wo 20197018750 A1 | 0K 00 OO

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

(19) World Intellectual Property 3

Organization
=

International Bureau

(43) International Publication Date
24 January 2019 (24.01.2019)

(10) International Publication Number

WO 2019/018750 A1

WIPO I PCT

(5D

2D

22)

(25)
(26)
(30$)

an

a2

74

62y

(84)

International Patent Classification:

A61B 5/00 (2006.01) HO04R 1/10 (2006.01)
A6IM 21/02 (2006.01)
International Application Number:
PCT/US2018/043061

International Filing Date:

20 July 2018 (20.07.2018)
Filing Language: English
Publication Language: English
Priority Data:
15/655,853 20 July 2017 (20.07.2017) Us
Applicant: BOSE CORPORATION [US/US]; The
Mountain, MS 3BI1, Framingham, Massachusetts

01701-9168 (US).

Inventors: KIRSZENBLAT, Romain; c/o BOSE COR-
PORATION, The Mountain, MS 3B1, Framingham, Mass-
achusetts 01701-9168 (US). LIN, Lifun; ¢/o BOSE COR-
PORATION, The Mountain, MS 3B1, Framingham, Mass-
achusetts 01701-9168 (US). IOFFE, Mikhail; c/o BOSE
CORPORATION, The Mountain, MS 3B1, Framingham,
Massachusetts 01701-9168 (US). AYERS, Tegan; c/o
BOSE CORPORATION, The Mountain, MS 3B1, Fram-
ingham, Massachusetts 01701-9168 (US). CARBO, Randy
Michael; c/o BOSE CORPORATION, The Mountain, MS
3B1, Framingham, Massachusetts 01701-9168 (US).

Agent: HILL, Misha K., BOSE CORPORATION,
The Mountain, MS 3BI1, Framingham, Massachusetts
01701-9168 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
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,
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,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
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, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, 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))

(54) Title: EARPHONES FOR MEASURING AND ENTRAINING RESPIRATION

(57) Abstract: An earphone includes a loudspeaker, a microphone, a housing supporting the loudspeaker and microphone, and an ear
tip surrounding the housing and configured to acoustically couple both the loudspeaker and the microphone to an ear canal of a user,
and to acoustically close the entrance to the users ear canal. A processor receives input audio signals from the microphone, detects
peaks having a frequency of around 1 Hz in the input audio signals, based on the detected peaks, computes an instantaneous heart rate,
measures a frequency of an oscillation within the instantaneous heart rate, and based on the frequency of the oscillation, computes a
rate of respiration.



10

15

20

25

WO 2019/018750 PCT/US2018/043061

EARPHONES FOR MEASURING AND ENTRAINING
RESPIRATION

RELATED APPLICATIONS

[0001] This application is related to, and incorporates by reference, U.S. Patent
Application 15/106,989, filed June 21, 2016; Application 15/348,400, filed
November 10, 2016; and Application 15/352,034, filed November 17, 2016, all titled
Intelligent Earplug System. It is also related to U.S. Patent Application 15/267,567,
entitled Sleep Assistance Device; Application 15/267,464, entitled Sleep Quality
Scoring and Improvement; Application 15/267,552, entitled Intelligent Wake-Up
System; Application 15/267,848, entitled Sleep System; Application 15/267,858,
entitled User Interface for a Sleep System; and Application 15/267,886, entitled Sleep
Assessment Using a Home Sleep System, all of which were filed on September 16,
2016. It is also related to U.S. Patent Application_____ {Bose Corporation
attorney docket RS-16-247}, titled Sleep Assistance Device For Multiple Users, filed

simultaneously with this application, which is incorporated here by reference.

BACKGROUND

[0002] This disclosure relates to earphones for measuring and entraining

respiration.

[0003] Sleeplessness and poor or interrupted sleep may significantly affect a
person’s health. Poor sleep may be caused by such factors as ambient noise, stress,
medical conditions, or discomfort. Thus, there exists a need for a sleep aid that can
help address the underlying causes of poor sleep without adversely affecting the

user’s health in other, unintended ways.

SUMMARY

[0004] In general, in one aspect, a system includes an earphone including a
[oudspeaker, a microphone, a housing supporting the loudspeaker and microphone,
and an ear tip surrounding the housing and configured to acoustically couple both

1



10

15

20

25

WO 2019/018750 PCT/US2018/043061

the loudspeaker and the microphone to an ear canal of a user, and to acoustically
close the entrance to the user’s ear canal. A processor receives input audio signals
from the microphone, detects peaks having a frequency of around 1 Hz in the input
audio signals, based on the detected peaks, computes an instantaneous heart rate,
measures a frequency of an oscillation within the instantaneous heart rate, and

based on the frequency of the oscillation, computes a rate of respiration.

[0005] Implementations may include one or more of the following, in any
combination. The processor may measure the frequency of the oscillation within the
instantaneous heart rate by computing a fast Fourier transform (FFT) of the
instantaneous heart rate. The processor may measure the frequency of the
oscillation within the instantaneous heart rate by computing a gradient of the
instantaneous heart rate, and computing a fast Fourier transform (FFT) of the
gradient of the instantaneous heart rate. The processor may measure the frequency
of the oscillation within the instantaneous heart rate by detecting peaks of the
instantaneous heart rate. The processor may measure the frequency of the
oscillation within the instantaneous heart rate by fitting a sine function to the
instantaneous heart rate, the frequency of the sine being the frequency of the

oscillation.

[0006] The system may include a second earphone, which would include a second
Ioudspeaker, a second microphone, a second housing supporting the second
loudspeaker and second microphone, and a second ear tip surrounding the second
housing and configured to acoustically couple both the second loudspeaker and the
second microphone to a second ear canal of the user, and to acoustically close the
entrance to the user’s second ear canal, with the processor receiving second input
audio signals from the microphone, and detecting the peaks having a frequency of
around 1 Hz by combining the input audio signals from the first microphone with
the second input audio signals, and detecting peaks within the result of the
combination. Combining the input audio signals may include multiplying the
amplitude of the first input audio signals by the amplitude of the second input audio
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signal, at each time that the two signals may be sampled. The processor may adjust
output audio signals based on the rate of respiration, and provide the output audio
signals to the loudspeaker. Adjusting the output audio signals may include adjusting
a rhythm of the output audio signals to be about one cycle per minute less than the
detected respiration rate. Adjusting the output audio signals may include
transitioning the output audio signals from respiration entrainment sounds to
masking sounds. Adjusting the output audio signals may include transitioning the
output audio signals from masking sounds to awakening sounds. The earphone may
include a memory storing sound files, and providing the output audio signals may
include retrieving a first sound file from the memory. Adjusting the output audio
signals may include retrieving a second sound file from the memory and using the
second sound file to generate the output audio signal. The processor may be
integrated within the earphone. The processor may be integrated within a portable

computing device.

[0007] In general, in one aspect, measuring the respiration rate of a user of an
earphone includes receiving input audio signals from a microphone supported by a
housing and acoustically coupled to the user’s ear canal by an ear tip surrounding
the housing and acoustically closing the entrance to the user’s ear canal, and in a
processor, detecting peaks having a frequency of around 1 Hz in the input audio
signals, based on the detected peaks, computing an instantaneous heart rate,
measuring a frequency of an oscillation within the instantaneous heart rate, and

based on the frequency of the oscillation, computing a rate of respiration.

[0008] Advantages include acoustically sensing the respiration rate at the ear

without interference from audio signals being generated by the earphone.

[0009] All examples and features mentioned above can be combined in any
technically possible way. Other features and advantages will be apparent from the

description and the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Figures 1 and 2 show cross-sectional views of earphones with an

integrated microphones.

[0011] Figure 3 shows an external view of the system of figure 1 or 2.

[0012] Figures 4-6 show graphs of sensor readings

DESCRIPTION

[0013] Several of the above-referenced applications describe a bedside system
that detects a user’s respiration rate and uses that to infer and manage their sleep
state. In particular, to assist the user with falling to sleep, the system plays sounds
that have a rhythm slightly slower than the user’s own respiration rate . This
naturally leads the user to slow their breathing to match the rhythm of the sounds,
in a process referred to as entrainment. As the user slows their rate of respiration,
the rate of the sounds is further reduced, in a feedback loop that leads the user
gradually to sleep. Once the user falls asleep (as indicated by artifacts in their
respiration rate), the system switches to playing masking sounds, which diminish
the user’s ability to detect, and be disturbed by, external sounds. If the user is
detected to be waking up too early, entrainment may be reactivated. When it is time
for the user to wake up, the system may coordinate wake-up sounds with the user’s
sleep state and other information to wake the user in the least-disruptive way

possible.

[0014] Others of the above-referenced applications describe intelligent earplugs
which the user can wear while sleeping, and which provide masking sounds through
the night, and alarm or alert sounds when needed. These earplugs are controlled by
a smartphone, but principally operate autonomously, playing stored masking
sounds until instructed otherwise by the controlling phone, or based on an internal
clock. It would be advantageous if the intelligent earplugs could play the

respiration-entraining sounds of the bedside systems, to help the user fall asleep
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without disturbing others who may be sharing the bed or room. One solution to that,
described in co-pending application {attorney docket RS-16-247}, is for the sleep
system to inform the earplugs of the user’s respiration rate and sleep state, and for
the earplugs to adjust the rate of a rhythmic component in stored entrainment

sounds as in the out-loud system.

[0015] This disclosure describes how to add respiration sensing to the earplugs
themselves, so that the external system is not required, and the earplugs can

operate fully autonomously, or with only a smart phone to control them.

[0016] Asshown in figures 1, 2 and 3, sleep-sensing earphones 100 or 200
include an ear tip sealing structure 102 that blocks, or occludes, the entrance to the
ear canal. Figures 1 and 2 show cross-sections of two different earphone examples,
while figure 2 shows an exterior view, which is the same for the examples of either
figure 1 or 2, for reference. A retaining structure 104 helps retain the earphone in
the ear, and puts pressure on the sealing structure 102 to maintain the seal by
pushing on the concha, opposite to where the sealing structure meets the ear canal.
The sealing structure 102 helps to passively block outside sounds from entering the

ear, increasing the effectiveness of the masking sounds played by the earphones.

[0017] Another result of occluding the ear canal is that sounds produced by the
body, such as the heartbeat and respiration sounds, are amplified within the ear
canal. With the addition of a microphone 106 (figure 1) or 206 (figure 2), the
heartbeat can be sensed and its rate determined. The processor 108 on-board each
earphone (or in one, if they coordinate their action) can then extract the respiration
rate from the heartbeat signal, and adjust the timing of entrainment sounds being
played to the user through a speaker 110. In the example of figure 1, the
microphone 106 and speaker 110 are shown behind a screen 112, as described in
U.S. Patent 9,635,452, which is incorporated here by reference. The microphone
may be mounted near or on the speaker 110, or integrated into the speaker housing.

In the example of figure 2, the microphone 206 is mounted directly to the PCB 208



10

15

20

25

WO 2019/018750 PCT/US2018/043061

and the screen 112 is flat, or may not be needed; the volume inside the earbud is
coupled to the ear canal via space around the driver 110. As long as the earbud/ear
canal system is effectively sealed at the frequencies of interest, the microphone will
detect the targeted sounds coming from inside the ear canal. Other configurations

that couple the microphone

[0018] The heartbeat is derived from the microphone signals, and the respiration
rate is derived from the heart rate variability. Specifically, as shown in figure 4, the
microphone coupled to the occluded ear canal detects heartbeats as energy peaks in
a signal with a frequency of around 8-10 Hz (the heart rate itself is around 1 Hz). As
this rate is far below the frequency range of the masking sounds, those sounds will
not interfere with detecting the heartbeat. If both ears are equipped with
microphones, and the signals are transmitted to the smart phone (or from one ear to
the other) for analysis, combining the amplitudes of the two signals at each time
sample, such as by multiplication, can greatly increase the signal to noise ratio, as
shown in figure 5. Applying a peak-finding algorithm to the microphone signal and
observing the distance between consecutive peaks yields the beat-to-beat, or

instantaneous, heart rate value, shown in figure 6.

[0019] Figure 6 shows that there is a cyclic variability to the instantaneous heart
rate. The period of this variability happens to be the respiration rate - as the user
inhales, their heart rate increases, and as they exhale, their heart rate decreases.
Applying another peak detection step, or other frequency analysis such as a fast
Fourier transform (FFT) or fitting a sine to the curve, to the instantaneous heart rate

or to its gradient, reveals the respiration rate.

[0020] Ifthe earphones happen to include a feedback-based active noise
reduction (ANR) system, to further block environmental sounds, the system
microphone of the ANR system would be more than adequate for detecting the
sound of blood flow and measuring the heart rate. However, an ANR system is likely

to consume a lot of power, and may not be suitable or necessary for sleep-focused
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earphones. Since the respiration and heart rate sensing is very narrow-band, a
simpler MEMS microphone should be sufficient, and a much lower-power
component may be used, benefiting the overall battery life and component size of
the earphones. Similarly, it may be possible to use an external device, such as a
smartphone, to filter and demodulate the microphone signals to detect the heart
rate and extract the respiration rate from it, and to modify the output sounds
accordingly, but battery life may be better served by doing all the processing within
the earphones. The trade-off between power for processing and power for
communication may depend on factors unrelated to the acoustics, including battery

size, antenna placement, and memory requirements, to name a few.

[0021] Embodiments of the systems and methods described above comprise
computer components and computer-implemented steps that will be apparent to
those skilled in the art. For example, it should be understood by one of skill in the
art that the computer-implemented steps may be stored as computer-executable
instructions on a computer-readable medium such as, for example, hard disks,
optical disks, solid-state disks, flash ROMS, nonvolatile ROM, and RAM.
Furthermore, it should be understood by one of skill in the art that the computer-
executable instructions may be executed on a variety of processors such as, for
example, microprocessors, digital signal processors, and gate arrays. For ease of
exposition, not every step or element of the systems and methods described above
is described herein as part of a computer system, but those skilled in the art will
recognize that each step or element may have a corresponding computer system or
software component. Such computer system and software components are
therefore enabled by describing their corresponding steps or elements (that is, their

functionality), and are within the scope of the disclosure.

[0022] A number of implementations have been described. Nevertheless, it will
be understood that additional modifications may be made without departing from
the scope of the inventive concepts described herein, and, accordingly, other
embodiments are within the scope of the following claims.

7
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WHAT IS CLAIMED IS:

1. A system comprising:
an earphone comprising:
a loudspeaker;
a microphone;
a housing supporting the loudspeaker and microphone; and
an ear tip surrounding the housing and configured to acoustically couple
both the loudspeaker and the microphone to an ear canal of a user,
and to acoustically close the entrance to the user’s ear canal;
and
a processor configured to:
receive input audio signals from the microphone;
detect peaks having a frequency of around 1 Hz in the input audio signals;
based on the detected peaks, compute an instantaneous heart rate;
measure a frequency of an oscillation within the instantaneous heart rate;
and

based on the frequency of the oscillation, compute a rate of respiration.

2. The system of claim 1, wherein the processor is configured to measure the
frequency of the oscillation within the instantaneous heart rate by

computing a fast Fourier transform (FFT) of the instantaneous heart rate.

3. The system of claim 1, wherein the processor is configured to measure the
frequency of the oscillation within the instantaneous heart rate by
computing a gradient of the instantaneous heart rate; and
computing a fast Fourier transform (FFT) of the gradient of the instantaneous

heart rate.

4. The system of claim 1, wherein the processor is configured to measure the
frequency of the oscillation within the instantaneous heart rate by

detecting peaks of the instantaneous heart rate.
8
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5. The system of claim 1, wherein the processor is configured to measure the
frequency of the oscillation within the instantaneous heart rate by fitting
a sine function to the instantaneous heart rate, the frequency of the sine

being the frequency of the oscillation.

6. The system of claim 1, further comprising:
a second earphone comprising;
a second loudspeaker;
a second microphone;
a second housing supporting the second loudspeaker and second
microphone; and
a second ear tip surrounding the second housing and configured to
acoustically couple both the second loudspeaker and the second
microphone to a second ear canal of the user, and to acoustically close
the entrance to the user’s second ear canal;
wherein the processor is further configured to:
receive second input audio signals from the microphone; and
detect the peaks having a frequency of around 1 Hz by combining the
input audio signals from the first microphone with the second input
audio signals, and detecting peaks within the result of the

combination.

7. The system of claim 6, wherein combining the input audio signals comprises
multiplying the amplitude of the first input audio signals by the amplitude
of the second input audio signal, at each time that the two signals are

sampled.

8. The system of claim 1, wherein the processor is further configured to adjust
output audio signals based on the rate of respiration, and provide the

output audio signals to the loudspeaker.
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10.

11.

12.

13.

14.

15.

16.

The system of claim 8, wherein adjusting the output audio signals comprises
adjusting a rhythm of the output audio signals to be about one cycle per

minute less than the detected respiration rate.

The system of claim 8, wherein adjusting the output audio signals comprises
transitioning the output audio signals from respiration entrainment

sounds to masking sounds.

The system of claim 8, wherein adjusting the output audio signals comprises
transitioning the output audio signals from masking sounds to awakening

sounds.

The system of claim 8, wherein
the earphone further includes a memory storing sound files; and
providing the output audio signals comprises retrieving a first sound file

from the memory.

The system of claim 12, wherein adjusting the output audio signals comprises
retrieving a second sound file from the memory and using the second

sound file to generate the output audio signal.

The system of claim 1, wherein the processor is integrated within the

earphone.

The system of claim 1, wherein the processor is integrated within a portable

computing device.

A method of measuring the respiration rate of a user of an earphone, the
method comprising:

receiving input audio signals from a microphone supported by a housing and
acoustically coupled to the user’s ear canal by an ear tip surrounding the
housing and acoustically closing the entrance to the user’s ear canal; and

in a processor,

10
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17.

18.

19.

20.

21.

detecting peaks having a frequency of around 1 Hz in the input audio signals,

based on the detected peaks, computing an instantaneous heart rate,

measuring a frequency of an oscillation within the instantaneous heart rate,
and

based on the frequency of the oscillation, computing a rate of respiration.

The method of claim 16, wherein measuring the frequency of the oscillation
within the instantaneous heart rate comprises computing a fast Fourier

transform (FFT) of the instantaneous heart rate.

The method of claim 16, wherein measuring the frequency of the oscillation
within the instantaneous heart rate comprises:

computing a gradient of the instantaneous heart rate; and

computing a fast Fourier transform (FFT) of the gradient of the instantaneous

heart rate.

The method of claim 16, wherein measuring the frequency of the oscillation
within the instantaneous heart rate comprises detecting peaks of the

instantaneous heart rate.

The method of claim 16, wherein measuring the frequency of the oscillation
within the instantaneous heart rate comprises fitting a sine function to
the instantaneous heart rate, the frequency of the sine being the

frequency of the oscillation.

The method of claim 16, further comprising:

receiving second input audio signals from a second microphone supported by
a second housing and acoustically coupled to the user’s second ear canal
by a second ear tip surrounding the second housing and acoustically
closing the entrance to the user’s second ear canal;

in the processor, detecting the peaks having a frequency of around 1 Hz by

combining the input audio signals from the first microphone with the

11
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second input audio signals, and detecting peaks within the result of the

combination.

22.  The method of claim 21, wherein combining the input audio signals
comprises multiplying the amplitude of the first input audio signals by the
amplitude of the second input audio signal, at each time that the two

signals are sampled.

23.  The method of claim 16, further comprising, in the processor:
adjusting output audio signals based on the rate of respiration, and

providing the output audio signals to the loudspeaker.

12
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