. In that case, the
apparatus 100 1s operatively coupled to the group of micro-
phones 110, which are located within the mobile device, via
a suitable communication bus or suitable connectors, etc.,
such that the group of microphones 110 are operatively
coupled to the microphone configuration logic 120.

The microphone configuration logic 120 may include
various front end processing, such as, but not limited to,
signal amplification, analog-to-digital conversion/digital
audio sampling, echo cancellation, etc., which may be
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applied to the microphone M1, M2, M3 outputs prlor to
performing additional, less power eflicient signal processing
such as noise suppression. The microphone configuration
logic 120 may also 1nclude switch logic operatively coupled
to the group of microphones 110 and operative to respond to
control 31gnals to turn each of microphones M1, M2 or M3
on or ofl so as to save power consumption by not using the
front end processing of the microphone configuration logic
120 for those microphones that are turned off. Additionally,
in some embodiments, the microphone configuration logic
120 may be operative to receive control signals from other
components of the apparatus 100 to adjust front end pro-
cessing parameters such as, for example, amplifier gain.

The microphone configuration logic 120 1s operatively
coupled to a history builer 130, to provide the three micro-
phone outputs M1, M2 and M3 to the history butier 130.
Microphone configuration logic 120 1s also operatively
coupled to an energy estimator 140 and provides a single
microphone output M3 to the energy estimator 140. The
energy estimator 140 1s operatively coupled to the history
bufler 130 and to a voice activity detector 150. The energy
estimator 140 provides a control 51gnal 115 to the history
butler 130, a control signal 117 to the voice activity detector
150 and a control signal 121 to the microphone configura-
tion logic 120.

The voice activity detector 150 1s also operatively coupled
to the microphone configuration logic 120 to receive the
microphone M3 output and to provide a control signal 123
to microphone configuration logic 120. The voice activity
detector 150 1s further operatively coupled to a signal-to-
noise ratio (SNR) estimator 160 and provides a control
signal 119. The signal-to-noise ratio (SNR) estimator 160 1s
operatively coupled to the history bufler 130, a noise type
classifier 170, a noise suppressor algorithms selector 180,
and a switch 195.

The SNR estimator 160 receives a builered voice signal
113 from the history bufler 130 and provides control signal
127 to the switch 195, control signal 129 to noise type
classifier 170, and control signal 135 to the noise SUppIressor
algorithms selector 180. The noise type classifier 170 1s
operatively coupled to the history bufler 130, the SNR
estimator 160 and the noise suppressor algorithms selector
180.

The noise type classifier 170 recerves a butlered voice
signal 111 from the history builer 130 and provides a control
signal 131 to the noise suppressor algorithms selector 180.
The noise suppressor algorithms selector 180 1s operatively
coupled to the SNR estimator 160, the noise type classifier
170, the microphone configuration logic 120, a noise sup-
pressor 190 and system memory 107. The noise suppressor
algorithms selector 180 provides a control signal 125 to the
microphone configuration logic 120 and a control signal 137
to a noise suppressor 190. The noise suppressor algorithms
selector 180 1s also operatively coupled to system memory
107 by a read-write connection 139.

The noise suppressor 190 receives the buflered voice
signal 111 from the history bufler 130 and provides a noise
suppressed voice signal 133 to the switch 195. The noise
suppressor 190 may also be operatively coupled to system
memory 107 by a read-write connection 143 in some
embodiments. The switch 195 1s operatively coupled to the
noise suppressor 190 and to automatic gain control (AGC)
105, and provides voice signal 141 to the AGC 105. Voice
command recognition logic 101 1s operatively coupled to
AGC 105 and to the system control 103, which may be any
type of voice controllable system control depending on the
mobile device such as, but not limited to, a voice controlled
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dialer of a mobile telephone, a video recorder system
control, an application control of a mobile telephone, smart-
phone, tablet, laptop, etc., or any other type of voice
controllable system control. The AGC 105 adjusts the voice
signal 141 received from the switch 1935 and provides a gain
adjusted voice signal 145 to the voice command recognition
logic 101. The voice command recognition logic 101 sends
a control signal 147 to the system control 103 in response to
detected command words or command phrases received on
the voice signal 145.

The system memory 107 1s a non-volatile, non-transitory
memory, and may be accessible by other components of the
apparatus 100 for various settings, stored applications, etc.
In some embodiments system memory 107 may store a
database of noise suppression algorithms 109, which may be
accessed by noise suppressor algorithms selector 180, over
read-write connection 139. In some embodiments, the noise
suppressor 190 access system memory 107 over read-write
connection 143 and may retrieve selected noise suppression
algorithms from the database of noise suppression algo-
rithms 109 for execution.

The switch 195 1s operative to respond to the control
81gnal 127 from the SNR estimator 160, to switch its output
voICce 31gnal 141 between the builered voice 81gnal 111 and
the noise suppressor 190 noise suppressed voice signal 133.
In other words, switch 195 operates as a changeover switch.

-

T'he output voice signal 141 from switch 195 1s provided to
the AGC 103.

The disclosed embodiments employ voice activity detec-
tor 150 to distinguish voice activity from noise and accord-
ingly enable the voice command recognition logic 101 and
noise reduction as needed to improve voice recognition
performance. The embodiments also utilize a low power
noise estimator, SNR estimator 160, to determine when to
ecnable or disable noise reduction thereby saving battery
power. For example, under low noise conditions, the noise
reduction can be disabled accordingly. Also, some micro-
phones may be turned off during low noise conditions which
also conserves battery power.

Various actions may be triggered or mmvoked in the
embodiments based on voice activity or other criteria that
progressively ramp up the application of signal processing
requiring increased power consumption. For example, the
volice activity detector 150 may trigger operation of noise
suppressor 190 or may send control signal 123 to the
microphone configuration logic 120 to increase front end
processing gain, rather than invoke the noise suppressor 190,
initially for low noise conditions.

For a high noise environment, dual-microphone noise
reduction may be enabled. For low noise environments, a
single microphone may be used, and the energy estimator
140 may create a long term energy base line from which
rapid deviations will trigger the noise suppressor 190 and
voice activity detector (VAD) 150 to analyze the voice signal
and to decide when noise reduction should be applied. For
example, an absolute ambient noise measurement may be
used to decide 1f noise reduction should be applied and, 11 so,
the type of noise reduction best suited for the condition. That
1s, because the noise suppressor algorithms selected will
impact power consumption, selectively running or not run-
ning certain noise suppressor algorithms serves to minimize
battery power consumption.

Thus, the energy estimator 140 1s operative to detect
deviations from a baseline that may be an indicator of voice
being present in a received audio signal, received, for
example, from microphone M3. If such dewviations are
detected, the energy estimator 140 may send control signal
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117 to activate VAD 150 to determine if voice 1s actually
present in the recerved audio signal.

An example method of operation of the apparatus 100
may be understood 1n view of the flowchart of FIG. 2. The
method of operation begins 1n operation block 201 which
represents a default state in which the microphone configu-
ration logic 120 1s controlled to use a single microphone
confliguration 1n order to conserve battery power. Any front
end processing ol the microphone configuration logic 120
for other microphones of the group of microphones 110 is
therefore turned ofl. In operation block 203 the energy
estimator 140 determines an energy baseline. The energy
estimator 140 first calculates the signal level and long term
power estimates, and short-term deviation from the long-
term baseline. Short-term deviations exceeding a threshold
invoke powering multiple microphones and buflfering the
signals.

Specifically, in decision block 205, the energy estimator
140 monitors the audio output from one microphone such as
microphone M3. If an observed short-term deviation
exceeds the threshold in decision block 205, the energy
estimator 140 sends control signal 121 to the microphone
configuration logic 120 to turn on at least one additional
microphone as shown 1n operation block 209. In operation
block 213, the energy estimator 140 also sends control signal
115 to history bufler 130 to invoke buflering of audio signals
from the activated microphones since the builered audio
may need to have noise suppression applied 1n operation
block 229. Also, in operation block 207, energy estimator
140 sends control signal 117 to VAD 150 to activate VAD
150 to determine 11 speech 1s present 1n the M3 audio signal.
I1 the observed short-term deviation observed by the energy
estimator 140 does not exceed the threshold in decision
block 2085, the energy estimator 140 continues to monitor the
single microphone as in operation block 201.

In decision block 211, if the VAD 150 does not detect
speech, the VAD 150 sends control signal 123 to the
microphone configuration logic 120 and returns the system
to a lower power state. For example, in operation block 231,
the control signal 123 may turn off any additional micro-
phones so that only a single microphone 1s used. If voice (1.¢.
speech activity) 1s detected 1n decision block 211, then VAD
150 sends control signal 119 to activate SNR estimator 160.
In operation block 215, the SNR estimator 160 proceeds to
estimate short-term signal-to-noise ratio and signal levels 1n
order to determine 1f de-noising 1s needed.

If noise reduction 1s not needed 1n decision block 217, the
SNR estimator 160 may send control signal 127 to the
switch 195 to maintain the apparatus 100 in a low power
state, 1.e. bypassing and not using the noise suppressor 190.
In operation block 219, the voice signal 141 is provided to
the AGC 105 and 1s gained up to obtain the level required
and the gain adjusted voice signal 145 1s sent to the voice
command recognition logic 101. In operation block 221, the
voice command recognition logic 101 and, i1if command
words or command phrases are detected, may send control
signal 147 to the system control 103. The method of
operation then ends. If noise reduction 1s determined to be
necessary by the SNR estimator 160 1n decision block 217,
then the SNR estimator 160 sends control signal 129 to
activate noise type classifier 170 as shown in operation
block 223.

In operation block 223, the noise type classifier 170
receives the builered voice signal 111, and may also receive
signal-to-noise ratio information from SNR estimator 160
via control signal 129. The noise type classifier 170 assigns
a noise type and sends the noise type information by control
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signal 131 to noise suppressor algorithms selector 180. The
noise suppressor algorithms selector 180 may also receive
information from SNR estimator 160 via control signal 135.
In operation block 225, the noise suppressor algorithms
selector 180 proceeds to select an appropriate noise sup-
pressor algorithm for the observed conditions (1.e. observed
SNR and noise type). This may be accomplished, 1n some
embodiments, by accessing system memory 107 over read-
write connection 139. The system memory 107 may store
the database of noise suppression algorithms 109 and any
other usetul information such as an associated memory table
that can be used to compare observed SNR and noise types
to select a suitable noise suppression algorithm. The noise
suppressor algorithms selector 180 may then send control
signal 137 to activate noise suppressor 190 and to provide a
pointer to the location 1n system memory 107 of the selected
noise suppression algorithm. In operation block 227, the
noise suppressor algorithms selector 180 may also send
control signal 125 to the microphone configuration logic to
make any adjustments that might be needed 1n relation to the
selected noise suppressor algorithm.

In operation block 229, the noise suppressor 190 may
access system memory 107 and the database of noise
suppression algorithms 109 over read-write connection 143
to access the selected noise suppression algorithm and
execute 1t accordingly. The SNR estimator 160 will also
send control signal 127 to switch 195 to switch to receive the
noise suppressed voice signal 133 output from noise sup-
pressor 190, rather than the buflered voice signal 111.
Instead, the noise suppressor 190 receives the butlered voice
signal 111, applies the selected noise suppression algorithm
and provides the noise suppressed voice signal 133 to switch
195. The method of operation then again proceeds to opera-
tion block 219 where the voice signal 141 1s provided to the
AGC 105 and 1s gained up to obtain the level required and
the gain adjusted voice signal 145 1s sent to the voice
command recognition logic 101. In operation block 221, the
voice command recogmtion logic 101 operates on the gain
adjusted voice signal 145 and the method of operation ends
as shown.

Initially, in the embodiments, a noise suppressor algo-
rithm 1s invoked based on the attempt to determine the type
of noise present in the environment, based on the noise type,
and signal to noise ratio. As the noise conditions worsen,
different noise algorithms can be used, with progressively
increased complexity and power consumption cost. As dis-
cussed above with respect to decision block 211, the system
returns to low power state after a negative VAD 150 decision
or, in some embodiments aifter some time-out period.

In another embodiment, the apparatus 100 may run a
continuous single microphone powered, long-term noise
estimator/classifier which can store a set of noise estimates
to be used by the noise reduction system to aid speed up
convergence. In yet another embodiment, a continuously run
VAD may be employed to look for speech activity. In both
embodiments, the apparatus will remain 1n an elevated
power state returning from voice recognition mvocation into
VAD estimation.

It 1s to be understood that the various components, cir-
cuitry, devices etc. described with respect to FIG. 1 includ-
ing, but not limited to, those described using the term
“logic,” such as the microphone configuration logic 120,
history buflfer 130, energy estimator 140, VAD 150, SNR
estimator 160, noise type classifier 170, noise suppressor
algorithms selector 180, noise suppressor 190, switch 195,
AGC 105, voice command recognition logic 101, or system
control 103 may be implemented 1n various ways such as by
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software and/or firmware executing on one Oor more pro-
grammable processors such as a central processing unit
(CPU) or the like, or by ASICs, DSPs, hardwired circuitry

(logic circuitry), or any combinations thereof.

Also, 1t 1s to be understood that the various “control
signals” described herein with respect to FIG. 1 and the
various aforementioned components, may be implemented
in various ways such as using application programming
interfaces (APIs) between the various components. There-
fore, in some embodiments, components may be operatively
coupled using APIs rather than a hardware communication
bus if such components are implemented as by software
and/or firmware executing on one or more programmable
processors. For example, the noise suppressor algorithms
selector 180 and the noise suppressor 190 may be software
and/or firmware executing on a single processor and may
communicate and interact with each other using APIs.

Additionally, operations involving the system memory
107 may be implemented using pointers where the compo-
nents such as, but not limited to, the noise suppressor
algorithms selector 180 or the noise suppressor 190, access
the system memory 107 as directed by control signals which
may include pointers to memory locations or database
access commands that access the database of noise suppres-
sion algorithms 109.

Further methods of operation of various embodiments are
illustrated by the flowcharts of FIG. 3 and FIG. 4. FIG. 3 1s
a flow chart showing a method of operation related to voice
signal detection 1n accordance with various embodiments. In
operation block 301, an apparatus uses a microphone signal
level as a measure to determine 1f pre-processing i1s needed.
In operation block 303, the apparatus runs a “trigger for the
trigger,” 1n that a detector for energy deviations from a long
term base-line invokes VAD/noise estimators to make deci-
sion as to when voice recognition logic should operate. In
operation block 305, the apparatus detects the need for
signal conditioning based on a low-power noise estimator
(1.e. by running the noise estimator only). In operation block
307, the apparatus uses a VAD to determine voice activity
from noise and to determine to whether or not to run noise
suppression, or voice recognition, and runs one or the other
only when needed. In operation block 309, the apparatus
will classily the noise type, and based on noise type, will
invoke appropriate noise suppression or other appropriate
signal conditioning.

FIG. 4 1s a flow chart showing a method of operation
related to selection of signal processing in accordance with
various embodiments. In operation block 401, the apparatus
determines which microphones are not needed (as well as
any associated circuitry such as amplifiers, A/D converters
etc.) and turn ofl the microphones (and any associated
circuitry) accordingly. In operation block 403, the apparatus
uses a single microphone for continuously running triggers/
estimators. In operation block 405, the apparatus uses an
ultra-low-power microphone for monitoring only (or uses
lower power mode for one of the microphones). In operatlon
block 407, the apparatus stores data 1n a history bufler, and
when triggered processes only data 1n history builer, rather
than continuously. In operation block 409, apparatus uses no
noise suppression (1n quiet conditions), single-microphone
noise suppression (for example 1n favorable SNR and noise
types), multiple-microphone noise suppression as per con-
ditions observed and when needed only. In operation block
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411, the apparatus determines signal level and SNR depen-
dency, maximizes gain in high SNR conditions (1.e. 1f
favorable conditions exist apply gain to boost signal, rather
than de-noise signal). In operation block 413, the apparatus
uses voice recognition specially trained with power-eflicient
noise-reduction pre-processing algorithm, and runs the
power el

icient noise reduction front end on the portable (1.e.
a mobile device in which the apparatus 1s incorporated). In
operation block 415, the apparatus uses long-term noise
estimates to configure apparatus components such as voice
recognition and signal conditioning components, and uses
the short-term estimate to select optimal configurations and
switch between those.

The flowcharts of FIG. 5 and FIG. 6 provide methods of
operation for the various embodiments described above. In
FIG. 5, operation block 501, an audio signal energy level 1s
monitored while having other signal processing components
deactivated. In operation block 503, at least one of the other
signal processing components 1s activated in response to a
detected change 1n the audio signal energy level. For
example, 1f the energy level changes, this may be an
indication that a device operator 1s speaking and attempting
to command the device. In response, a VAD may be acti-
vated as the at least one other signal processing component
in some embodiments. If the VAD detects the presence of
voice 1n the audio signal, further signal processing compo-
nents, such as a noise suppressor, may be activated. In
another embodiment, a noise estimator may be activated
initially using the assumption that voice i1s present in the
audio signal.

The flowchart of FIG. 6 provides a method of operation
where a VAD 1s activated 1n response to changes 1in the audio
signal level as shown 1n operation block 601. Other signal
processing components are deactivated initially. In operation

block 603, 1t voice 1s detected by the VAD, other signal

processing components are activated 1n order to analyze the
audio signal and determine 1f noise suppression should be
applied or not. Noise suppression 1s then either applied, or
not applied, accordingly. In operation block 605, various
audio signal processing components are either activated or
deactivated as audio signal conditions change or when voice
1s no longer detected. For example, the apparatus may by
returned from a multi-microphone configuration to a single,
low-power microphone configuration and noise suppressors,
etc. may be deactivated.

While various embodiments have been 1illustrated and
described, it 1s to be understood that the invention 1s not so
limited. Numerous modifications, changes, variations, sub-
stitutions and equivalents will occur to those skilled i the
art without departing from the scope of the present invention
as defined by the appended claims.

What 1s claimed 1s:

1. A computer-implemented method when executed on
data processing hardware of a computing device causes the
data processing hardware to perform operations comprising:

recerving an audio signal detected by a first microphone

in a group ol microphones of the computing device
while a second microphone 1n the group of micro-
phones 1s powered oif;
while the second microphone 1s powered ofl, determining
an audio signal energy level of the audio signal detected
by the first microphone has deviated from a baseline
audio signal energy level by more than a threshold

amount;
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in response to determining that the audio signal energy
level of the audio signal detected by the first micro-
phone has deviated from the baseline audio signal
energy level by more than the threshold amount:
triggering the second microphone to power on; and
triggering a voice activity detector to power on;
performing, using the voice activity detector that 1s pow-
ered on, voice activity detection on the audio signal to
determine whether speech 1s detected in the audio
signal detected by the first microphone;
buflering a voice signal based on audio signals detected
by the first microphone and the second microphone;
and
in response to determining that speech 1s detected 1n the
audio signal detected by the first microphone:
estimating a signal-to-noise ratio (SNR) of the bu
voice signal; and
performing, based on the estimated SNR of the buffered
voice signal, noise suppression on the buil

[T

ered

ered voice
signal to provide a noise suppressed voice signal.

2. The computer-implemented method of claim 1,
wherein the operations further comprise, 1 response to
determining that speech i1s not detected in the audio signal
detected by the first microphone, pewermg the second
microphone off and maintaining the first microphone pow-
ered on.

3. The computer-implemented method of claim 1,
wherein the operations further comprise performing speech
recognition on the noise suppressed voice signal.

4. The computer-implemented method of claim 1,
wherein the operations further comprise:

receiving a subsequent audio signal;

determining that an audio signal energy level of the

subsequent audio signal has deviated from the baseline
audio signal energy level by more than the threshold
amount;

performing, using the voice activity detector, voice activ-

ity detection on the subsequent audio signal to deter-
mine that speech 1s detected in the subsequent audio
signal;

buflering a subsequent voice signal based on the subse-

quent audio signal; and

in response to determining that speech 1s detected 1n the

subsequent audio signal:

estimating a signal-to-noise ratio (SNR) of the bu
subsequent voice signal; and

determining not to apply noise suppression on the
builered subsequent voice signal based on the esti-
mated SNR of the buflered subsequent voice signal.

5. The computer-implemented method of claim 4,
wherein the operations further comprise, after determining
not to apply noise suppression on the builered subsequent
voice signal, perfermmg speech recognition on the buflered
subsequent voice signal.

6. The computer-implemented method of claim 1,
wherein:

the group of microphones comprises the first microphone,

the second microphone, and at least one other micro-
phone; and

triggering the second microphone to power on comprises

triggering the second microphone and the at least one
other microphone in the group of microphones to
power on.

7. The computer-implemented method of claim 1,
wherein the computing device comprises a battery-powered,
voice-enabled electronic device.

[T

ered
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8. The computer-implemented method of claim 1,
wherein the computing device comprises a voice-enabled
smart phone.

9. A computing device comprising:

data processing hardware; and

memory hardware in communication with the data pro-

cessing hardware and storing instructions that when

executed on the data processing hardware cause the

data processing hardware to perform operations com-
prising:

receiving an audio signal detected by a first microphone

in a group of microphones of the computing device

while a second microphone 1n the group of micro-

phones 1s powered off;

while the second microphone 1s powered ofl, determin-

ing an audio signal energy level of the audio signal

detected by the first microphone has deviated from a

baseline audio signal energy level by more than a

threshold amount;
in response to determining that the audio signal energy

level of the audio signal detected by the first micro-
phone has deviated from the baseline audio signal
energy level by more than the threshold amount:
triggering the second microphone to power on; and
triggering a voice activity detector to power on;
performing, using the voice activity detector that 1s
powered on, voice activity detection on the audio
signal to determine whether speech 1s detected 1n the
audio signal detected by the first microphone;
buflering a voice signal based on audio signals detected
by the first microphone and the second microphone;
and
in response to determining that speech 1s detected 1n the
audio signal detected by the first microphone:
estimating a signal-to-noise ratio (SNR) of the buil-
ered voice signal; and
performing, based on the estimated SNR of the
buffered voice signal, noise suppression on the
buflered voice signal to provide a noise sup-
pressed voice signal.

10. The computing device of claim 9, wherein the opera-
tions further comprise, 1n response to determining that
speech 1s not detected 1n the audio signal detected by the first
microphone, powering the second microphone off and main-
taining the first microphone powered on.

11. The computing device of claim 9, wherein the opera-
tions further comprise performing speech recognition on the
noise suppressed voice signal.

12. The computing device of claim 9, wherein the opera-
tions further comprise:

receiving a subsequent audio signal;

determining that an audio signal energy level of the

subsequent audio signal has deviated from the baseline
audio signal energy level by more than the threshold
amount;

performing, using the voice activity detector, voice activ-

ity detection on the subsequent audio signal to deter-
mine that speech 1s detected in the subsequent audio

Slgnal
buflering a subsequent voice signal based on the subse-

quent audio signal; and
in response to determining that speech 1s detected in the
subsequent audio signal:
estimating a signal-to-noise ratio (SNR) of the bu
subsequent voice signal; and

[T

ered
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determining not to apply noise suppression on the
builered subsequent voice signal based on the esti-
mated SNR of the buflered subsequent voice signal.
13. The computing device of claim 12, wherein the
operations further comprise, after determining not to apply
noise suppression on the builered subsequent voice signal,
performing speech recognition on the bullered subsequent
voice signal.
14. The computing device of claim 9, wherein:
the group of microphones comprises the first microphone,
the second microphone, and at least one other micro-
phone; and
triggering the second microphone to power on comprises
triggering the second microphone and the at least one
other microphone 1 the group of microphones to
power on.
15. The computing device of claim 9, wherein the com-
puting device comprises a battery-powered, voice-enabled
electronic device.

10

15

16. The computing device of claim 9, wherein the com- 20

puting device comprises a voice-enabled smart phone.
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