(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
17 September 2020 (17.09.2020)

(10) International Publication Number

WO 2020/186260 Al

WIPO I PCT

(51) International Patent Classification:

Michael; 95 West Squantum Street, Apt. 608, North Quin-

HO04R 17/02 (2006.01) H03G 3/32 (2006.01) cy, Massachusetts 02171 (US). XUE, Shuwan; 74 Arnold
HO03G 3/20 (2006.01) HO04R 17/00 (2006.01) Road, Quincy, Massachusetts 02171 (US).
HO3G 3/24 2006.01) HO4R 3/00 (2006.01) (74) Agent: REILLY, Christopher L. ct al.; Fish & Richardson
(21) International Application Number: P.C., P.O. Box 1022, Minneapolis, Minnesota 55440-1022
PCT/US2020/022932 (US).

(22) International Filing Date: (81) Designated States (unless otherwise indicated, for every

16 March 2020 (16.03.2020) kind of national protection available). AE, AG, AL, AM,

(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

(26) Publication Language: English Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

. HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

(30) Priority Data: KR.KW,KZ.LA,LC.LK,LR, LS. LU, LY. MA. MD, ME,

62/818,140 14 March 2019 (14.03.2019) Us MG, MK. MN. MW, MX. MY MZ. NA. NG, NI NO, NZ,

(71) Applicant: VESPER TECHNOLOGIES INC. [US/US]; OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

77 Summer Street, 8th Floor, Boston, Massachusetts 02110 SC, 8D, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN, TR,
US). TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(72) Inventors: LITTRELL, Robert J.; 77 Summer Street, (84) Designated States (unless otherwise indicated, for every

8th Floor, Boston, Massachusetts 02110 (US). CARFORE,

kind of regional protection available): ARIPO (BW, GH,

(54) Title: A PIEZOELECTRIC MEMS DEVICE WITH AN ADAPTIVE THRESHOLD FOR DETECTION OF AN ACOUSTIC

STIMULUS

r _______ A

|

: : Adaptive Wake-on- D Device

| | Sound Signal 2T, Circuit(s),
: : Detection Circuit, 14 15

Piezoelectric
MEMS Transducer,
12

w0 20207186260 A1 | NI H00 0 KO Y0 0 O 0

FIG. 1

(57) Abstract: A device that includes an adaptive acoustic detection circuit and an acoustic sensor device such as a microphone is
described. The device includes in addition to the sensor a circuit configured to detect when an input stimulus to the sensor satisfies
an adaptive threshold, and further configured to produce a signal upon detection that causes adjustment of performance of the device,
wherein the adaptive threshold is a threshold value that varies over time in accordance with detected changes to sound of an environment
in which the device is located.

[Continued on next page]



WO 2020/186260 A1 |11} 000000 AP 0 0 0

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



10

15

20

25

WO 2020/186260 PCT/US2020/022932

A PIEZOELECTRIC MEMS DEVICE WITH AN ADAPTIVE THRESHOLD FOR
DETECTION OF AN ACOUSTIC STIMULUS

CLAIM OF PRIORITY
The application claims priority under 35 U.S.C. §119(e) to U.S. Provisional
Application No. 62/818,140 filed March 14, 2019, the entire content of which 1s

incorporated herein by reference.

BACKGROUND

This disclosure relates to acoustic sensing and in particular use of sensors such as
microphones, as used in voice activated devices such as smart speakers and other types of
acoustic activated devices.

As the Internet of Things develops and more uses arise for acoustic activated
devices, one of the challenges with acoustic activated devices is reducing power
consumption. Generally, acoustic sensing devices sense acoustic signals (sound, vibration,
etc.) that may occur over infrequent intervals. In order to address power consumption of
acoustic activated devices one approach is acoustic wake-up detection. With acoustic
wakeup detection, typically an acoustic detector circuit is included in the acoustic activated
device, and remains in an active state consuming power while the remaining portion of the
acoustic activated device is in an off or dormant state. Upon detection of an event by the
acoustic detector circuit, the acoustic detector circuit generates a signal that causes power
to be switched to the remainder of the acoustic activated devices. An acoustic detector
circuit can also be an algorithm that is executed by a processor. Piezoelectric transducers
are a type of electroacoustic transducer that convert electrical charges (e.g., produced by

sound or input pressure) into energy.

SUMMARY
According to an aspect, a device includes a sensor element and a circuit configured
to detect when an input stimulus to the sensor satisfies an adaptive threshold, and further
configured to produce a signal upon detection that causes adjustment of performance of the

device, wherein the adaptive threshold is a threshold value that varies over time in
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accordance with detected changes to sound of an environment in which the device is
located.

Implementations can include one or a combination of two or more of the following
features. The circuit can be a first circuit, and the device can further includes a second
circuit for processing input following detection, where the second circuit is configured to
increase its power level following detection, relative to a power level of the second circuit
prior to detection. The device can be further configured to output data representing one or
more sound levels prior to detection of the input stimulus that satisfies the adaptive
threshold. The output data can represent multiple sound levels in frequency or time. The
device can further include an amplifier circuit configured to track sub-threshold sound
signals in the environment of the device, threshold sound signals in the environment of the
device, and supra threshold sound signals in the environment of the device. The amplifier
circuit can sum the sub-threshold sound signals in the environment of the device, the
threshold sound signals in the environment of the device, and the supra threshold sound
signals in the environment of the device.

In some implementations, the circuit can include an amplifier configured to apply a
gain to the input stimulus to amplify the input stimulus, where the gain is the sum of the
sub-threshold sound signals in the environment of the device, the threshold sound signals
in the environment of the device, and the supra threshold sound signals in the environment
of the device. The circuit can include a band pass filter bank including multiple filters to
enable adaptation of the adaptive threshold in different frequency bands. The circuit can
include a RMS to DC converter configured to receive the input stimulus and an amplifier
configured to receive the input stimulus from the RMS to DC converter and to amplify the
input signal in accordance with a background sound level. The circuit can be configured to
detect sound signals in multiple frequency bands and further configured to detect when
sound levels of at least a plurality of the sound signals in the multiple frequency bands
increase or decrease over a specified amount of time, relative to sound levels of other
sound signals detected at prior times. For example, the circuit can be configured to
increase a value of the adaptive threshold when the sound levels of at least the plurality of
the sound signals in the multiple frequency bands increase over the specified amount of

time, with the increased value being in accordance with the detected increase, and to
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decrease a value of the adaptive threshold when the sound levels of at least the plurality of
the sound signals in the multiple frequency bands decrease over the specified amount of
time, with the decreased value being in accordance with the detected decrease. The
adaptive threshold can be a non-fixed threshold. The device can be a microphone, an
acoustic transducer, or a MEMS piezoelectric transducer.

According to an additional aspect, an adaptive acoustic detection circuit to detect
when an input stimulus to a sensor satisfies an adaptive threshold, the detection circuit
includes a band pass filter that receives an output from the sensor and a circuit fed from the
band pass filter output and configured to detect when the output to the sensor satisfies an
adaptive threshold and produce a signal upon detection that causes adjustment of
performance of a device, with the adaptive threshold varying over time in accordance with
detected gradual changes in stimuli in an environment in which the device is located.

Implementations can include one or a combination of two or more of the following
features. The circuit can further include a converter circuit to convert the signal from the
band pass filter circuit to a substantially DC signal, a fixed gain amplifier to amplify the
substantially DC signal, a threshold circuit to establish a variable threshold level, and a
comparator circuit having a first input fed by the amplified substantially DC signal and a
second input fed by the variable threshold level for producing a detection signal according
to a value of the amplified substantially DC signal relative to a value of the variable
threshold level. The band pass filter, the converter, and the fixed gain amplifier can
comprise a first channel of the circuit, and the circuit can further include at least one
additional channel comprising a band pass filter, a converter, and a fixed gain amplifier,
and a summing amplifier that receives outputs from the first channel and the at least one
additional channel to provide an output that is fed to the first input. The band pass filter of
the first channel and the band pass filter of the at least one additional channel can have
different frequency pass bands.

In some implementations, the circuit further includes a variable gain amplifier
having an input that receives the input signal, a control port and an output to provide an
amplified output signal, a comparator circuit having a first input coupled to the output of
the variable gain amplifier and a second input fed by a fixed threshold level signal for

producing a detection signal according to a value of the amplified output signal relative to
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the fixed value of the threshold level, and a feedback circuit to produce a control signal
that controls gain of the variable gain amplifier. The feedback circuit can include a
rectifier to convert the signal at the input to the converter circuit to a substantially DC
signal, an analog to digital converter to convert the substantially DC signal to a digital
signal, and control logic that receives the digital signal and determines the value of the
control signal fed to the control port of the variable gain amplifier. The feedback circuit
can include a low pass filter coupled between the rectifier and the analog to digital
converter. The circuit can further include a high pass filter and a low pass filter coupled in
series between the output of the variable gain amplifier and the input of the comparator
circuit.

According to an additional aspect, a method includes detecting when an input
stimulus to a sensor of a device satisfies one or more detection criteria, where at least one
of the one or more detection criteria comprises an adaptive threshold value that varies over
time in accordance with detected changes to sound of an environment in which the device
is located, producing a signal upon detection that causes adjustment of performance of the
device by causing a circuit of the device to increase its power level, relative to a power
level of the circuit before detection and processing input to the device using the circuit
with the increased power level.

Implementations can include one or a combination of two or more of the following
features. Data representing one or more sound levels in the environment in which the
device is located can be received, and the adaptive threshold value can be adjusted based at
least in part on the one or more sound levels and data representing previously detected
sound levels in the environment of the device. The one or more sound levels can include
average sound levels in the environment of the device over a specified amount of time.
The one or more sound levels can include a first sound level corresponding to a first
frequency band and a second sound level corresponding to a second frequency band, the
first frequency band and the second frequency band comprising different frequencies. The
adaptive threshold value can be increased when at least one of the one or more sound
levels increases over a specified amount of time, relative to the previously detected sound
levels in the environment of the device, where the increase of the adaptive threshold value

corresponds to the detected increase of the at least one of the one or more sound levels.
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The adaptive threshold value can be decreased when at least one of the one or more sound
levels decreases over a specified amount of time, relative to the previously detected sound
levels in the environment of the device, wherein the decrease of the adaptive threshold
value corresponds to the detected decrease of the at least one of the one or more sound
levels. The data representing the one or more sound levels can be received before
detecting the input stimulus. The device can include a microphone, an acoustic transducer
or a MEMS piezoelectric transducer.

Piezoelectric Micro Electro-Mechanical Systems (MEMS) devices have an inherent
ability to be actuated by stimulus even in the absence of a bias voltage enabling such
piezoelectric devices to provide ultra-low power detection of a wide range of stimulus
signals. Piezoelectric MEMS Microphones can take advantage of this effect and can be
included in circuits that will produce signals based on a prescribed minimum (fixed)
acoustic input level indicating an acoustic stimulus (of significance) was detected to
perform further actions by such circuits, i1.e., mode to a higher performance state, turn on
other components within a system, begin a digital acquisition to further investigate
acoustic stimulus etc.

Use of a fixed acoustic input level can result in poor performance in very noisy
environments (because the background noise is likely to consistently be above the
threshold, resulting in the device consistently consuming power) and very quiet
environments (where a natural voice level is unlikely to rise above a threshold level).

The adaptive acoustic level (e.g., threshold) circuits according to the above aspects
provide for greater accuracy in stimulus detection by increasing the threshold in a noisy
environment and decreasing the threshold in a quiet environment. The threshold for the
environment can be related to an average value of background noise of an environment in
which a device is located or can be proportional to an average value of background noise
or can be defined as the noise level above which the device signals the system.

Such piezoelectric MEMS transducer devices can be used in adaptive wake-on-
sound signal detection circuits for such electronic devices including virtual digital assistant
devices, smart speakers, remote controls, security cameras, headphones, cellphone
microphones, etc., when the transducer devices are used as a microphone. Alternatively,

the transducer devices can be sensor devices that sense other physical quantities, e.g., heat,
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vibration, etc. Rather than having a preset and fixed threshold an adaptive threshold
adjusts to a background level, such that the detection circuit detects “relevant” events that
are distinct from background noise.

Aspects include corresponding computer systems, apparatus, computer programs
products recorded on one or more computer storage devices, and methods.

The details of one or more embodiments of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the disclosure will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF THE FIGURES

FIG. 1 is a block diagram of a device/system having an adaptive wake on sound
detection circuit.

FIGS. 2A, 2B, 2C and 3 are block diagrams of adaptive detection circuits.

FIGS. 3A and 3B are block diagrams of circuits used in FIGS. 2A, 2B and 3.

FIGS. 4A-4D are plots of sound pressure level vs. time for various scenarios.

FIGS. 5, S5A-5C are block diagrams of a device including detection circuity.

FIGS. 6A-6B are block diagrams of detection circuity.

FIGS. 7A-7B are graphs showing waveform input to and output signal from
detection circuity.

FIGS. 8A-8B and 9 are block diagrams showing detection circuity in a system.

FIG. 10 1s a flow diagram.

DETAILED DESCRIPTION
Piezoelectric Micro Electro-Mechanical Systems (MEMS) devices have an inherent
ability to be actuated by stimulus even in the absence of a bias voltage for the transducer
due to the piezoelectric effect of the material used to realize the transducer, e.g., AIN, PZT,
etc. This physical property enables piezoelectric MEMS devices to provide ultra-low
power detection of a wide range of stimulus signals, and provide deeper integration of the

detection electronics within an application-specific integrated circuit (ASIC) without



10

15

20

25

30

WO 2020/186260 PCT/US2020/022932

requiring specialized electronics at the system level or add-on blocks that do not optimize
the power performance of the transducer.

MEMS capacitive microphones require a charge pump to provide a polarization
voltage to the back-plate. Charge pumps require a clock and storage capacitors to store
charge that is pumped onto the back-plate. Multiple stages are required to boost the
polarization voltage to required levels. When initially turned on, time is required to
achieve desired levels based on clock frequency, storage capacitor size, and available
supply voltage.

Piezoelectric MEMS devices do not require a charge pump. Furthermore, the
charge generated by the piezoelectric effect is always being generated due to stimulus
causing mechanical stress. As a result, ultra-low power circuits can be utilized to transfer
this charge to a voltage and provide an output relative to the mechanical stress induced on
the Piezoelectric MEMS device through simple gain circuits. Higher voltages are not
required to achieve higher transducer sensitivity.

One particular application, utilizing Piezoelectric MEMS Microphones and taking
advantage of this effect, is a circuit that will produce a signal based on a prescribed
minimum (fixed) acoustic input level indicating an acoustic stimulus (e.g., a keyword or
phrase) was detected. This signal could be further utilized by the system and/or
microphone to perform further actions, 1.e., mode to a higher performance state, turn on
other components within the system, begin a digital acquisition to further investigate the
acoustic stimulus and identify its components.

Use of a minimum, fixed acoustic input level can result in poor performance in
very noisy environments (because the background noise is likely to consistently be above
the threshold, resulting in the device consistently consuming power) and very quiet
environments (where a natural voice level is unlikely to rise above a threshold level).

Rather than having a fixed acoustic input level, an adaptive acoustic level (e.g.,
threshold) provides for greater accuracy in stimulus detection by increasing the threshold
in a noisy environment and decreasing the threshold in a quiet environment. As described
herein, in some implementations of FIG. 2, the threshold can be related to an average value
of background noise of an environment in which a device is located. In other

implementations, such as some versions of FIG. 2, as well as FIG. 3, the threshold can be
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proportional to an average value of background noise. In the example of FIG. 3, the
threshold can be approximately 4.6 times the average value. Alternatively, the threshold
can be defined as the noise level above which the device signals the system (or changes the
value of Dour).

Referring to FIG. 1, an electronic device (or system) 10 is shown to include a
piezoelectric MEMS transducer device 12 (“transducer device 127), more specifically, a
piezoelectric MEMS microphone. The transducer device 12 is coupled to an adaptive
wake-on-sound signal detection circuit 14 (“detection circuit 14”), which is coupled to
device circuits 15 that may include electronics for processing sound. The electronic device
10 can be any type of electronic device that would use a transducer device 12. Non-
limiting examples of such electronic devices 10 include virtual digital assistant devices
such as Alexa® (Amazon, Inc.) and Echo® (Amazon, Inc.) smart speakers, remote
controlled security cameras, headphones, cellphone microphones, etc. Detection circuit 14
detects an input stimulus and outputs a signal, Dout, that causes device circuits 15 to power
on. In this example, detection circuit 14 is configured to detect input stimulus based on an
adaptive threshold that increases or decreases in accordance with a sound level of an
environment.

The detection circuit 14 provides a floating or dynamic threshold signal level
(corresponding to a sound level) at which the device 10 (FIG. 1) will adjust operation from
a lower power level (sleep state) to a higher power level (wake state) in which the device
10 performs voice signal processing or speech detection, etc. based on acoustic signals
received by the transducer device 12, e.g., when used as a microphone. Alternatively, the
transducer device 12 can be a sensor device that senses other physical quantities, e.g., heat,
vibration, etc.

Rather than having a preset and fixed sound level threshold (for transitioning the
device 10 from the lower power level to the higher power level), detection circuit 14 has an
adaptive threshold that adjusts to a background sound level, such that the detection circuit
14 detects “relevant” auditory events, e.g., those events that are distinct from background
noise. When a detector operates with a fixed threshold level, such a detector would be
unable to adjust to changes in background noise, causing decreased accuracy in detecting

relevant auditory events especially in environments with very loud and very quiet
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background noise signatures and/or in environments that vary between very loud and very
quiet background noise signatures.

In a loud noise environment, the transducer device 12 (e.g., a microphone) receives
sound inputs and a detection circuit 14 produces signals that cause device circuits 15 to
power on. When detection circuit 14 consistently detects the presence of input stimuli (due
to the loud noise environment), device circuits 15 always stay in an awake mode, making
the device (or system) 10 consume power, while there is an absence of input stimuli of real
significance, e.g., inputs such as human voice commands. In a quiet environment, often
the natural voice level does not wake up the device (or system) 10, making the device (or
system) 10 appear unresponsive to users. Through use of the detection circuit 14 having
an adaptive threshold, the device (or system) 10 avoids remaining in a high power mode in
high noise environments and yet missing relevant input stimuli, e.g., sounds in low
acoustic level environments.

Referring to FIG. 2A, the detection circuit 14 is shown. The detection circuit 14 is
an adaptive detection circuit that enables adaption of signal levels (representative of
sound). A version of this detection circuit that enables adaption of signal levels to
different power levels in different frequency bands will be described in FIG. 3.

The detection circuit 14 includes a band pass filter 20 and a root mean square
(RMS)/direct current (DC) converter 21 that receives an input signal, Vi, e.g., produced as
an output voltage signal from the transducer device 12, such as a microphone. The
RMS/DC converter 21 converts Vinto a DC signal level and feeds this DC signal to an
amplifier circuit 22 to increase (or amplify) the amplitude of the DC signal by a specified
amount.

The amplified DC signal Vo is input into logic circuit 24, which is configured to
select a minimum value of inputs. Another signal 26 representing a max threshold value 1s
also input into logic circuit 24. The max threshold value is a pre-specified, fixed threshold
value or can be (that can be calculated using the approach discussed below see FIG. SA
etc.) Logic circuit 24 selects between the minimum (or lower value) of amplified DC
signal (Vo) and the max threshold V1ou to provide signal, as the threshold sound level,
Vtou. By doing so, detection circuit 14 implements an adaptive threshold that increases as

the background sound level increases and decreases as the background sound level
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decreases. Thus, the detection circuit 14 enables the device to detect relevant auditory
events in a noisy background sound level (without the system 10 that includes detection
circuit 14 remaining in a higher power mode) and in a quieter background sound level.

Detection circuit 14 also includes a comparator 26 (e.g., a latched comparator) that
compares Vin to V1. The output (Dourt) of comparator 26 is processed by the system 10
that includes detection circuit 14 to determine whether to transition the system 10 from
lower power to higher power modes. Determination of min and max threshold values can
be adapted from the principles discussed below.

In each of the examples of FIGS. 2A-3, the comparator (e.g., comparator 26),
compares an un-buffered signal that is pseudo “live” signal to the threshold. Typically a
digital implementation would buffer some amount of data, and thus digital
implementations would not need to be fast and thus such digital implementations can
partition the digital data into windows (for example, 20 msec. of data per window) and
compare average energy levels in a current window to an average of energy levels over
several prior windows. In an analog implementation without buffering data, a 20 msec.
delay may be too long of a delay. Therefore, the analog implementation needs to be faster
than an equivalent digital implementation. Therefore, these circuits of FIGS. 2A-3
compare actual sound pressure waveforms (which may include filtered versions of the
sound pressure waveforms) to the threshold. This way, the system of FIG. 1 would be fast
enough to wake up and catch the wake-word (or other significant event).

In some examples, the detection circuit 14 also outputs signals representing one or
more sound levels prior to detection of the input stimulus that satisfies the adaptive
threshold in different frequency bands. For example, the system 10 may be configured to
report out to one or more external systems a background sound level (or energy) prior to
the detection circuit 14 detecting the input stimulus and the system 12 powering on.

Referring now to FIG. 2B, an alternative detection circuit 14b is shown. The
detection circuit 14b is configured to include plural channels 11a-11n corresponding to the
detection circuit 14a (of FIG. 2A) and also includes a summing amplifier 30 that sums
input signals from the plural channels 11a-11n (each including a respective band pass filter
20, root mean square (RMS)/direct current (DC) converter and amplifier circuit 22, as

above) to provide a summed Vin signal that is compared to a threshold value.

10
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Referring to FIG. 2c¢, another alternative detection circuit 14¢ is shown. The
detection circuit 14¢ is an adaptive detection circuit that adapts thresholds to changes in
input signal levels (e.g., representative of sound or other acoustic inputs). This detection
circuit 14¢ 1s dynamically adaptive similar to detection circuits 14a-14b of FIGS. 2A, 2B,
but functions in a different way to detect sound or acoustics. The alternative detection
circuit 14c includes an amplifier 25a with a fixed amount of gain that is fed an input signal
(e.g., from an input sensing device, such as a microphone) that is amplified by a nominal
gain amount. The amplified signal is fed to a high-pass filter 25b to filter out unwanted
DC offset voltages and to remove very low frequency components that are not of interest.
The high-pass filter 25b output feeds a variable gain amplifier 25¢ that has an input, an
output and a control input. The output of the variable gain amplifier 25¢ is an amplified
signal. The gain imparted to the output signal from the variable gain amplifier 25¢ is
controlled by a control signal provided from a feedback loop 28.

The output amplified signal from the variable gain amplifier 25¢ is coupled to a
low pass filter 25d and a high pass filter 25e that are placed together to form a band pass
filter. These filters 25d, 25e if needed, remove an unwanted DC offset and can be used to
filter out unwanted parts of the signal depending on the application. This signal is fed to,
e.g., the positive input of a comparator 27 and is compared to a fixed threshold value 29
that is at the e.g., negative input of the comparator 27. Although the signal is compared to
a fixed value in this case, the threshold is effectively floating because the gain imparted to
the signal that is at the output of the amplifier 25¢ is controlled by the feedback loop 28
that includes a rectifier circuit 28a, another low pass filter 28b, an analog to digital
converter 28¢, e.g., a three-bit analog to digital converter, and control logic 28d that
produces the control signal to control the gain of the variable gain amplifier 25c.

The feedback loop 28 is coupled to the input to the comparator 27, as shown. This
signal is fed to the rectifier 28a and the rectified signal from the rectifier 28a is fed to the
low pass filter 28b (performing the function of the RMS/DC converter in FIG. 2A), to
provide a pseudo-RMS (root mean square) output signal value. This pseudo-RMS output
signal is fed into the 3-bit ADC 28c¢ to provide a digital output of three bits that is used to
determine if the signal level into the input terminal to the comparator 27 1s too high, too

low, or within a set range. This digital output is fed to control logic 28d and the control
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logic determines the status of the input signal level. If the input signal to the comparator 1s
too low, the ADC output is low and this causes the control logic to produce the control
signal that is fed to the variable gain amplifier 25¢ to increase the gain of the variable gain
amplifier 25¢. If the input signal to the comparator is too high, the ADC output is high and
this causes the control logic produce the control signal that is fed to the variable gain
amplifier 25¢ to decrease the gain of the variable gain amplifier 25¢. If the signal is at the
appropriate level, the control logic does not change the gain of the variable gain amplifier
25c.

Due to the circuit timing, the control logic operates slowly and only changes the
gain at, for example, half second intervals (or other time increments). Therefore, the gain
only responds to slow changes in input signal levels. This feedback loop 28 controls the
gain such that the RMS level into the comparator 27 is approximately constant. Further,
the value of the gain in the variable gain block is an indication of the sound level. This can
be communicated out of the circuit 14¢ in order to provide an indication of sound level
prior to a change in Dour.

Referring now to FIG. 3, an alternative adaptive detection circuit 14’ is shown to
include plural channels, e.g., channel a to channel n. The channel a to channel n (CH;-
CH,) each are fed the input signal from the input 31, and the channels CH;-CH, each
include one of band pass filters 32a-32n, respectively, e.g., multiple band pass filters
disposed between the transducer device 12 (e.g., the microphone FIG.1) and the input 31 to
the detection circuit 14°. The band-pass filters (BPF’s) 32a-32n are each tuned to a
specific frequency band (e.g., configured according to human hearing 20 Hz. to 20,000
Hz). The detection circuit 14’ has the plural channels CHa — CHn and each channel
provides an output signal.

The plural channels CHa — CHn include signal compressors 34a-34n, half wave
rectifiers 36a-36n, low-pass filters 38a-38n and AGC circuits 40a-40n. In some
implementations, as shown are weighting circuits w, -wx that can be used to weight
individual contributions from each channel according to specific needs of a given
application of the detection circuit 14°. The signal compressors 34a-34n, compress the
signals output from the respective band pass filters 32a-32n, whereas the half wave

rectifiers 36a-36n convert the compressed band-passed input signals to DC values enabling
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additional signal compression and envelop tracking. The low pass filter can filter out
higher frequency components, especially those which would be outside of a frequency
band for envelop tracking of input stimuli of real significance, e.g., inputs such as human
voice commands. The amplifier circuit 40a will enable tracking of sub-threshold activities,
as well as threshold crossing activities. In one embodiment the AGC 40a is of the type
described in “An Analog VLSI Implementation of the Inner Hair Cell and Auditory Nerve
Using a Dual AGC Model,” ITEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS
AND SYSTEMS, VOL. 8, NO. 2, APRIL 2014, the entire content of which is incorporated
herein by reference. In this description all of the circuits disclosed operate in the analog
domain. However, digital signal processing equivalents of these circuits could be an
alternative implementation, and which would operate in the digital domain. The threshold
is nominally a fixed value that can float or change gradually between the min and max
limits. Min and max thresholds are determined empirically such as from tuning of the
circuits 32-40. The summer device can be implemented as a common operational
amplifier.

The detection circuit 14’ also includes a threshold circuit 44 that implements a
threshold algorithm to adapt an output threshold signal between a “min” value and a “max”
value providing a reference value to a comparator 46, e. g., a latching comparator. The
detection circuit 14’ has an input that receives a control signal that is used to adjust or
adapt the threshold between the “min” value and the “max” values (which can be fixed
values or variable values) to provide at an output the reference value to the latching
comparator 46. In one implementation, the input control signal that adapts the output
threshold occurs by feeding the input to the threshold circuit 44 from the output of the
summer 42. In another implementation, the signal is provided by a processor (not shown)
that can be part of the wake up circuity and/or the circuity of the device 10.

The latching comparator 46 is fed by the input signals from the input 31 that were
aggregated via the summer 42 (or individual ones of those signals) to cause the comparator
46 to switch states of a wake up signal according to the relative values of the input signal
at the + input to the comparator 46 and threshold signal at the — input to the comparator 46.

When the comparator 46 has the input signal at input + which is at or above the threshold
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at — the comparator will trigger a high state for signal DouT that can be used as a wake
signal to other circuity in the device/system 10.

In the detection circuit 14°, each channel CH,— CH,, 1s configured to detect stimuli
inputs in a frequency band specified for that channel, e.g., based on the detected frequency
of Vinfor that channel. The channels CHa — CHn provide output signals Souti to SouTn.
These signals can be aggregated via summer 44 (e.g., an operational amplifier) to provide
Dour. (Alternatively, individual ones of the signals SouTi to SouTa could be used to wake
up the device/system 10 circuitry provided the circuit also had multiple comparators not
shown). These signals Souti to Doutn could be used collectively for processing of audio
information. The band-pass filter bank with the multiple filters are each tuned to a specific
frequency band which enables adaptation of the detection circuit 14’ to different frequency
bands.

In the embodiment of FIG. 3, the circuits 32-40 provide specially tuned spike rate
functions that can be summed together at summing device 44 for all sub-threshold and
supra-threshold activities from all of the channels to provide the wake-on-sound trigger
signal to the system 10.

FIG. 3A shows a transistor implemented logarithmic amplifier that can be used as
the compressor circuits 34a-34n. FIG. 3B shows an implementation of the half wave
rectifiers 36a-36n. These are merely illustrative examples for implementing these circuits
34a-34n and 36a-36n that can be used.

Referring to FIG. 4A, plot 40 illustrates how adaptive threshold 42 increases (over
time) as the sound level (represented by waveform 44) increases over time in a particular
environment. In this example, adaptive threshold 42 is based on a history of sound in the
particular environment. As such, adaptive threshold 42 adjusts in accordance with the
sound of the environment (e.g., the background sound level in the environment). As
described herein, the adaptive threshold can be implemented in analog circuits to achieve
lower system power consumption (e.g., relative to system power consumption with a fixed
threshold). These adaptive thresholds can also be implemented in a microphone’s
Application Specific Integrated Circuits (ASIC’s) (whether digital or analog circuity) to
achieve low system power use and flexibility, relative to system power use and flexibility

of a wake up circuit with a fixed threshold. As further described herein, the energy level
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prior to “wake-up” (e.g., the device being powered on) can be communicated to the rest of
the system.

Referring to FIG. 4B, plots 50a-50d show a sound waveform of a person speaking.
The red (or dashed) line represents a threshold. Whenever the waveform exceeds the
threshold, the microphone stays on for some period of time to ensure that the entire
utterance is captured. Plot 50a illustrates quiet background noise without voice. Plot 50b
illustrates moderate background noise without voice. Plot 50c illustrates quiet background
noise (~ 45 dB) and moderate voice level (~65 dB). Plot 50d illustrates moderate
background noise (~ 60 dB) and loud voice level (~ 75 dB).

In a device that implements a fixed threshold, the device performs as follows:
When background noise is quiet (as shown in plot 50a) or when voice is loud (as shown in
plot 50d), the performance is as desired. Without voice, power is saved (as shown in plot
50a). With voice, the keyword is caught, as shown in plot 50d.

However, if the voice is at just the moderate level, the keyword is missed, as shown
in plot 50c. The keyword is missed because the threshold is not exceeded until the middle
of the first word instead of the beginning of the first word. If the background noise is
moderate, then the system does not save any power, as shown in plots 50b. This is because
the threshold is exceeded with the noise alone. These last two outcomes (depicted in plots
50b, 50c) are undesirable. Rather, than having a fixed threshold, a threshold that is a
function of the past background noise level is adaptive and enables detection of voice
stimuli when the voice is at a moderate level and also enables the saving of power when
the background noise is moderate.

Referring to FIG. 4C, plots 52a-52d provide examples of such adaptive threshold.
In each of these examples, the threshold (red line) is created by taking the RMS value of
the previous 100 ms of audio and multiplying that value by 4.6. This threshold is referred
to herein as “Threshold #1.” In these four examples, the behavior is as desired in 3 of the 4
scenarios, as shown in plots 52a-52c. When there is no voice present, power is saved in
both cases because the threshold scales with the noise — as shown in plots 52a-52b. When
voice is present, the keyword is caught for the more quiet case because the voice signal to
noise ratio (SNR) 1s better, as shown in plot 52¢c. The keyword 1s missed in the case of

louder background noise because the SNR is slightly worse, as shown in plot 52d.
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Referring to FIG. 4D, a non-linearity is added to the threshold depicted in FIG. 4¢
to ensure good performance in the above described scenarios, as shown in plots 54a-54d.
In these example, the threshold the minimum of the RMS value multiplied by 4.6 and a
fixed value, such as 0.09 Pa. The resultant threshold achieves the desired outcomes in the
above described scenarios, as shown in plots 54a-54d. Further refinement of the algorithm
is possible and these specific levels are just given as an example. However, the adaptive
threshold described herein scales with an input and a non-linearity to address loud
background noise/ poor SNR.

The above implementations use an auditory model to set an adaptive wake on
signal threshold of a sensor device, e.g., a microphone. The adaptive auditory model
discussed above can be implemented in analog circuits to achieve very low power
consumption or also can be implemented in a microphone’s digital ASIC circuits to
achieve low power consumption and flexibility in operation.

One technique for determining threshold bounds in FIGS. 2A-3 uses techniques
described below that are adapted from PCT Patent Application No. PCT/US2017/019996,
filed February 28, 2017, titled “A Piezoelectric MEMS Device for Producing a Signal
Indicative of Detection of an Acoustic Stimulus” Pub. No. WO 2017/151650.

Piezoelectric Micro Electro-Mechanical Systems (MEMS) devices have an inherent
ability to be actuated by stimulus even in the absence of a bias voltage for the transducer
due to the piezoelectric effect of the material used to realize the transducer, e.g., AIN, PZT,
etc. This physical property enables piezoelectric MEMS devices to provide ultra-low
power detection of a wide range of stimulus signals, and provide deeper integration of the
detection electronics within an application-specific integrated circuit (ASIC) without
requiring specialized electronics at the system level or add-on blocks that do not optimize
the power performance of the transducer.

MEMS capacitive microphones require a charge pump to provide a polarization
voltage to the back-plate. Charge pumps require a clock and storage capacitors to store
charge that is pumped onto the back-plate. Multiple stages are required to boost the
polarization voltage to required levels. When initially turned on, time is required to
achieve desired levels based on clock frequency, storage capacitor size, and available

supply voltage.
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Piezoelectric MEMS devices do not require a charge pump. Furthermore, the
charge generated by the piezoelectric effect is always being generated due to stimulus
causing mechanical stress. As a result, ultra-low power circuits can be utilized to transfer
this charge to a voltage and provide an output relative to the mechanical stress induced on
the Piezoelectric MEMS device through simple gain circuits. Higher voltages are not
required to achieve higher transducer sensitivity.

One particular application, utilizing Piezoelectric MEMS Microphones and taking
advantage of this effect, is a circuit that will produce a signal based on a prescribed
minimum acoustic input level indicating an acoustic stimulus was detected. This signal
could be further utilized by the system and/or microphone to perform further actions, i.e.,
mode to a higher performance state, turn on other components within the system, begin a
digital acquisition to further investigate the acoustic stimulus and identify its components.

In an example, detection circuit of an acoustic device, such as a microphone,
interfaces to a logic circuit that is part of the acoustic device (as shown in FIG. 2B), rather
than the acoustic device including a detection pin that allows an application processor to
perform the logic (as shown in FIGS. 2A and 5). The detection circuit is designed to
indicate when an input pressure stimulus reached a prescribed level. The detection circuit
triggers a digital state machine indicating that a signal was heard. The state machine
modes the microphone ASIC to a higher performance state. Due to the inherent startup
advantages of piezoelectric microphones, this state is achieved instantly. The digital state
machine can also signal the system to exit from sleep mode, if the system were capable of
a sleep mode, and be prepared to process the signal further. The microphone would
contain the logic necessary to determine the ambient acoustic environment and make a
decision on which action to take for further processing of the sensed acoustic environment.

In another example, the logic required on the microphone ASIC is simplified,
pushing the decision making logic of the ambient acoustic environment to the application
processor, as shown in FIGS. 2A and 5. The microphone ASIC then simply realizes a
detection circuit, with a detection level set to an acoustic input level. The ASIC then
latches an acoustic event that crossed this threshold, signaling the system, and allowing the
system to mode the ASIC into a high performance state for detailed interrogation of the

ambient acoustic environment. The ASIC would realize this functionality by having a
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dedicated input to control which mode it is in, and a dedicated digital output that signals
the system when the microphone is in wake on sound mode and an acoustic stimulus has
crossed the detection threshold. Generally, wake on sound includes a mode or a
configuration of a device (such as a microphone, acoustic device, acoustic transducer,
acoustic, piezoelectric transducer, piezoelectric device, MEMS microphone and so forth)
in which the device adjusts or transitions among states, modes or actions in response to
detection of satisfaction of a threshold input stimulus, e.g., an audio input at or above a
threshold level. In another example, wake on sound includes a mode in which a device
(e.g., including an acoustic transducer and/or an integrated circuit) is configured to detect
an acoustic stimulus or detection of satisfaction of one or more criteria and is further
configured to perform one or more actions or transition among modes or states upon the
detection.

Referring to FIG. 5, circuit 100 includes transducer 102 and detector circuit 104.
Source follower stage 106 transforms the charge generated by transducer 102 and provides
gain for the next stage (e.g., a latched comparator stage). The second stage is a latched
comparator 108, which compares the output of the source follower 106 to a reference
voltage that is designed to target a specific minimum acoustic input sound pressure level
(SPL). Once this level has been sensed, the latched comparator 108, latches the event, and
provides a signal indicating such. The latch uses positive feedback to effectively act as a
memory cell. Once power 1s removed from the latch, the information that was latched is
cleared or lost, while memory, e.g., static random access memory (SRAM), retains the
information even with the power removed. As described in further detail below, this
provided signal is output to a detection pin that alerts an external system of detection of the
SPL. This signal can be further used to control/trigger other events within the application
specific integrated circuit (ASIC) or within the overall system by driving this signal off
chip. In a variation, latched comparator 108 is configured to detect when the acoustic
input (or VIN) satisfies one or more specified criteria. There are various types of criteria
that the detection circuit can be configured to detect. These criteria include, e.g., voice
criteria (detection of voice), keyword criteria (e.g., detection of keywords), ultrasonic

criteria (e.g., detection of ultrasonic activity in proximity to our surrounding the transducer
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or acoustic device), criteria of detecting footsteps, mechanical vibrations/resonances,
gunshots, breaking glass, and so forth.

In this example, a bandwidth of the preamplifier stage (e.g., implemented by the
preamplifier) determines a spectrum of input signals that trigger the comparator stage
implemented by latched comparator 108. Ultra-Low Power electronics typically have
bandwidths still acceptable for the audio range. Also, impulse acoustic events trigger a
broad spectrum increase in energy, acceptable for triggering with the comparator.

Further processing to discriminate specific frequency and frequency bands is
implemented as well providing the ability detect specific acoustic signatures, i.€.,
command words, acoustic signals, at ultra low power (due to the external audio-subsystem
being powered down, as described in further detail below). Multiple devices (configured
for wake on sound mode) could also be implemented as an array. In this example, the
DOUT/VOUT signals are processed providing the ability to perform directionality
measurement, beam-forming, beam-steering, proximity detection, and Signal-to-Noise
improvement.

Referring to FIG. SA, device 200 implements wake on sound in a configurable
mode. In this example, device 200 includes an acoustic device. Device 200 includes
switch 204, transducer 202, detection circuit 206 (e.g., detection circuit 14 in FIG. 2 or
detection circuit 104 in FIG. 1), integrated circuit (“IC”) 207 (hereinafter “IC” 207) and
preamplifier 208. In a variation, IC 207 includes gain circuitry, an amplifier or another
circuit, rather than preamplifier 208.

In this example, preamplifier 208 is configured to process audio input in an
operational mode and is further configured to be powered on, following detection of one or
more of the specified criteria. Switch 204 is configured to switch device 200 between a
first mode (e.g., a wake on sound mode) and a second mode (e.g., a normal or operational
mode), e.g., in response to receipt of an instruction from a processor external to device
200. Switch 204 includes pins 210, 212. Generally, a pin includes a pad (e.g., that is
attached or mounted to a circuit). Pin 210 is a mode pin and is a dedicated input for
controlling the mode of device 200. Pin 212 is a voltage drain (VDD) pin that inputs the
VDD of device 200 into switch 204. In this example, an external system (e.g., such as

processor 512 in FIG. 8A) controls the mode of operation of device 200 by transmitting a
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mode signal that sets (on mode pin 210) mode=1 (i.e., mode=VDD), which causes device
200 to transition to wake on sound mode in which detection circuit 206 is powered on, e.g.,
by routing VDD to detection circuit 206. In this example, pin 210 includes a pad
configured to receive, from an external processor, a signal that causes device 200 to switch
from a first mode (e.g., a wake on sound mode) to a second mode (e.g., an operational
mode). In this example, the first mode includes a mode in which detection circuit 206 is
substantially powered on and preamplifier 208 is substantially powered off (e.g., entirely
powered of or a state in which a minimum amount of power 1s consumed). In this
example, the second mode includes a mode in which preamplifier 208 is substantially
powered on and detection circuit 206 is substantially powered off. In this example, device
200 is configured to switch from the first mode to the second mode, upon detection that the
input audio satisfies one or more criteria.

When mode pin 210 is set to equal O (via the mode signal), device 200 operates in
operational mode (e.g., a normal mode) in which detection circuit 206 is powered down (or
substantially powered down) and preamplifier is powered on (or is substantially powered
on) by routing VDD to preamplifier 208. That is, a voltage equal to VDD modes IC 207
into the wake on sound mode, while a floating or low signal modes IC 207 into normal
operation. The mode signal is buffered, and further controls power switch 204 which
routes VDD to either the high performance circuitry (e.g., preamplifier 208) or the wake on
sound circuitry (e.g., detection circuitry 206). The mode signal also configures input
biasing circuitry (e.g., biasing circuit 218) to control switches (included in the input
biasing circuitry), which properly configure the input biasing network and switch for
transducer 202.

In this example, transducer 202 receives acoustic input and transducer 202 converts
that acoustic input into an input voltage (VIN). Detection circuit 206 detects when one or
more criteria are satisfied by the acoustic input. In this example, detection circuit 206 is
configured to operate substantially around 5 micro Amps. For example, detection circuit
206 detects when VIN equals a threshold voltage or a reference voltage (VREF), such e.g,,
VIN = VREF. Upon detection of satisfaction of one or more of the detection criteria,
detection circuit 206 produces a signal that causes detect pin 209 to go “high” (e.g., have a

value equal to one). There are various types of detection criteria. In an example, detection
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criterion comprises an adjustable threshold. The adjustable threshold is adjustable by
software or one or more software updates and/or by one or more circuit configures and/or
settings. In one example, the adjustable threshold comprises an adaptive threshold that is
based on a specified or recorded noise level of a particular geographic area.

In this example, detect pin 209 includes a pad configured to transmit, to an external
processor, a signal that specifies that the acoustic input stimulus to transducer 202 satisfies
at least one of one or more detection criteria. There are various types of acoustic input
stimulus, including, e.g., sound, pressure, and so forth. An external processor or system
(e.g., processor 512 in FIG. 8A) receives this signal from detect pin 209. In response to
this signal, the external processor powers on or powers up to an increased power level
(relative to a power level before the processor received this signal), as described in further
detail below. Additionally, in response to the signal, the processor sets the mode pin 210
to a low value to cause device 200 to transition from wake on sound mode to operational
mode. In this example, device 200 is configured to receive a signal from a processor
external to device 200, with the signal being for powering off detection circuit 206 and for
powering on preamplifier 208. In another example, device 200 is configured to receive a
signal from a processor external to the device, with the signal being for reducing a power
level of detection circuit 206, relative to a power level of detection circuit 206 prior to
detection, and with the signal further being for increasing a power level of preamplifier
208, relative to a power level of preamplifier 208 prior to detection.

In operational mode, another circuit in IC 207 (such as preamplifier 208) increases
its power level of the second circuit, relative to a power level of the other circuit prior to
detection. For example, in operational mode, preamplifier 208 is configured to operate in a
range of 100-300 micro Amps. In this example, the signal generated by detection circuit
206 causes adjustment of performance of device 200 by causing an external processor to
transmit an instruction to device 200 to increase a power level of a second circuit (e.g.,
preamplifier 208), relative to a power level of the second circuit prior to detection. In this
example, preamplifier 208 is substantially powered off prior to detection. Once in
operational mode, device 200 processes acoustic input 202 and outputs VOUT (e.g., pin
211) to an external processor or system for application processing. In this example, VOUT

represents an output voltage that is based on voltage amplification of the acoustic input.
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In a variation of FIG. 5A, device 200 is a packaged device for mounting on a
substrate or another circuit. The packaged device includes a substrate for mounting the
acoustic, piezoelectric transducer 202, detection circuit 208 and preamplifier 208 (or any
other type of circuitry). The packaged device includes a housing portion for covering the
substrate on which the transducer 202, detection circuit 208 and preamplifier 208 (or any
other type of circuitry) are mounted.

Referring to FIG. 5B, device 220 is a variation of device 200. Device 220 includes
logic circuit 222 (hereinafter “logic 222”), e.g., rather than including detection pin 209. In
this example, detection circuit 206 is configured to produce a signal, when the acoustic
input satisfies one or more criteria (which are programmed into the detection circuit or
which are accessible or readable by the detection circuit). In this example, logic 222 is
configured to implement a digital state machine. Detection circuit 206 transmits to logic
222 the signal (that indicates the detection) to trigger digital state machine. The state
machine (in logic 222) modes IC 207 to a higher performance state, e.g., by powering on
preamplifier 208 and by powering off detection 206. That is, logic 222 is configured for
reducing a power level of detection circuit 206, relative to a power level of detection
circuit 206 prior to detection, and for increasing a power level of preamplifier 208, relative
to a power level of preamplifier 208 prior to detection. Logic 222 includes configurable
logic and/or software that is configurable to perform one or more specified operations.

Logic 222 instructs switch 204 to switch modes by transmitting a switching signal
to switch 210 that causes mode pin 210 to go high or low. That is, switch 204 is
configured to switch from a first mode (e.g., a wake on sound mode) to a second mode
(e.g., an operation mode) in response to receipt of an instruction from logic 222 of device
220. The digital state machine also signals a system (e.g., external processor 512 in FIG.
8A) to exit from sleep mode, if the system were capable of a sleep mode, and be prepared
to process the signal further. In this example, device 220 itself includes logic 222 for
analyzing the ambient acoustic environment and making a decision on which action to take
for further processing of the sensed acoustic environment (e.g., by deciding whether to
operate in wake on sound mode or in operational mode).

In this example, detection circuit of an acoustic device, such as a microphone,

interfaces to a logic circuit that is part of the acoustic device (as shown in FIG. 5B), rather
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than the acoustic device including a detection pin that allows an application processor to
perform the logic (as shown in FIG. SA). The detection circuit is designed to indicate
when an input pressure stimulus reached a prescribed level. The detection circuit triggers a
digital state machine indicating that a signal was heard. The state machine modes the
microphone ASIC to a higher performance state. Due to the inherent startup advantages of
piezoelectric microphones, this state is achieved instantly. The digital state machine can
also signal the system to exit from sleep mode, if the system were capable of a sleep mode,
and be prepared to process the signal further. The microphone would contain the logic
necessary to determine the ambient acoustic environment and make a decision on which
action to take for further processing of the sensed acoustic environment.

In another example, the logic required on the microphone ASIC is simplified,
pushing the decision making logic of the ambient acoustic environment to the application
processor, as shown in FIG. SA. The microphone ASIC then simply realizes a detection
circuit, with a detection level set to an acoustic input level. The ASIC then latches an
acoustic event that crossed this threshold, signaling the system, and allowing the system to
mode the ASIC into a high performance state for detailed interrogation of the ambient
acoustic environment. The ASIC would realize this functionality by having a dedicated
input to control which mode it is in, and a dedicated digital output that signals the system
when the microphone is in wake on sound mode and an acoustic stimulus has crossed the
detection threshold. Generally, wake on sound includes a mode or a configuration of a
device (such as a microphone, acoustic device, acoustic transducer, acoustic, piezoelectric
transducer, piezoelectric device, MEMS microphone and so forth) in which the device
adjusts or transitions among states, modes or actions in response to detection of
satisfaction of a threshold input stimulus, e.g., an audio input at or above a threshold level.
In another example, wake on sound includes a mode in which a device (e.g., including an
acoustic transducer and/or an integrated circuit) is configured to detect an acoustic stimulus
or detection of satisfaction of one or more criteria and is further configured to perform one
or more actions or transition among modes or states upon the detection.

Referring to FIG. 5C, a variation of FIG. 5A is shown. In this variation, device 219
(e.g., a speaker, a smart speaker device, a smart speaker case, etc.) includes first circuit 217

and second circuit 218 (e.g., include one or more microphones (e.g., in a smart speaker
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case), a DSP chip, etc.). In this example, second circuit 218 includes circuitry that is
turned on by first circuit 217. In this example, second circuit 218 includes a circuit that is
in hibernation or that is powered down. In this example, when second circuit 218 is turned
on, second circuit 218 transitions from a lower power state to a higher power state (relative
to the power state of the lower power state). In this example, first circuit 217 is configured
to mode or turn on all of second circuit 218 or one or more portions of second circuit 218.
In this example, first circuit 217 includes sensor 215 for sensing, detecting or receiving
sensed input 215a, e.g., detecting motion. Detection circuit 206, biasing circuit 218 and
switch 204 each are configured to substantially operate as previously described with regard
to FIG. SA. In this example, the first circuit is configured to operate at substantially 8
microAmps. The second circuit is configured to operate using 20-350 microAmps.

For example, switch 204 is configured to switch first circuit 217 between a first
mode (e.g., a wake on sensed input mode) and a second mode (e.g., a normal or operational
mode). Generally, a wake on sensed input mode includes a mode or a configuration of a
device in which the device adjusts or transitions among states, modes or actions in
response to detection of satisfaction of a threshold input stimulus that is sensed by a
Sensor.

In this example, pin 210 is a mode pin and is a dedicated input for controlling the
mode of first circuit 217. Pin 212 is a voltage drain (VDD) pin that inputs the VDD of first
circuit 217 into switch 204. In this example, device 219 (or second circuit 218) controls
the mode of operation of first circuit 217 by transmitting a mode signal that sets (on mode
pin 210) mode=1 (i.e., mode=VDD), which causes first circuit 217 to transition to wake on
sensed input mode in which detection circuit 206 is powered on, e.g., by routing VDD to
detection circuit 206. In this example, pin 210 includes a pad configured to receive, from
an external processor, a signal that causes first circuit 217 to switch from a first mode (e.g.,
a wake on sensed input mode) to a second mode (e.g., an operational mode). In this
example, the first mode includes a mode in which detection circuit 206 is substantially
powered on. In this example, the second mode includes a mode in which detection circuit
206 is substantially powered off. In this example, first circuit 217 is configured to switch
from the first mode to the second mode, upon detection that the input satisfies one or more

criteria.
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When mode pin 210 is set to equal O (via the mode signal), first circuit 217 operates
in operational mode (e.g., a normal mode) in which detection circuit 206 is powered down
(or substantially powered down). That is, a voltage equal to VDD modes detection circuit
206 into the wake on sensed input mode, while a floating or low signal modes detection
circuit 206 into normal operation. The mode signal also configures input biasing circuitry
(e.g., biasing circuit 218) to control switches (included in the input biasing circuitry),
which properly configure the input biasing network and switch for sensor 215.

In this example, sensor 215 receives input 215a and sensor 215 converts that input
into an input voltage (VIN). Detection circuit 206 detects when one or more criteria are
satisfied by the input. In this example, detection circuit 206 is configured to operate
substantially around 5 micro Amps. For example, detection circuit 206 detects when VIN
equals a threshold voltage or a reference voltage (VREF), such e.g., VIN = VREF. Upon
detection of satisfaction of one or more of the detection criteria, detection circuit 206
produces a signal that causes detect pin 209 to go “high” (e.g., have a value equal to one).
In this example, detect pin 209 includes a pad configured to transmit, to second circuit 218,
a signal that specifies that the input 215a to sensor 215 satisfies at least one of one or more
detection criteria. There are various types of input stimulus, including, e.g., pressure,
movement and so forth. An external processor or system (e.g., second circuit 218) receives
this signal from detect pin 209. In response to this signal, the external processor powers on
or powers up to an increased power level (relative to a power level before the processor
received this signal) or performs one or more specified actions (e.g., turning on a light).
Additionally, in response to the signal, device 219 (or second circuit 218 or even another
circuit within device 219) sets the mode pin 210 to a low value to cause first circuit 217 to
transition from wake on sensed input mode to operational mode. In this example, first
circuit 217 1s configured to receive a signal from a processor external to first circuit 217,
with the signal being for powering off detection circuit 206. In another example, first
circuit 217 1s configured to receive a signal from a processor (e.g., device 219) external to
first circuit 217, with the signal being for reducing a power level of detection circuit 206,
relative to a power level of detection circuit 206 prior to detection.

Once in operational mode, first circuit 217 processes input 215a and outputs VOUT

(e.g., pin 213) to second circuit 218 in device 219 for application processing. In an
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example, second circuit 218 includes an external processor or sub-system. In this example,
VOUT represents an output voltage that is based on processing of input 215a. Ina
variation, pin 213 is optional (e.g., making VOUT optional).

Referring to FIG. 6A, architecture diagram 300 shows transducer and detection
circuit 206. For wake on sound mode, transducer 202, as well as switch 204 (FIG. 5A) 1s
biased (via biasing elements 310, 312) to a source voltage (VSS) of a circuit on which
device 200 is connected. Two PMOS source follower circuits 302, 304 are used to buffer
the signal received from transducer 202, as well as a VSS reference, to the input of a
differential preamplifier 306. The differential preamplifier 306 is biased to provide
approximately 60dBV of gain to the signal from transducer 202. The startup switch timing
is configured, by extending the reset time of the switch while in wake on sound mode, to
stabilize the DC level of the source followers feeding the input to the differential
preamplifier.

The output of the preamplifier 306 is routed to the input of a latched comparator
308 that is configured to determine whether the acoustic input satisfies one or more
detection criteria. The reference side of the comparator is set to a voltage level scaled
proportionately to the minimal acoustic detection threshold.

Once triggered (e.g., by detecting that the acoustic input satisfies one or more
detection criteria), the latched comparator 308 latches the output to a high voltage level.
This signal is further processed with a D-Latch circuit 314, which acts as a one-shot latch.
The ASIC (e.g., IC 207) needs to be commanded, through the mode signal, out of the Wake
on Sound mode to clear this signal. The latched signal, DOUT, is output from the ASIC
for processing by the system.

Referring to FIG. 6B, architecture diagram 320 shows transducer 324 and detection
circuit 322. In an example, detection circuit 322 is a same detection circuit as detection
circuit 206 in FIG. SA. For wake on sound mode, transducer 324, as well as switch 204
(FIG. 5A), 1s biased (via biasing elements 326, 328 to a source voltage (VSS) of a circuit
on which device 200 is connected. Two PMOS source follower circuits 330, 332 are used
to buffer the signal received from transducer 324, as well as a VSS reference, to the input
of an AC Coupling Circuit 334, allowing the signals to be re-biased to a preferred common

mode voltage, increasing (e.g., maximizing) dynamic range of the differential preamplifier
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336. The differential preamplifier 336 is biased to provide approximately 60dBV of gain
to the signal from transducer 324.

The output of the preamplifier 336 is routed to the input of a differential
comparator 338 that is configured to determine whether the acoustic input satisfies one or
more detection criteria. The comparator 338 1s designed with hysteresis, and this
hysteresis level, in coordination with the gain of the differential preamplifier 336
determines the detection criteria.

Once triggered (e.g., by detecting that the acoustic input satisfies one or more
detection criteria), the comparator 338 latches the output to a high voltage level. This
signal is further processed with a D-Latch circuit 340, which acts as a one-shot latch. The
ASIC (e.g., IC 207 in FIG. 5A) needs to be commanded, through the mode signal, out of
the wake on sound mode to clear this signal. The latched signal, DOUT, is output from the
ASIC for processing by a system.

This voltage level is set by the scale factor of the MEMS as well as the attenuation
of the source follower and the gain of the differential preamplifier.

The following equation equates a reference voltage (VREF), a scale factor (SF) of
the transducer, an attenuation (Atten) of the source follower, and a gain of the preamplifier

(AV), to a specified (e.g., minimum) detectable acoustic threshold (Pa):

VREF
PayinThresnola = SF * Atten * AV

There is a tradeoff between each of the gain elements and the minimum detectable
acoustic threshold. Increasing the gain of the preamplifier or scale factor of the MEMS,
will provide the ability to detect very quiet signals, however this needs to be balanced with
the headroom available due to VDD. If louder acoustic signals are desired to trigger the
detection circuit, then gain needs to be removed from the circuit, or VREF increased.

Referring to FIG. 7A, diagram 400 illustrates results of operation of a device
configured for wake of sound. Representation 402 represents a signal (e.g., a noisy,
ambient acoustic signal) that has been processed by the transducer and preamplifier. At

time Sms, a 1kHz acoustic stimulus is sensed by the transducer, resulting in the waveform
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shown. In this example, representation 402 represents an acoustic stimulus. This acoustic
stimulus, processed by the transducer and preamplifier, crosses the reference voltage line
404 a little after Sms.

Referring to FIG. 7B, diagram 452 illustrates representation 452 of digital output
signal over time. In this example, digital output is the digital output of a detection circuit
that 1s processing the signal represented by representation 402. As shown by diagram 452,
the digital output transitions from low to high, and remains high, e.g., once the signal
represented by representation 402 exceeds the reference voltage. The system (e.g.,
external processor 512 in FIG. 5A) is required to process this transition, and clear the
signal by commanding the device from wake on sound mode, to normal operation mode.
The system (e.g., external processor 512 in FIG. 5A) can then determine whether or not to
put the microphone back into wake on sound mode depending on the resulting
measurements taken of the ambient acoustic environment while in normal operation. For
example, the system can monitor the acoustic signal (e.g., a voltage of the acoustic signal)
and determine if the acoustic threshold in wake on sound mode would be exceeded. If the
system does not measure an acoustic signal exceeding the threshold (e.g., an acoustic
signal with a voltage exceeding a threshold voltage) for some period of time, such as 5
minutes, then the system can put the microphone back into wake on sound mode.

In another example, the system can put the microphone back into WOS mode very
soon after the threshold 1s exceeded and use other microphone(s) to monitor the acoustic
environment. The system can continuously reset the WOS microphone back to WOS
mode and wait until it goes for some period of time, such as 5 minutes, without the
threshold being exceeded. If the threshold is not exceeded for some period of time, the
system can turn off the remaining microphones and enter the lower-power state.

In an example, an acoustic threshold detection circuit occurs after the microphone
in a system, e.g., as shown in FIG. 9. The circuit block would use the microphone output
as its input where it could then detect low-level signals, and provide command and control
outputs to the audio sub-system or application processor.

In another example, rather than placing the detection circuit after the microphone,
detection 1s performed immediately after the transducer (e.g., by placing the detection

circuit immediately after the transducer), providing for finer system command and control.
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For example, when a microphone or acoustic device is commanded into the wake on sound
mode, it consumes only 5 uA of current, a 30x reduction in current consumption in normal
mode operation, (150uA) and provides a means of signaling the system to acoustic
detection events, and has the capability of having its mode controlled by that system. As
such, the entire audio subsystem could be powered down, saving considerable power when
compared to other detection system architectures which would require some of the audio
sub-system or application processor remain operational.

Based on the wake on sound architecture, the overall power consumption of the
system is reduced, while providing for an acoustic stimulus to control overall system state,
either sleep mode or active mode, with nearly zero power consumption. This circuitry,
when realized directly off the transducer, increases the overall sensitivity of the
microphone by nearly 60dBV. Normal Operation, and the industry standard, specifies the
sensitivity of the microphone at -38dBV. In an example of a 1 Pa-RMS acoustic stimulus,
the voltage output of the preamplifier would be approximately 12.5mV-RMS. With the
wake on sound mode enabled, the sensitivity of the microphone is increased to nearly
+20dBYV (i.e., for a 1 Pa-RMS acoustic stimulus, the voltage output of the preamplifier
would be approximately 10V-RMS) The voltage headroom will ultimately limit the
maximum acoustic stimulus that can be sensed before saturating the electronics, but an
assumption of operation is that the overall acoustic environment is quiet and filled with
low-level signals.

Referring to FIG. 5A, system architecture 500 is shown. In this example, system
501 includes acoustic device 504 and processor 512, which is external to acoustic device
504. In an example, acoustic device 504 includes device 200 (FIG. SA) with an acoustic
transducer, a detection circuit and a preamplifier. Acoustic device 504 receives acoustic
input 502. In this example, acoustic device 504 includes detect pin 506 (e.g., which may
be the same as detect pin 209), mode pin 508 (e.g., which may be the same as mode pin
210) and output voltage (VOUT) pin 510 (e.g., which may be the same as VOUT pin 211).
Detect pin 506 is configured to indicate when acoustic input 502 equals or exceeds a
threshold voltage (e.g., VREF). Mode pin 508 is configured to instruct acoustic device
504 to enter or to exit wake on sound mode. VOUT pin 510 specifies an output voltage

(based on an acoustic input) from the acoustic transducer 504, for processing of the
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acoustic or audio input by processor 512. At a time prior to receipt of acoustic input,
acoustic device 504 is powered on and processor 512 is powered off or in a “watchdog” or
polling state in which processor 512 intermittently polls detect pin 506 for signals.
Additionally, at this time, mode pin 508 is configured to wake on sound mode. Upon
receipt of acoustic input 502 that is greater than or equal to the threshold voltage, detect
pin 506 goes high (e.g., based on an output of a detection circuit in acoustic device 504).
The logic of processor 512 in the watchdog state detects that detect pin 506 has gone high.
In response, processor 512 powers on (e.g., processor 512 powers up) and sets mode pin
508 to be normal mode, thus causing acoustic device to transition out of wake on sound
mode. By setting mode pin 508 to normal mode, device 504 is instructed (by processor
512) to power up the preamplifier (e.g., preamplifier 208 in FIG. 2) to enable acoustic
device 504 to operate in “normal mode” and to power down the detection circuit (e.g.,
detection circuit 206) of acoustic device.

Referring to FIG. 8B, moding diagram 550 illustrates the modes of a chip and how
the chip enters those modes. Node 552 represents a state in which the chip is off. Node
556 represents a state in which the chips operates in operational mode. In this example,
the chip enters the operational mode when VDD has a voltage in a specified range (e.g.,
when VDD=1.6V-3.6V). The chip remains in operational mode while the mode is low or
high impedance (“Hi-Z”), indicating that a signal that is “floating” or being driven by
electronics that are powered “off.” The chip transitions from operational mode to wake on
sound mode (represented by node 554), when the mode goes high. The chip turns off
when VDD has a low voltage or VDD=0V.

Referring to FIG. 9, another system architecture 600 is shown. In this example,
system 605 includes acoustic transducer 602 and processor 608. Processor 608 includes
analog-to-digital converter (ADC) 604 and threshold detector 606. In this example,
threshold detector 606 is configured to detect when acoustic input 601 equals or exceeds a
threshold level, e.g., by detecting when a voltage generated by the acoustic input equals or
exceeds a threshold voltage. For example, threshold detector 606 is a detection circuit,
e.g., such as detection circuit 206 (FIG. SA). However, in this example, the detection
circuit 606 is part of processor 608, rather than being included in acoustic device 602.

Because detection circuit 606 is part of processor 608, rather than being included in
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acoustic device 602, processor 608 needs to remain powered on to detect the audio
stimulus.

In this example, ADC 604 and threshold detector 606 need to remain on, from a
time before acoustic input 601 is received. This is because acoustic device 602 does not
include a detect pin (e.g., such as pin 506) to detect the audio stimulus and transmit to
processor 608 a signal indicative of the detection. (Referring back to FIG. 5A, acoustic
device 504 1s able to perform this detection, rather than an external processor, because of
the piezoelectric material in the transducer that produces a voltage without requiring a
voltage source). In this example, the detection is performed by processor 608, e.g., by
using ADC 604 to convert VOUT 603 (which is based on acoustic input) to digital data
that can be processed by threshold detector 606. Because the detection is performed by
processor 608, logic (i.e., ADC 604) and threshold detector 606 need to remain on to detect
an acoustic stimulus. As a result, processor 608 cannot be powered down or residing in a
polling state (as processor 512 in FIG. 5A can be). Additionally, because acoustic device
602 does not include a mode pin, acoustic device 602 cannot be configured to switch
between a mode in which a detection device is powered on or another mode in which a
preamplifier is powered on. Rather, in acoustic device 602, a preamplifier must remain on,
and cannot be powered on an off via mode switching.

Referring to FIG. 10, process 700 is implemented by a device (e.g., device 200 in
FIG. 2) in implementing one or more of the techniques described herein. In operation,
device 200 (and/or detection circuit 206 in device 200) detects (702) when an acoustic
input stimulus to acoustic transducer 202 of device 200 satisfies one or more detection
criteria (e.g., that are retrieved by device 200 and/or that are programmed into device 200).
Detection circuit 206 produces (704) a signal upon detection that causes adjustment of
performance of device 200 by causing (706) a circuit (e.g., preamplifier 208) of device 200
to increase power level, relative to a power level of the circuit prior to detection. As
described herein, the produced signal causes preamplifier 208 to increase its power level
by causing an external system to detect the signal and in response to instruct device 200 to
mode into operational mode. In another example, the produced signal causes preamplifier
208 to increase its power level by causing logic within device 200 to receive and/or to

detect the signal and in response to instruct device 200 to mode into operational mode.
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Device 200 processes (708) acoustic input to device 200 using the circuit with the
increased power level.

In an example, a device (as described herein) operates at a low power mode at the
transducer level (when the device includes a transducer) and at the sensor level (when the
device includes a sensor). For example, a low power mode includes consumption of less
than 10 microAmps. In an example, a device includes an acoustic transducer; and a first
circuit configured to detect when an acoustic level banded over (e.g., limited to) a
frequency range exceeds a threshold level or when an average acoustic level for a plurality
of acoustic levels that are each banded over the frequency range for a period of time
exceeds the threshold level and is further configured to produce a first signal, e.g., when
the acoustic level or the average acoustic level exceeds the threshold. In this example, the
acoustic transducer has a flat response in a voice frequency range in which the acoustic
transducer is substantially equally sensitive to frequencies in the voice frequency range. In
some examples, the threshold level is between 60 dB SPL and 90 dB SPL at a frequency in
the banded frequency range. In other examples, the threshold level is between 40 dB SPL
and 110 dB SPL at a frequency in the banded frequency range. In this example, the
frequency range comprises 300 Hz -5 kHz. That is, the first circuit is configured to only
process those signals and levels with the specified range, which in this example is 300 Hz -
5 kHz, but there could be other specified ranges. For those signals within the 300 Hz -5
kHz, the first circuit is further configured to detect which one of those signals exceeds a
specified threshold (e.g., predefined threshold). In this example, the first circuit is in a
power mode that consumes less than 350 microwatts. In another example, the first circuit
is in a power mode that consumes approximately 20 microwatts, that consumes a range of
approximately 20-350 microwatts and so forth. In still other variations, the power mode
that consumes less than 350 microwatts is a power mode of less than 200 microwatts. The
power mode that consumes less than 350 microwatts is a power mode of less than 100
microwatts. The power mode that consumes less than 350 microwatts is a power mode of
less than 50 microwatts.

In some examples, the device further includes a second circuit configured to
generate a second signal at least partly based on the first signal of the first circuit. In this

example, the banded acoustic level comprises a limit at the acoustic level. The banded
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acoustic level is banded by the first circuit or banded at the first circuit in which the
banding is done inside the first circuit. In this example, the first circuit banded over the
frequency range comprises the acoustic transducer banded by mechanics of the acoustic
transducer in which the acoustic transducer mechanically has a resonant frequency of the
acoustic transducer such that the acoustic transducer does not sense frequencies outside the
frequency range because such outside sensing is beyond mechanics of the acoustic
transducer. In this example, the holes in a diaphragm (of the acoustic transducer) itself are
banded at the low frequency. In this example, a high frequency does not have time to
equalize. As such, a user would hear the high frequency sounds, but not the low frequency
sounds. That is, the first circuit is banded mechanically by the resonance of the device. In
still another example, the first circuit is banded electrically, rather than being banded
mechanically. In electrical banded, the first circuit is limited in the high frequency side.
Mechanics include mechanical or hardware capabilities. Banded by the first circuit
includes the first circuit being configured to only detect a certain acoustic range. The
device comprises a packaged device with an acoustic filter before an input port of the
packaged device or of the acoustic transducer to acoustically band the first circuit.

In another example, the first circuit is configured to compute an average acoustic
level, e.g., from a plurality of acoustic levels that each occur within a specified amount of
time or period of time. In this example, the acoustic levels that are included in the average
calculation are only those acoustic levels that occur within the specified frequency range,
e.g., within 300 Hz -5 kHz. From that calculated average, the first circuit is configured to
determine when the calculated average exceeds a threshold. In a variation of each of the
foregoing examples (and more generally examples described herein), the device includes a
sensor and the techniques described herein are performed with regard to a sensor.

The device also includes a second circuit configured to generate a second signal, at
least partly based on the first signal of the first circuit. In this example, the second circuit
is further configured to transmit the second signal to a digital system to cause the digital
system to power on and to perform digital signal processing (DSP). In yet another
example, the second circuit is configured to transmit the second signal to another system to

cause that other system to perform one or more actions responsive to the second signal.
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In an example, the device is a microphone and is included within another device
(e.g., a smart speaker device - a device that turns on when a user speaks to it). In this
example, when no user is speaking to the smart speaker device, only the microphone is
turned on, which consumes less than 10 microAmps. Because the microphone is an analog
device, the entire smart speaker device operates as an analog device, e.g., when it is
listening for sound/acoustic level. In this mode, the first circuit is configured to detect only
acoustic levels (e.g. rather than specific words or key words) that exceed a specified
threshold and that occur within a specified range. Because the first circuit consumes less
than 200 microwatts in this detection state, the smart speaker device can operate at very
low power. The first circuit operates at such a low power state, because it is only detecting
and evaluating frequencies or acoustic levels, not words or other forms of speech. In this
low power state, the smart speaker system doesn’t need to have its digital or digital signal
processing (DSP) systems or components running. Rather, the smart speaker system can
operate entirely in an analog mode. Then, once the first circuit detects that an acoustic
level (or average acoustic level) exceeds the threshold, the first circuit generates a signal
that causes the smart speaker device to power on its digital system and to perform keyword
detection, e.g., to detect if the spoken word matches a keyword to “wake-up” the smart
speaker system. In some examples, a detection criteria (that the first circuit implements for
detection) specifies that an input pressure stimulus to the sensor reaches a threshold input
level a certain number of times. In this example, the threshold input level is a threshold
acoustic input level. In other examples, the first circuit is configured to detect when the
acoustic level of the acoustic transducer exceeds the threshold level a certain number of
times. In still other examples, the first circuit is configured to detect when the signal level
of the sensor exceeds the threshold level a certain number of times.

In particular, upon successful detection, the first circuit generates a first signal and
transmits that first signal to a second circuit. The second circuit then generates a second
signal (based on the first signal) and transmits that second signal to another system (that
performs DSP) within the smart speaker device. In this example, the first signal specifies
if the received audio input (or other input, such as a pressure input) has exceeded a
threshold or not. The second signal is doing something with that information (that

specifies whether the threshold is exceeded), e.g., by including an instruction to perform
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some action — such as, e.g, turning on a light. In an example, the second circuit simply re-
transmits the first signal, e.g., rather than generating a second signal. In this example, the
acoustic transducer comprises a piezoelectric acoustic transducer or a capacitive acoustic
transducer. The first circuit comprises an analog circuit, the second circuit comprises an
analog circuit or the first and second circuits each comprise an analog circuit. The device
itself comprises an analog device and/or is a packaged device.

In another example, the device (which includes the first and second circuits) is
attached to or is in proximity to a physical device (e.g., such as a desk). In this example,
the device detects movement at the desk (e.g., when the device includes a sensor, such as,
an accelerometer, a chemical sensor, an ultrasonic sensor, an acoustic, piezoelectric
transducer, a piezoelectric sensor, an acoustic transducer, an acoustic sensor, or a
gyroscope). In this example, the device detects movement via a first circuit (included in
the device) configured to detect when an energy level (e.g., rather than a frequency level)
banded over a frequency range exceeds a threshold level or when an average energy level
for a plurality of energy levels that are each banded over the frequency range for a period
of time exceeds the threshold level and is further configured to produce a first signal. In
this example, the average energy levels are computed by the first circuit using the same
techniques described above with regard to computing an average acoustic level. The
device also includes a second circuit for generating a second signal at least partly based on
the first signal of the first circuit. In this example, when then first circuit detects that the
energy level (or the average energy level) exceeds a specified threshold, the first circuit
transmits a signal to the second circuit, which in turn transmits another signal (e.g., based
on or the same as the signal received from the first circuit) to another device or electronic
system, e.g., a device for turning on the lights. In this example, the lights are turned on
when the device (that includes the first circuit and the second circuit) detects movement at
the desk and/or in proximity to the desk. The device in this example includes and/or
performs the above-described functionality and features.

Implementations of the subject matter and the functional operations described in
this specification can be implemented in digital electronic circuitry, in tangibly-embodied
computer software or firmware, in computer hardware, including the structures disclosed

in this specification and their structural equivalents, or in combinations of one or more of
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them. Implementations of the subject matter described in this specification can be
implemented as one or more computer programs, i.e., one or more modules of computer
program instructions encoded on a tangible program carrier for execution by, or to control
the operation of, a processing device. Alternatively or in addition, the program
instructions can be encoded on a propagated signal that is an artificially generated signal,
e.g., a machine-generated electrical, optical, or electromagnetic signal that is generated to
encode data for transmission to suitable receiver apparatus for execution by a processing
device. A machine-readable medium can be a machine-readable storage device, a
machine-readable hardware storage device, a machine-readable storage substrate, a random
or serial access memory device, or a combination of one or more of them.

The term “processing device” encompasses all kinds of apparatus, devices, and
machines for processing data, including by way of example a programmable processor, a
computer, or multiple processors or computers. The apparatus can include special purpose
logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application-specific integrated circuit). The apparatus can also include, in addition to
hardware, code that creates an execution environment for the computer program in
question, e.g., code that constitutes processor firmware, a protocol stack, an data base
management system, an operating system, or a combination of one or more of them.

A computer program (which may also be referred to as a program, software, a
software application, a script, or code) can be written in any form of programming
language, including compiled or interpreted languages, or declarative or procedural
languages, and it can be deployed in any form, including as a stand-alone program or as a
module, component, subroutine, or other unit suitable for use in a computing environment.
A computer program may, but need not, correspond to a file in a file system. A program
can be stored in a portion of a file that holds other programs or data (e.g., one or more
scripts stored in a markup language document), in a single file dedicated to the program in
question, or in multiple coordinated files (e.g., files that store one or more modules,
sub-programs, or portions of code). A computer program can be deployed to be executed
on one computer or on multiple computers that are located at one site or distributed across

multiple sites and interconnected by a communication network.
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The processes and logic flows described in this specification can be performed by
one or more programmable computers executing one or more computer programs to
perform functions by operating on input data and generating output. The processes and
logic flows can also be performed by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application-specific integrated circuit).

Computers suitable for the execution of a computer program include, by way of
example, general or special purpose microprocessors or both, or any other kind of central
processing unit. Generally, a central processing unit will receive instructions and data
from a read-only memory or a random access memory or both. The essential elements of a
computer are a central processing unit for performing or executing instructions and one or
more memory devices for storing instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or transfer data to, or both, one or
more mass storage devices for storing data, e.g., magnetic, magneto-optical disks, or
optical disks. However, a computer need not have such devices. Moreover, a computer
can be embedded in another device, e.g., a mobile telephone, a personal digital assistant
(PDA), a mobile audio or video player, a game console, a Global Positioning System
(GPS) receiver, or a portable storage device (e.g., a universal serial bus (USB) flash drive),
to name just a few.

Computer-readable media suitable for storing computer program instructions and
data include all forms of non-volatile memory, media and memory devices, including by
way of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash
memory devices, magnetic disks, e.g., internal hard disks or removable disks;
magneto-optical disks; and CD-ROM and DVD-ROM disks. The processor and the
memory can be supplemented by, or incorporated in, special purpose logic circuitry.

While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any of what may be claimed, but
rather as descriptions of features that may be specific to particular implementations.
Certain features that are described in this specification in the context of separate
implementations can also be implemented in combination in a single implementation.

Conversely, various features that are described in the context of a single implementation
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can also be implemented in multiple implementations separately or in any suitable
subcombination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or variation of a subcombination.

Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to
achieve desirable results. In certain circumstances, multitasking and parallel processing
may be advantageous. Moreover, the separation of various system components in the
implementations described above should not be understood as requiring such separation in
all implementations, and it should be understood that the described program components
and systems can generally be integrated together in a single software product or packaged
into multiple software products.

Particular implementations of the subject matter have been described. Other
implementations are within the scope of the following claims. For example, the actions
recited in the claims can be performed in a different order and still achieve desirable
results. As one example, the processes depicted in the accompanying figures do not
necessarily require the particular order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel processing may be

advantageous.
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WHAT IS CLAIMED IS:

1. A device comprising:

a sensor; and

an analog circuit configured to detect when an input stimulus to the sensor
satisfies an adaptive threshold, and further configured to produce a signal upon
detection that causes adjustment of performance of the device, wherein the adaptive
threshold is a threshold value that varies over time in accordance with detected changes

to sound of an environment in which the device 1s located.

2. The device of claim 1, wherein the circuit is a first circuit and wherein
the device further includes:

a second circuit for processing input following detection, wherein the second
circuit is configured to increase its power level following detection, relative to a power

level of the second circuit prior to detection.

3. The device of claim 1, wherein the device is further configured to output
data representing one or more sound levels prior to detection of the input stimulus that

satisfies the adaptive threshold.

4, The device of claim 3, wherein the output data represents multiple sound

levels in frequency or time.

5. The device of claim 1, further including:
an amplifier circuit configured to track sub-threshold sound signals in the
environment of the device, threshold sound signals in the environment of the device,

and supra threshold sound signals in the environment of the device.

6. The device of claim 5, wherein the amplifier circuit is further configured
to sum the sub-threshold sound signals in the environment of the device, the threshold
sound signals in the environment of the device, and the supra threshold sound signals in

the environment of the device.
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7. The device of claim 6, wherein the circuit includes:

an amplifier configured to apply a gain to the input stimulus to amplify the input
stimulus,

wherein the gain is the sum of the sub-threshold sound signals in the
environment of the device, the threshold sound signals in the environment of the

device, and the supra threshold sound signals in the environment of the device.

8. The device of claim 1, further comprising:
a band pass filter bank including multiple filters to enable adaptation of the
adaptive threshold in different frequency bands.

9. The device of claim 1, wherein the circuit includes:
a RMS to DC converter configured to receive the input stimulus; and
an amplifier configured to receive the input stimulus from the RMS to DC

converter and to amplify the input signal in accordance with a background sound level.

10.  The device of claim 1, wherein the circuit is configured to detect sound
signals in multiple frequency bands and further configured to detect when sound levels
of at least a plurality of the sound signals in the multiple frequency bands increase or
decrease over a specified amount of time, relative to sound levels of other sound signals
detected at prior times;

wherein the circuit is further configured to increase a value of the adaptive
threshold, when the sound levels of at least the plurality of the sound signals in the
multiple frequency bands increase over the specified amount of time, with the increased
value being in accordance with the detected increase; and

wherein the circuit is further configured to decrease a value of the adaptive
threshold, when the sound levels of at least the plurality of the sound signals in the
multiple frequency bands decrease over the specified amount of time, with the

decreased value being in accordance with the detected decrease.

11.  The device of claim 1, where the adaptive threshold is a non-fixed

threshold.
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12.  The device of claim 1, wherein the device is a microphone, an acoustic

transducer or a MEMS piezoelectric transducer.

13.  An adaptive acoustic detection circuit to detect when an input stimulus
to a sensor satisfies an adaptive threshold, the detection circuit comprising:

a band pass filter that receives an output from the sensor; and

an analog circuit fed from the band pass filter output and configured to detect
when the output to the sensor satisfies an adaptive threshold and produce a signal upon
detection that causes adjustment of performance of a device, with the adaptive
threshold varying over time in accordance with detected gradual changes in stimuli in

an environment in which the device is located.

14.  The adaptive acoustic detection circuit of claim 13 wherein the circuit
further comprises:

a converter circuit to convert the signal from the band pass filter circuit to a
substantially DC signal;

a fixed gain amplifier to amplify the substantially DC signal;

athreshold circuit to establish a variable threshold level; and

a comparator circuit having a first input fed by the amplified substantially DC
signal and a second input fed by the variable threshold level for producing a detection
signal according to a value of the amplified substantially DC signal relative to a value

of the variable threshold level.

15.  The adaptive acoustic detection circuit of claim 14 wherein the band
pass filter, the converter, and the fixed gain amplifier comprise a first channel of the
circuit, with the circuit further comprising:

at least one additional channel comprising a band pass filter, a converter, and a
fixed gain amplifier; and

a summing amplifier that receives outputs from the first channel and the at least

one additional channel to provide an output that is fed to the first input.
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16.  The adaptive acoustic detection circuit of claim 15 wherein the band
pass filter of the first channel and the band pass filter of the at least one additional

channel have different frequency pass bands.

17.  The adaptive acoustic detection circuit of claim 13 wherein the circuit
further comprises:

a variable gain amplifier having an input that receives the input signal, a control
port and an output to provide an amplified output signal;

a comparator circuit having a first input coupled to the output of the variable
gain amplifier and a second input fed by a fixed threshold level signal for producing a
detection signal according to a value of the amplified output signal relative to the fixed
value of the threshold level; and

a feedback circuit to produce a control signal that controls gain of the variable

gain amplifier.

18.  The adaptive acoustic detection circuit of claim 17 wherein the circuit
further comprises:
a high pass filter and a low pass filter coupled in series between the output of

the variable gain amplifier and the input of the comparator circuit.

19.  The adaptive acoustic detection circuit of claim 17 wherein the feedback
circuit comprises:

arectifier to convert the signal at the input to the converter circuit to a
substantially DC signal;

an analog to digital converter to convert the substantially DC signal to a digital
signal; and

control logic that receives the digital signal and determines the value of the

control signal fed to the control port of the variable gain amplifier.

20.  The adaptive acoustic detection circuit of claim 19 wherein the feedback
circuit comprises:
a low pass filter coupled between the rectifier and the analog to digital

converter.
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21. A method comprising:

detecting when an input stimulus to a sensor of a device satisfies one or more
detection criteria, wherein at least one of the one or more detection criteria comprises
an adaptive threshold value that varies over time in accordance with detected changes
to sound of an environment in which the device 1s located;

producing a signal upon detection that causes adjustment of performance of the
device by causing a circuit of the device to increase its power level, relative to a power
level of the circuit before detection; and

processing input to the device using the circuit with the increased power level.

22. The method of claim 21, comprising:

receiving data representing one or more sound levels in the environment in
which the device is located; and

adjusting the adaptive threshold value based at least in part on the one or more
sound levels and data representing previously detected sound levels in the environment

of the device.

23.  The method of claim 22, wherein the one or more sound levels comprise

average sound levels in the environment of the device over a specified amount of time.

24.  The method of claim 22, wherein the one or more sound levels comprise
a first sound level corresponding to a first frequency band and a second sound level
corresponding to a second frequency band, the first frequency band and the second

frequency band comprising different frequencies.

25. The method of claim 22, comprising:

increasing the adaptive threshold value when at least one of the one or more
sound levels increases over a specified amount of time, relative to the previously
detected sound levels in the environment of the device, wherein the increase of the
adaptive threshold value corresponds to the detected increase of the at least one of the

one or more sound levels.

26. The method of claim 22, comprising:
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decreasing the adaptive threshold value when at least one of the one or more
sound levels decreases over a specified amount of time, relative to the previously
detected sound levels in the environment of the device, wherein the decrease of the
adaptive threshold value corresponds to the detected decrease of the at least one of the
one or more sound levels.

27.  The method of claim 22, wherein the data representing the one or more

sound levels is received before detecting the input stimulus.

28.  The method of claim 21, wherein the device comprises a microphone, an

acoustic transducer or a MEMS piezoelectric transducer.
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