US 20160278643A1

a9y United States

12) Patent Application Publication (o) Pub. No.: US 2016/0278648 A1

Vogel et al. 43) Pub. Date: Sep. 29, 2016
(54) SENSOR DATA TRANSMISSIONS (52) US.CL
CPC ... AG61B 5/02438 (2013.01); A61B 5/6817
(71) Applicant: Intel Corporation, Santa Clara, CA (2013.01); A61B 5/72 (2013.01)
(US)
(57 ABSTRACT
72) Inventors: Brian K. Vogel, Santa Clara, CA (US);
(72)  Inventors JJ}I::IHC W:ig eSélraEtlggi CaArxaEUS)‘(F ai)’ Technology for a wearable heart rate monitoring device is
Angus S-(euné San Jose. CA (US’) disclosed. The wearable heart rate monitoring device can
' ’ include a heart rate sensor operable to collect sensor data, a
(21)  Appl. No.: 14/670,326 modulator operable to generate a modulated signal that
includes the sensor data, a housing configured to engage a
(22) Filed: Mar. 26, 2015 body feature or surface in a manner that allows for heart rate
detection, and a communication module configured to trans-
Publication Classification mit the sensor data in the modulated signal to a mobile com-
puting device via a wired connection that is power limited.
(51) Imt.ClL The mobile computing device is typically configured to
A61B 5/024 (2006.01) demodulate the modulated signal in order to extract the sensor
AG6IB 5/00 (2006.01) data.
110
Heart
Rate ‘
Information §
130

OO0

- 140




Patent Application Publication

Sep. 29,2016 Sheet1 of 8

Heart
Rate

information

FIG. 1

US 2016/0278648 A1

110

™ 140



Patent Application Publication  Sep. 29,2016 Sheet 2 of 8 US 2016/0278648 A1

Wearable Device 210 >~
Heart Rate Sensor Sensor Data 214
21z Data Samples
216
~”
o
o
L 220
N
¥ pr

Mobile Device 230

Communication
Module 232 | | Y T A=l

Envelope Detector 236 Threshold Detector

438
Sampling Rate
Estimator 240 Packat Decoder 242 / /
/
Display Module 244

FIG. 2



FIG. 3

Patent Application Publication  Sep. 29,2016 Sheet 3 of 8 US 2016/0278648 A1
Mic Audie | |
et HlighPSS Filpr et RO
s . sw
R S R
1 N T
/ T S {
Formolars Pacaroeters Setn Pachkst
éﬁg;ﬁ;’;% Wmm.m,. Packet Decoder ~»~« --------------- i
330 340 '




Patent Application Publication  Sep. 29,2016 Sheet 4 of 8 US 2016/0278648 A1

s «
y

siwvelope T

-
smvsdope T
. Biae.
f optimal decision level

: tirme
by A P

sampiing locations

FlG. 4



Patent Application Publication  Sep. 29,2016 Sheet 5 of 8 US 2016/0278648 A1

500
I

Wearable Heart Rate Monitoring Device 51

Heart Rate
Sensor 512 Modulator §14
; Communication
Housing 216 Vodule 518

Mobile Computing Device 520

FIG. 5



Patent Application Publication  Sep. 29,2016 Sheet 6 of 8 US 2016/0278648 A1

600 —~
\
Heart Rate Monitoring
Device 610
Mobile Computing Device 620
Sensor Data Receiving Signal Determination
Module 6822 Module 624
Sample Rate .
Determination Module Data Sample Selection
Module 628
646
Data Value Fitterin
Determination Module g
630 Maodule 632

FIG. 6



Patent Application Publication  Sep. 29,2016 Sheet 7 of 8 US 2016/0278648 A1

700 —

N

identifying sensor data that includes a series
of data samples af corresponding time
instances, wherein the data samples in the
sensor data are modulated using one of two
frequency tones

;

Determining a first signal and a second signal A
associated with each data sample

l

Determining a sampling rate at which 1o select L~
data samples from the series of data samples " 730

l

Selecting data samples from the series in
accordance with the sampling rate, wherein | 740
gach data sample is selected at a sampling | 7

time instance

l

Determining a discrete data value for each
data sample selected from the series of data
samples, wherein the discrete data valug is
determined based on a comparison of a
difference between the first signal and the \_~ 750
second signal associated with the data
sample with respect to a defined threshold,
wherein discrete data values represent
demodulated digital sensor data

L~
L 710

720

FIG. 7



Patent Application Publication  Sep. 29,2016 Sheet 8 of 8

Mobile
Device

Muttiple
Antennas

A / I Non-Volatie

EI f ; Maemaory Port

[PV UV

Speaker TN {(LCD} Screen andlor

i Liguid Crystai Display "‘[
Tauch Screen Display

R
b

! Application ;
;  Procassor t

;
b Graphics
| Processor §

: " lniemal 11
i M(,mm'y |
- . o]

E_j__f__i__i_..i_,_i__i__}_,&,__}__l
S8 O N R A O i
Q,J_JJJ_.JJ__B__}.__E,J.J
N

© ]

, ¢ )

)

Microphone

FIG. 8

US 2016/0278648 A1

4 Spaaker

N Keyboard



US 2016/0278648 A1l

SENSOR DATA TRANSMISSIONS

TECHNICAL FIELD

[0001] Technology described herein relates generally to
wearable electronic devices.

BACKGROUND

[0002] The popularity of wearable technology, such as
smart watches and smart eyewear, has grown in recent years.
Wearable technology can include clothing or accessories that
incorporate computer and electronic technologies. Wearable
technology can perform a variety of functions that are ben-
eficial to a user, in addition to being aesthetically pleasing.
For example, wearable technology can provide health moni-
toring and health metrics, music listening, global positioning
system (GPS) capabilities, activity tracking, telephony ser-
vices, and Internet browsing, for the user that is wearing the
wearable technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Features and advantages of the disclosure will be
apparent from the detailed description which follows, taken
in conjunction with the accompanying drawings, which
together illustrate, by way of example, features of the disclo-
sure; and, wherein:

[0004] FIG. 1 illustrates a heart rate monitoring headphone
communicating heart rate information to a mobile device in
accordance with an example;

[0005] FIG.2illustrates a system and related operations for
demodulating sensor data received at a mobile device from a
wearable device in accordance with an example;

[0006] FIG.3illustrates a system and related operations for
demodulating sensor data in accordance with an example;
[0007] FIG. 4 illustrates sampling locations for selecting
samples over a period of time in accordance with an example;
[0008] FIG.5 depicts functionality of a mobile device oper-
able for demodulating sensor data in accordance with an
example;

[0009] FIG. 6 depicts functionality of a system comprising
a heart rate monitoring device and a mobile device in com-
munication with the heart rate monitoring device via a wired
connection in accordance with an example;

[0010] FIG. 7 depicts a flow chart of a method for demodu-
lating sensor data collected from a wearable device in accor-
dance with an example; and

[0011] FIG. 8 illustrates a diagram of a wireless device in
accordance with an example.

[0012] Reference will now be made to the exemplary
embodiments illustrated, and specific language will be used
hereinto describe the same. It will nevertheless be understood
that no limitation of the scope of the disclosure is thereby
intended.

DETAILED DESCRIPTION

[0013] Before the present invention is disclosed and
described, it is to be understood that this disclosure is not
limited to the particular structures, process steps, or materials
disclosed herein, but is extended to equivalents thereof as
would be recognized by those ordinarily skilled in the rel-
evant arts. It should also be understood that terminology
employed herein is used for the purpose of describing par-
ticular examples only and is not intended to be limiting. The
same reference numerals in different drawings represent the

Sep. 29, 2016

same element. Numbers provided in flow charts and pro-
cesses are provided for clarity in illustrating steps and opera-
tions and do not necessarily indicate a particular order or
sequence.

[0014] Furthermore, the described features, structures, or
characteristics may be combined in any suitable manner in
one or more embodiments. In the following description,
numerous specific details are provided, such as examples of
layouts, distances, network examples, etc., to provide a thor-
ough understanding of various invention embodiments. One
skilled in the relevant art will recognize, however, that such
detailed embodiments do not limit the overall inventive con-
cepts articulated herein, but are merely representative thereof.

Example Embodiments

[0015] An initial overview of technology embodiments is
provided below and then specific technology embodiments
are described in further detail later. This initial summary is
intended to aid readers in understanding the technology more
quickly, but is not intended to identify key or essential tech-
nological features nor is it intended to limit the scope of the
claimed subject matter. Unless defined otherwise, all techni-
cal and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs.

[0016] Reference throughout this specification to “an
example” means that a particular feature, structure, or char-
acteristic described in connection with the example is
included in at least one invention embodiment. Thus, appear-
ances of the phrase “in an example” in various places
throughout this specification are not necessarily all referring
to the same embodiment.

[0017] As used in this specification and the appended
claims, the singular forms “a,” “an” and “the” include plural
referents unless the context clearly dictates otherwise. Thus,
for example, reference to “a cable” includes a plurality of
such cables.

[0018] In this specification, “comprises,” “comprising,’
“containing” and “having” and the like can have the meaning
ascribed to them in U.S. Patent law and can mean “includes,”
“including,” and the like, and are generally interpreted to be
open ended terms. The terms “consisting of” or “consists of”
are closed terms, and include only the components, struc-
tures, steps, or the like specifically listed in conjunction with
such terms, as well as that which is in accordance with U.S.
Patent law. “Consisting essentially of” or “consists essen-
tially of” have the meaning generally ascribed to them by U.S.
Patent law. In particular, such terms are generally closed
terms, with the exception of allowing inclusion of additional
items, materials, components, steps, or elements, that do not
materially affect the basic and novel characteristics or func-
tion of the item(s) used in connection therewith. For example,
trace elements present in a composition, but not affecting the
composition’s nature or characteristics would be permissible
if present under the “consisting essentially of”” language, even
though not expressly recited in a list of items following such
terminology. When using an open ended term, like “compris-
ing” or “including,” it is understood that direct support should
be afforded also to “consisting essentially of” language as
well as “consisting of” language as if stated explicitly and
vice versa.

[0019] The terms “first,” “second,” “third,” “fourth,” and
the like in the description and in the claims, if any, are used for
distinguishing between similar elements and not necessarily
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for describing a particular sequential or chronological order.
It is to be understood that any terms so used are interchange-
able under appropriate circumstances such that the embodi-
ments described herein are, for example, capable of operation
in sequences other than those illustrated or otherwise
described herein. Similarly, if a method is described herein as
comprising a series of steps, the order of such steps as pre-
sented herein is not necessarily the only order in which such
steps may be performed, and certain of the stated steps may
possibly be omitted and/or certain other steps not described
herein may possibly be added to the method.

[0020] As used herein, the term “low power,” “limited
power,” and the like refer to an amount of power that is
typically provided by an audio jack on a mobile device, in
order to suitably and sufficiently power audio signals to head-
phones or earbuds, such as music or other dialog. In one
embodiment, “low power” may refer to an amount of power
thatisless than 2 mW. In another embodiment, the amount of
power can be less than 1.5 mW. In a further embodiment, the
amount of power can be less than 1 mW.

[0021] As used herein, the term “substantially” refers to the
complete or nearly complete extent or degree of an action,
characteristic, property, state, structure, item, or result. For
example, an object that is “substantially” enclosed would
mean that the object is either completely enclosed or nearly
completely enclosed. The exact allowable degree of deviation
from absolute completeness may in some cases depend on the
specific context. However, generally speaking the nearness of
completion will be so as to have the same overall result as if
absolute and total completion were obtained. The use of ““sub-
stantially” is equally applicable when used in a negative con-
notation to refer to the complete or near complete lack of an
action, characteristic, property, state, structure, item, or
result. For example, a composition that is “substantially free
of” particles would either completely lack particles, or so
nearly completely lack particles that the effect would be the
same as if it completely lacked particles. In other words, a
composition that is “substantially free of” an ingredient or
element may still actually contain such item as long as there
is no measurable effect thereof.

[0022] As used herein, the term “about” is used to provide
flexibility to a numerical range endpoint by providing that a
given value may be “a little above” or “a little below” the
endpoint. Unless otherwise stated, use of the term “about” in
accordance with a specific number or numerical range should
also be understood to provide support for the exact number or
numerical range without the term “about”. For example, for
the sake of convenience and brevity, a numerical range of
“about 50 angstroms to about 80 angstroms” should also be
understood to provide support for the range of ““50 angstroms
to 80 angstroms.”

[0023] As used herein, a plurality of items, structural ele-
ments, compositional elements, and/or materials may be pre-
sented in a common list for convenience. However, these lists
should be construed as though each member of the list is
individually identified as a separate and unique member.
Thus, no individual member of such list should be construed
as a de facto equivalent of any other member of the same list
solely based on their presentation in a common group without
indications to the contrary. In addition, various embodiments
and invention examples may be referred to herein along with
alternatives for the various components thereof. It is under-
stood that such embodiments, examples, and alternatives are
not to be construed as defacto equivalents of one another, but
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are to be considered as separate and autonomous representa-
tions of various invention embodiments.

[0024] Concentrations, amounts, and other numerical data
may be expressed or presented herein in a range format. Tt is
to be understood that such a range format is used merely for
convenience and brevity and thus should be interpreted flex-
ibly to include not only the numerical values explicitly recited
as the limits of the range, but also to include all the individual
numerical values or sub-ranges encompassed within that
range as if each numerical value and sub-range is explicitly
recited. As an illustration, a numerical range of “about 1 to
about 5” should be interpreted to include not only the explic-
itly recited values of about 1 to about 5, but also include
individual values and sub-ranges within the indicated range.
Thus, in reciting the range of “about 1 to about 5,” support is
given for all sub-ranges within the range such as from 1-3,
from 2-4, from 3.5-4.5 and from 3-5, etc., as well as the
individual numbers 1, 2, 3, 4, and 5 and further including
portions or fractions thereofsuchas 2.5, 3.6,4.8, 134,34, and
415,

[0025] A technology is described for detecting heart rate
data in a subject and reporting said heart rate using a comput-
ing device, such as a mobile computing device, or simply
“mobile device”, to which a heart rate sensor or monitoring
device is wiredly coupled or connected (i.e. connected with a
cable or a wire). In a related aspect, a technology for demodu-
lating sensor data received at a mobile device from a heart rate
monitoring device is provided. In one embodiment, the heart
rate monitoring device can be earbud speakers with heart rate
monitoring functionality. The heart rate monitoring device
can collect sensor data (e.g., heart rate information) via heart
rate sensors in a user’s ear. The sensor data can be modulated
and sent over a microphone line to a mobile device. The
sensor data can include a series of data samples that are
modulated using one of two frequency tones (e.g., 12 kHz or
18 kHz). The mobile computing device can demodulate the
sensor data and display the sensor data to the user. In one
example, the mobile computing device can effectively
demodulate the sensor data in the presence of noise and clock
drift. In order to demodulate the signal data, the mobile com-
puting device can select a sampling rate at which to select data
samples from the modulated sensor data. The sampling rate
can be selected to mitigate the clock drift. The mobile com-
puting device can select data samples from the series of data
samples in accordance with the sampling rate. In one
example, the mobile computing device can select one data
sample out of approximately every seven data samples. A
discrete data value (e.g.,a “0” ora “1”) can be determined for
each data sample that is selected. The discrete data value can
be determined by comparing the selected sample to a defined
threshold. The discrete data values can represent demodu-
lated digital sensor data. The sensor data can be converted into
heart rate information and displayed to the user via a display
on the mobile device.

[0026] Oneexample of wearable devices (i.e. wearable sen-
sor devices) includes a heart rate monitoring device. The heart
rate monitoring device can take the form of smart earbuds (or
smart headphones) with heart rate monitoring functionality.
The heart rate monitoring functionality can be provided from
in-ear heart rate sensors that are embedded in the earbuds. The
heart rate monitoring device can be inserted into the user’s ear
and collect sensor data (e.g., heart rate information) for the
user using the heart rate sensors. The heart rate monitoring
device can be connected to a mobile device (e.g., a mobile
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computing device such as a phone or tablet) via a wired
connection. The wired connection can include a microphone
line (i.e. audio-in line that carries an audio signal from a
microphone to the mobile device) or a headphone line (i.e.
audio-out line that carries an audio signal from the mobile
device to the headphone speakers) or both. The microphone
line and headphone line can also be referred to herein gener-
ally as “cables,” “lines,” “wires,” or “wired connection(s)”
that connect the heart rate monitoring device to the mobile
device. In some aspects, the microphone and headphone lines
can simply be referred to either collectively or individually as
“audio cable(s), or “audio line(s)”. The heart rate information
can be transmitted from the heart rate monitoring device to
the mobile device via the audio cable(s). The heart rate infor-
mation can be displayed to the user via a mobile application
thatis running on the mobile device. In addition, the heart rate
information can be displayed whether or not audio is being
provided by the speakers in the heart rate monitoring device.
[0027] FIG. 1 illustrates an exemplary heart rate monitor-
ing device 110 communicating heart rate information 130 to
a mobile device 120. The heart rate monitoring device 110
can also be referred to as smart earbuds, or earbuds, that are
capable of detecting heart rate information 130. The heart rate
monitoring device 110 can be inserted within a user’s ear. The
heart rate monitoring device 110 can include a heart rate
sensor (not shown in F1G. 1) that collects the heart rate infor-
mation 130 and sends the heart rate information 130 to the
mobile device 120. In one example, the heart rate information
130 can be sent via a wired connection between the heart rate
monitoring device 110 and the mobile device 120. The wired
connection can be anaudio line 140 such as a microphone line
or a headphone line. The mobile device 120 can display the
heart rate information 130 for the mobile device’s user.
[0028] In one configuration, the heart rate monitoring
device 110 can include other sensors, such as an accelerom-
eter, gyroscope, proximity sensor, temperature sensor, etc.
The heart rate monitoring device 110 can send sensor data
(e.g., accelerometer data, gyroscope data, proximity data, and
temperature data) to the mobile device 120 via the wired
connection between the heart rate monitoring device 110 and
the mobile device 120.

[0029] While a battery can be used to power the heart rate
monitoring device 110, in one example, the heart rate moni-
toring device 110 does not include a battery because the
necessary power for operating the heart rate monitoring
device 110 can be harvested from the audio jack (i.e. jack into
which the audio cable plugs) on the mobile device 120.
Hence, the mobile device becomes the power source for or
“powers” the heart rate monitoring device. In another
example, the heart rate monitoring device 110 can be limited
to operating under a maximum power of about 1 milliwatt
(mW) due to the maximum amount of power that is provided
from the audio jack of typical smart phones. The power used
to power the headphone speakers and/or microphone can be
referred to as “mic bias power”. Therefore, in some embodi-
ments the amount of power for the heart rate sensors in the
heart rate monitoring device 110 (as well as other sensors) can
be limited to about 1 mW. In addition, the approximately 1
mW of power can be used to power a microcontroller in the
heart rate monitoring device 110. The microcontroller can
send the collected sensor data over the audio line 140 to the
mobile device 120.

[0030] In one example, the microcontroller can read the
sensor data (e.g., the heart rate information 130) and modu-
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late the sensor data into some waveform that can be sent to the
mobile device 120 over the audio line 140. The mobile device
120 can include a demodulator that demodulates the wave-
form and extracts the sensor data. In other words, in one
embodiment modulated signals containing the sensor data
can be demodulated at the mobile device 120 in order to
extract the sensor data, However, in some cases, the modu-
lated waveform can experience noise or cross-talk due to
audio signals (e.g., music or voice) that are sent to the speak-
ers in the heart rate monitoring device 110. The noise can
result as the audio signals are traveling from the mobile
device 120 to the heart rate monitoring device 110 via the
audio line 140 and the modulated waveform (i.e., the modu-
lated sensor data) is traveling from the heart rate monitoring
device 110 to the mobile device 120 via the audio line 140.

[0031] Inoneexample,the noisecanbe caused by electrical
coupling in the audio line 140 that connects the mobile device
120 and the heart rate monitoring device 110. The electrical
coupling can occur due to the closeness of the wires in the
audio line 140, for example the closeness of the microphone
line and the headphone line. The electrical coupling can cause
some of the audio signals sent to the speakers to be picked up
in the microphone line, thereby causing the noise in the
modulated waveform (i.e., the modulated sensor data). Since
the modulated waveform is generally of low energy,
increased noise in the modulated waveform can result in
increased difficulties when it is demodulated at the mobile
device 120. The amount of electrical coupling can also vary
depending on the type of mobile device.

[0032] In one example, the modulated sensor data is sent
from the heart rate monitoring device 110 to the mobile
device 120 through the audio line that is used for the micro-
phone (i.e. the microphone line). In other words, the micro-
phone sits in line on the audio cord. Either the microphone or
the heart rate functionality can be used at a given time. In
addition to powering the headphone speakers, the approxi-
mately 1 mW of power from the headphone or microphone
jack is also used to power the microphone and the heart rate
monitoring device. If the microphone is not toggled off when
the heart rate information 130 is being sent to the mobile
device, the amount of power required to communicate both
the microphone data and the sensor data can exceed the
approximately 1 mW of available power. Therefore, in some
embodiments, the heart rate monitoring device 110 can
include a switch for the user to manually switch the device to
heart rate mode or microphone mode. In other embodiments,
the switch can be automatically operated to toggle off the
microphone when the heart rate monitoring device is acti-
vated or vice versa. In such case, the user may assign a priority
of operation to either the heart rate monitoring device or the
microphone using software on mobile device. In some
aspects, the priority can be assigned depending on other pro-
grams that are in operation on the mobile device. For
example, when software meant for exercise tracking is opera-
tional, the heart rate monitoring device may be automatically
switched on and the microphone switched off. Alternatively,
when a phone call is received, the heart rate monitoring
device may be switched off and the microphone switched on.
In some aspects, the microphone can be given priority over
the heart rate monitoring device so that when the heart rate
monitoring device is operational and a phone call is received,
that the microphone is automatically switched on and the
heart rate monitoring device is switched off. Once the phone



US 2016/0278648 A1l

call is ended, the microphone can be switched off and the
heart rate monitoring device can be switched back on.
[0033] When the heart rate mode is activated, the heart rate
monitoring device 110 can send the heart rate information
130 on the microphone line instead of the microphone data,
and vice versa. However, if the amount of available power is
sufficient to send both types of data simultaneously, then the
microphone data generally does not cause noise for the sensor
data since the sensor data is modulated using higher frequen-
cies as compared to the microphone data.

[0034] Inoneconfiguration, data from the heart rate sensors
in the heart rate monitoring device 110 can be digitized by an
analog-to-digital converter (ADC) at a sampling rate of
approximately 25 hertz (Hz). Thus, approximately 25
samples are collected per second. For each sample, the micro-
controller in the heart rate monitoring device 110 can con-
struct a data packet containing the digitized sensor values and
other information, such as a packet header, packet footer,
product identifier code, and an error detection code (e.g., a
cyclic redundancy check). The data packet can be modulated
using binary frequency-shift keying (BFSK). The BFSK fire-
quencies can be chosen to be close to a maximum frequency
level supported by the mobile device 120 (e.g., 12-18 kHz),
such that the BFSK frequencies are mostly inaudible and can
reduce cross talk interference from the audio signals that are
played through the speakers of the heart rate monitoring
device 110.

[0035] Thesensor data (e.g., the heart rate information 130)
collected at the heart rate monitoring device 110 can be con-
verted into a binary sequence of Os and 1s. The sensor data can
be demodulated using the two frequency tones. In one
example, a first tone can be 12 kHz and a second tone can be
18 kHz. Frequency tones in the range of 12-18 kHz are
generally high frequency and unable to be heard as they are on
the upper end of the human hearing range. Each binary value
in the sensor data can be modulated using one of the two
frequency tones. For example, a “0” can be turned into a 12
kHz tone and a “1” can be turned into an 18 kHz tone.
Therefore, the modulated signal (i.e. the modulated sensor
data) that travels from the heart rate monitoring device 110 to
the mobile device 120 can alternate between, for example, 12
kHz and 18 kHz.

[0036] The mobiledevice 120 can include a demodulator to
demodulate the modulated signal (i.c., the alternations
between 12 kHz and 18 kHz) received from the heart rate
monitoring device 110. The mobile device 120 can determine
that the signals modulated at 12 kHz correspond to the binary
value of “0” and that the signals modulated at 18 kHz corre-
spond to the binary value of*“1”. In order for the demodulator
to decode the modulated signals accurately, the demodulator
can know a length of the transmit intervals (or symbol inter-
vals). In other words, the demodulator can know how many
12 kHz signal values or 18 kHz signal values are transmitted
for a single symbol (i.e., a “0” or a “1”), respectively. The
signal values can also be referred to as samples. If the heart
rate monitoring device 110 wishes to send a sequence of
several consecutive 1s, then the consecutive 1s are modulated
at the 18 kHz tone for a defined duration (i.e., for a defined
number of samples). The demodulator at the mobile device
120 canreceive the duration of 18 kHz signal values, but if the
demodulator does not know how long it takes to transmit one
symbol, then the demodulator does not know how many
values of 1 are included in the duration of 18 kHz signal
values.
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[0037] 1In one configuration, each packet of data received
from the heart rate monitoring device 110 at the mobile device
120 can contain 74 symbols (i.e., a set of 74 “1s” and/or “0s™).
Each symbol can last approximately 0.16 milliseconds (ms).
Therefore, one packet of data can be 11.84 ms in duration.
The demodulator in the mobile device 120 can collect audio
samples at the rate of 44,100 samples per second (or 44.1
samples/ms). Therefore, the data packet has 522.144 samples
(i.e., 44.1 samples/msx11.84 ms), and each symbol in the
data packet has 7.056 samples. Therefore, if the heart rate
monitoring device 110 wants to transmit a “0” to the demodu-
lator in the mobile device 120, it takes approximately 7
samples at the 12 kHz tone to convey the “0”. Similarly, if the
heart rate monitoring device 110 wants to transmita “1” to the
demodulator in the mobile device 120, it takes approximately
7 samples at the 18 kHz tone to convey the “1”. Therefore,
when the modulated signal received at the demodulator stays
at 12 kHz for approximately 7 samples, then this indicates a
binary value of “0”, and when the modulated signal received
at the demodulator stays at 18 kHz for approximately 7
samples, then this indicates a binary value of ““1”. The binary
values of “0” and “1” that are extracted from the modulated
signal can represent the sensor data (e.g., the heart rate infor-
mation 130).

[0038] In one example, the microprocessor included in the
heart rate monitoring device 110 can include a mixed signal
microprocessor. The microprocessor can generate approxi-
mately 25 packets of data a second. The 25 packets of data
include the sensor data collected by the heart rate sensors in
the heart rate monitoring device 110. Each of the 25 packets
of data can contain 74 symbols, which results in approxi-
mately 13,053.6 samples (i.e., 25x74x7.056) being transmit-
ted per second from the heart rate monitoring device 110 to
the mobile device 120. The demodulator on the mobile device
120 can collect the samples at a rate of 44,100 samples per
second. The demodulator can perform a data filtering, such
that the number of samples per a given second is substantially
the same as the number of samples provided by the micro-
processor in the heart rate monitoring device 110. The
demodulator can decode this filtered packet of data by per-
forming down sampling. The demodulator can have an esti-
mate of the start of the packet, and then the demodulator
selects a single sample per symbol length. In other words, the
demodulator can select a single sample every 7.056 samples
or approximately every 0.16 ms. The value of 7.056 samples
has to be fairly precise in order to decode the samples accu-
rately. Based on the frequency tone associated with each
sample (i.e., 12 kHz or 18 kHz), the demodulator can deter-
mine the binary value (i.e., “0” or “1”). A plurality of binary
values can be converted to sensor data at the mobile device
120 and then displayed to the mobile device’s user.

[0039] In ideal circumstances, the demodulator can select
one sample per symbol length (e.g., 7.056 samples), wherein
the symbol length remains stable over a period of time. How-
ever, clock drift between the microprocessor’s clock and the
mobile device’s clock can alter the symbol length. In one
example, the microprocessor in the heart rate monitoring
device 110 can be more susceptible to clock drift due to the
power constraints of the heart rate monitoring device 110. In
other words, a less accurate microprocessor may have to be
used in order to comply withthe 1 mW power constraint of the
audio jack, which can result in an increased amount of clock
drift between the microprocessor in the heart rate monitoring
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device 110 and the mobile device 120. The increased clock
drift canlead to variation in the modulated frequencies as well
as the packet data rate.

[0040] If the microprocessor of the heart rate monitoring
device 110 has A % drift against the mobile device’s clock,
then the same packet of data lasts 11.84x(1+A %) ms from the
mobile device’s perspective, resulting in 11.84x(1+A % )x44.
1=522.144x%(1+A %) samples per packet of data. In this case,
“A” can be a positive or negative integer and up to +3.5. A
negative “A” value leads to a loss of samples. If “A” is posi-
tive, there is a risk that the same symbol could be down
sampled twice by the mobile device 120. If “A” is negative,
then there is a risk that some symbols are entirely emitted
during the down sampling. Either way. errors can result due to
the clock drift.

[0041] Inoneembodiment, the technology herein describes
techniques for demodulating signals in the presence of clock
drift. In addition, the technique describes demodulating sig-
nals in the presence of interference noise (or cross talk) due to
electrical coupling in the audio line, particularly the micro-
phone line, as described earlier. The techniques can adap-
tively and efficiently estimate and compensate for clock drift,
we well as providing decision thresholds for optimal decod-
ing when a relative scaling of the two frequency shift keying
(FSK) components are unknown.

[0042] FIG. 2 illustrates an exemplary system and related
operations for demodulating sensor data 214 received at a
computing device or mobile computing device 230 from a
wearable sensor device 210. The wearable device (i.e. wear-
able sensor device) 210 can include a heart rate monitoring
device. In one embodiment, the heart rate monitoring device
can be earbud speakers with heart rate functionality. In other
words, the wearable device 210 can be inserted in a user’s ear
in order to collect heart rate information. In order to transmit
the heart rate information from the wearable device 210 to the
mobile device, a modulation and demodulation technique can
be used. Modulation is the process of conveying a message
signal, such as an analog audio signal, in another signal (e.g.,
a carrier signal) that can be physically transmitted. During
modulation, digital information can be transmitted through
discrete frequency changes in the carrier signal. Demodula-
tion is the process of extracting the original information-
bearing signal from the carrier signal. In this example, the
sensor data 214 can be transmitted from the wearable device
210 to the mobile device 230 via an audio line, such as
microphone line 220.

[0043] As mentioned, the sensor data 214 (e.g., the heart
rate information) can include a plurality of data samples 216
(e.g., audio samples) that are digitized into binary sensor
values. The binary values can be modulated using frequency-
shift keying (BFSK). In BFSK, a pair of discrete frequencies
can be used to transmit binary information (i.e., Os and 1s).
The binary values can be modulated at the wearable device
210 using two BFSK frequency tones. For example, a “0” can
be modulated using a 12 kHz tone and a ““1” can be modulated
using a 18 kHz tone. Therefore, the modulated signal can be
at 12 kHz or 18 kHz for certain periods of time depending on
the sensor data that is modulated. The 12 kHz and 18 kHz
frequencies are high frequency tones that are higher than
frequencies generally used for music and audio.

[0044] Themodulated signal can be an analog signal that is
received at the mobile device 230 via a communication mod-
ule 232, but in order to extract the sensor data 214 from the
modulated signal (i.e., demodulate the modulated signal), the
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mobile device 230 has to perform a number of steps. The
modulated signal (i.e., the alternating 12 kHz and 18 kHz
tones) can be provided to a high pass filter 234. The high pass
filter 234 can let through signals that are above a defined
frequency level, but does not let through signals that are
below the defined frequency level. In other words, the high
pass filter 234 can remove frequency components other than
those in between the two BFSK frequency tones. In one
example, the high pass filter 234 can include a finite impulse
response (FIR) filter with 7-25 taps depending on implemen-
tation, as well as a cutoff frequency in the range of 9-10 kHz.
The high pass filter 234 can filter out lower frequency signals,
which can include music or audio. As a result, the high pass
filter 234 can remove some of the noise interference (or cross
talk) included in the modulated signal. However, some music
can have high frequency tones at certain times, so the high
pass filter 234 may not completely remove the noise interfer-
ence from the modulated signal.

[0045] Thehigh pass filtered signal (i.e., the 12 kHz and 18
kHz signals) can be provided to an envelope detector 236. The
envelope detector 236 can take a high frequency signal as
input and provide an output which is an envelope of the
original input signal. The envelope detector 236 can output
two signals r; and r,. The two signal outputs can correspond
to two filters that are centered at the two frequencies—12 kHz
and 18 kHz. In one example, r; can correspond to 12 kHz and
r, can correspond to 18 kHz. Depending on the frequency of
the high pass filtered signal, either the r; component orthe r,
component can be larger. For example, if the filtered signal is
at 12 kHz, thenr, has a frequency greater than zero and r, has
a frequency that is approximately zero. If the filtered signal is
at 18 kHz, then r; has a frequency that is approximately zero
and r, has a frequency that is greater than zero. Therefore,
either one of r, or r, can have a stronger signal as compared to
the other, depending on whether the filtered signal is at 12
kHz or 18 kHz.

[0046] Inaddition, the first signal (r,) and the second signal
(r,) can be associated with a particular data sample 216 in the
modulated sensor data. As a non-limiting example, 7 con-
secutive data samples of the filtered signal can each corre-
spondto r, being zero and r; being greater than zero, the next
21 consecutive data samples of the filtered signal can each
correspond to r, being greater than zero and r, being zero, the
next 14 consecutive data samples of the filtered signal can
each correspond to r; being zero and r, being greater than
zero, and so on.

[0047] In one example, the first signal (r,) and the second
signal (r,) of the data sample 216 is represented by r,=

\/cos(2nfct)2+sin(2nfct)2 and 1=

\/cos(2s'r,(fc+AF)t)2+sin(2n(fc+AF)t)2, respectively, wherein
f. is a signal frequency, t is a period of time, and AF is a
frequency offset. The signals r, and r, can be referred to as
envelope signals. The values of £, and AF can be chosen, such
that r1 and r, are orthogonal over a symbol interval T. In one
example, T=2/f, £ =12,000 Hz, and AF=6000 Hz. Due to
clock drift, these values can vary by several percent.

[0048] In a traditional square law detector (or envelope
detector 236), a difference signal (d) can be computed from
d=r,-r,. The difference signal (d) can be computed at selected
sampling locations (or sampling time instances). The selected
sampling locations can be determined based on a sampling
rate. For example, the difference signal (d) can be computed
approximately every 7 samples within the series of data
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samples 216 that are contained in the sensor data 214. In other
words, one out of every 7 samples can be selected, and the
difference signal (d) can be calculated for that one sample. If
d>0, then that particular data sample 216 corresponds to a
binary value of 1, and if d<0, then that particular data sample
216 corresponds to a binary value of 0. However, the equation
of d=r,-r, can be optimal when r, and r, have equal prior
probabilities of occurrence and average envelope values at the
sampling locations. If equal prior probabilities exist, but r,
and r, do not have similar envelope values, the traditional
decision rule (i.e., d=r,~r,) for envelope detectors cannot be
used.

[0049] In one example, a threshold detector 238 of the
mobile device 230 can detect a threshold for determining a
corresponding value. In other words, the threshold detector
238 can calculate the threshold, and then compare the thresh-
old to the difference signal (d). Based on whether the differ-
ence signal (d) is less than or greater than the threshold, a
corresponding binary value can be determined. In one
example, r, and r, can have different values at a particular
sampling location (t,). For example, the frequency of r, can
be greater than zero and the frequency of r, can be zero.
Similarly, at another sampling location (t,), the frequency of
r, can be zero and the frequency of r, can be greater than zero
(but less than the frequency of r, at t). Thus, r; and r, have
different values at the sampling instances t; and t,. As a result,
the difference signal (d) is then such that the value O is no
longer an optimal decision threshold.

[0050] Therefore, the threshold detector 238 can determine
that the threshold be calculated using the following:
threshold ~mean, +mean,/2 wherein mean, is a mean value
of d at sampling time instances for which a correct demodu-
lated output is “1” and mean,, is a mean value of d at sampling
time instances for which a correct demodulated output is “0”.
Each successive data sample 216 (or audio sample) can be
assumed as a potential start of a packet. Sampling markers can
be parked along a difference signal (d) with spacing equal to
an assumed symbol length. For example, the sampling loca-
tions canbeat ty, t, t,, etc. Using reference headers and footer
sequences, the mean value of binary value 1 levels at sampled
locations of the difference signal (d) can be computed. In
addition, the mean value of binary level 0 levels at sampled
locations of the difference signal (d) can be computed. There-
fore, if r,-r,=d<threshold , then that particular data sample
216 corresponds to a binary value of “0”. If
r,=r,=d>threshold , then that particular data sample 216 cor-
responds to a binary value of “1”.

[0051] As previously explained, the demodulator in the
mobile device 230 can periodically select the data samples
216 from the modulated sensor data 214 according to a
defined sampling rate. The demodulator can be preset to
select one data sample 216 out of approximately every 7.056
data samples. The demodulator can determine whether the
one data sample 216 represents a “0” ora “1” based on the r,
and r, signals (and the difference signal) associated with the
one data sample 216. If the mobile device 230 knows the
amount of time between each binary value, then the mobile
device 230 knows how often to take a reading (i.e., select a
data sample). Depending on the r, and r, values for the read-
ing in relation to the threshold, the maobile device 230 can
determine whether the reading corresponds to a “0” ora “1”.
[0052] However, that sampling rate can vary based on clock
drift between the mobile device 230 and the wearable device
210. Due to variations on the clock rate on the microprocessor
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of the mobile device 230, the sampling rate can vary up or
down by several percent. For example, one data sample can be
selected approximately every 6.7 to 7.1 data samples. How-
ever, the samplingrate is to be precisely known at a given time
in order to accurately decode the modulated sensor data 214.
For example, the modulated sensor data 214 can be sent in
packets to the mobile device 230. Each packet can have
approximately 74 symbols (i.e., 74 0s and 1s). Due to the
clock drift, the mobile device 230 can select the data sample
216 according to an inaccurate sampling rate. If the mobile
device 230 samples a data sample 216 every 1 ms to deter-
mine a binary value for a given symbol, after 20 or 30 sym-
bols, the sampling can drift into an adjacent symbol if the
sampling rate is off by a few percent. For example, the sam-
pling can drift into an earlier or later symbol. As a result, the
mobile device 230 will sample the wrong symbol, thereby
leading to inaccurate binary data. The inaccurate binary data
(or demodulated digital sensor data) can lead to a calculation
of an inaccurate heart rate for the user 250. Therefore, the
sampling rate has to operate with less than 1% tolerance in
order for the modulated sensor data 214 to be accurately
demodulated.

[0053] In one configuration, a sampling rate estimator 240
of the mobile device 230 can use an adaptive down sampling
technique to accurately set the sampling rate. Over time, the
sampling rate estimator 240 can update the sampling rate due
to clock drift. Since the clock drift can be negative or positive,
the sampling rate estimator 240 can increment or decrement
the sampling rate accordingly. In step 1, an initial down
sampling rate can be set to one sample per 7.056 samples. In
other words, one sample can be selected from every 7.056
samples of the modulated sensor data 214. In step 2, a tryout
time “X” can be set to 0, a flag overflow parameter can be set
to false, and a flag undertow parameter can be set to false. In
step 3, signal samples collected from down sampling of the
data packet can be obtained. In step 4, if the signal samples
pass a cyclic redundancy code (CRC) check and header/tail
bit tests, then the signal samples are deemed as valid decoded
signals, and the adaptive down sampling technique goes to
step 12. In step 12, a start of the next packet of data is sought,
and the adaptive down sampling technique goes back to step
2. In step 4, if the signal samples do not pass the CRC check
and the header/tail bit tests, then the signal samples are
deemed as invalid decoded signals, and the adaptive down
sampling technique resumes with step 5. In step 5, if the flag
under flow parameter is false and X is positive, then X is
changed to —X (or negative X). In step 6, if the flag overflow
parameter is false and X is negative, then X is changed to
-X+1. In step 7, one of the flag underflow parameter or the
flag overflow parameter is true, but not both. If the flag under-
flow parameter is true, then X=X+1. If the flag overflow
parameter is true, then X=X-1.

[0054] Instep 8, the down sampling rate can be changed to
“current rate+“X"’x7.056). In step 9, if the current down sam-
pling rate is larger than 7.056x1.035, then the flag overflow
parameter can be set to true and X=-X+1. In step 10, if the
current down sampling rate is larger than 7.056x0.965, then
the flag underflow parameter can be set to true and X=-X. In
step 11, if both the flag overflow parameter and the flag
underflow parameter are true, then detection failure is marked
and the adaptive down sampling technique goes to step 12.
Therefore, based on the adaptive down sampling technique,
the decoder can guess clock drift values and attempts to
successfully perform a decoding. When an acceptable signal
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is decoded, then the corresponding clock drift can be stored
and used to decode the next packet of data. If the decoded
signal is not acceptable, a nearby drift can be tried by incre-
menting by 1% and up to 3.5% until the decoded signal is
acceptable.

[0055] A packet decoder 242 of the mobile device 230 can
decode the sensor data 214 using the sampling rate and the
threshold of

mean, +mean

2

In other words, the packet decoder 242 can periodically select
data samples from the series of data samples 216 included in
the sensor data 214. The packet decoder 242 can select the
data samples in accordance with the sampling rate (e.g., one
sample approximately every 7.056 samples or approximately
every 11.84 ms), wherein the sampling rate can be adjusted in
real time based on the clock drift. Each data sample that is
selected can be associated with a particular sampling time
instance. The packet decoder 242 can determine a discrete
data value (i.e., a “0” or *“17) for each selected data sample
based on a comparison of the difference signal (d) between
the first signal (r,) and the second signal (r,) associated with
the selected data sample with respect to the threshold of

mean, +meany
2

[0056] The packet decoder 242 can determine whether
header and footer sequences are decoded correctly, and if so,
the data sequence can be decoded. In addition, the CRC can
be decoded and verified. The packet decoder 242 can compute
apacket score using a function that penalizes symbol samples
that are close to a decision boundary. One example of the
packet score can be a sum of squared symbol sample values
within a packet. The decoded packet is then taken to be the
sequence with amaximum score within each small window of
the signal (i.e., the modulated sensor data 214). Therefore, the
packet decoder 242 can successfully demodulate or decode
the modulated sensor data 214, even when the sensor data 214
includes noise interference and clock drift is present between
the mobile device 230 and the wearable device 210, by using
adaptive down sampling. The packet decoder 214 can pro-
duce demodulated digital sensor data, which is then converted
to heart rate information and displayed on the mobile device
230 to the user 250 via a display module 244.

[0057] FIG. 3 illustrates an exemplary system and related
operations for demodulating sensor data. Microphone audio
can be provided to a high-pass filter 310. The microphone
audio can include modulated sensor data. The modulated
sensor data can be modulated using two BFSK frequency
tones (e.g., 12 kHz and 18 kHz). The high pass filter 310 can
remove frequency components from the microphone audio
other than those in between the two BFSK frequency tones. In
other words, frequency components less than 12 kHz and
greater than 18 kHz can be removed using the high pass filter
310. The high pass filter 310 can output a filtered signal,
which can be provided to a square law envelopes processing
unit 320. The square law envelopes processing unit 320 can
output two signals (r, and r,) from the filtered signal, wherein
the two signals can be referred to as envelope signals.
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[0058] Thetwo envelope signals (r; and r,) can be provided
to a parameters estimator 330. The parameters estimator 330
can determine a sampling rate (as described above) that
accounts for clock drift, as well as a decision threshold. The
decision threshold can be calculated using a difference signal
(d) between the first envelope signal (r,) and the second
envelope signal (r,) at various sampling locations. The
parameters estimator 330 can provide the parameters (e.g,,
the sampling rate and the decision threshold) to a packet
decoder 340. The packet decoder 340 can use the parameters
to demodulate or decode the modulated sensor data, thereby
resulting in data packets.

[0059] FIG. 4 illustrates exemplary sampling locations for
selecting samples over a period of time. Modulated sensor
data can be represented over a period of time. The modulated
sensor data can include a plurality of data samples. Fach data
sample can correspond to approximately 12 kHz or 18 kHz. In
addition, each data sample can be associated with a first
envelope signal (r,) and a second envelope signal (r,). For a
given data sample, when a frequency of'r, is greater than zero,
then a frequency of r, can be zero, and when the frequency of
r, is zero, then a frequency of r, can be greater than zero.
Either the first envelope signal (r;) or the second envelope
signal (r,) can be associated with a certain frequency for a
certain period of time (e.g., 7 samples) before the frequency
changes. These periods of time can correspond to a discrete
data value that is being communicated in the modulated sen-
sor data. For example, as shown in FIG. 4, the period of time
in which the frequency of r, is greater than zero can corre-
spond to a binary value of “1”. Similarly, the period of time in
which the frequency of r, is greater than zero can correspond
to a binary value of “0”.

[0060] Sampling locations that correspond to a sampling
rate can be selected. The sampling locations can be repre-
sented as t;, t,, t5, etc. In one example, the sampling rate can
be approximately every 7 samples. At each sampling location,
aparticular data sample (with corresponding envelope signals
of r, andr,) can be selected. A difference signal (d) between
the first envelope signal (r;) and the second envelope signal
(r,) can be calculated at each sampling location. The differ-
ence signal (d) can be compared to an optimal decision
threshold. As shown in F1G. 4, at t,, r, is greater than zero and
1, 1s zero. Therefore, the difference signal (d) att, isr,. Att,,
r, is zero and r, is greater than zero, so the difference signal (d)
at t, is —r,. These difference signals can be compared to the
optimal decision threshold, and based on the comparison, the
selected sample at t;, t,, etc. can be associated with a binary
value of “0” or a binary value of “1”.

[0061] Another example provides functionality 500 of a
wearable heart rate monitoring device 510, as shown in the
block diagram in FIG. 5. The wearable heart rate monitoring
device 510 can include a heart rate sensor 512 operable to
collect sensor data. The wearable heart rate monitoring
device 510 can include a modulator 514 operable to generate
a modulated signal that includes the sensor data. The wear-
able heart rate monitoring device 510 can include a housing
516 configured to engage a body feature or surface in a
manner that allows for heart rate detection. The wearable
heart rate monitoring device 510 can include a communica-
tion module 518 configured to transmit the sensor data in the
modulated signal to a mobile computing device 520 via a
wired connection that is power limited, wherein the mobile
computing device 520 is configured to demodulate the modu-
lated signal in order to extract the sensor data.
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[0062] Another example provides functionality 600 of a
system comprising a heart rate monitoring device 610 and a
mobile computing device 620, as shown in the block diagram
in FIG. 6. The mobile computing device 620 can be in com-
munication with the heart rate monitoring device 610 via a
wired connection. The mobile computing device 620 can
include a sensor data receiving module 622 configured to
receive sensor data from the heart rate monitoring device 610
via the wired connection, the sensor data including a series of
data samples that are each modulated using one of two fre-
quency tones. The mobile computing device 620 can include
a signal determination module 624 configured to determine a
first signal and a second signal associated with each data
sample. The mobile computing device 620 can include a
sample rate determination module 626 configured to deter-
mine a sampling rate at which to select data samples from the
series of data samples. The mobile computing device 620 can
include a data sample selection module 628 configured to
select data samples from the series in accordance with the
sampling rate, wherein each data sample is selected at a
sampling time instance. The mobile computing device 620
can include a data value determination module 630 config-
ured to determine a discrete data value for each data sample
selected from the series of data samples, wherein discrete data
values represent demodulated digital sensor data. The mobile
computing device 620 can include a filtering module 632
configured to remove frequency components from the series
of data samples in the sensor data other than the two fre-
quency tones.

[0063] Another example provides a method 700 for gener-
ating notifications for a heart rate monitoring device, as
shown in the flow chartin F1G. 7. The method can be executed
as instructions on a machine, where the instructions are
included on at least one computer readable medium or one
non-transitory machine readable storage medium. The
method can include the operation of identifying sensor data
that includes a series of data samples at corresponding time
instances, wherein the data samples in the sensor data are
modulated using one of two frequency tones, as in block 710.
The method can include the operation of determining a first
signal and a second signal associated with each data sample,
as in block 720. The method can include the operation of
determining a sampling rate at which to select data samples
from the series of data samples, as in block 730. The method
can include the operation of selecting data samples from the
series in accordance with the sampling rate, wherein each
data sample is selected at a sampling time instance, as inblock
740. The method can include the operation of determining a
discrete data value for each data sample selected from the
series of data samples, wherein the discrete data value is
determined based on a comparison of a difference between
the first signal and the second signal associated with the data
sample with respect to a defined threshold, wherein discrete
data values represent demodulated digital sensor data, as in
block 750.

[0064] FIG. 8 provides an example illustration of a com-
puting device, such as a mobile computing device. In one
example, such a device can be a wearable device, a mobile
wireless device, a mobile communication device, a tablet, a
handset, or other type of wireless device. When a wireless
device is used, it can include one or more antennas configured
to communicate with a node, macro node, low power node
(LPN), or, transmission station, such as abase station (BS), an
evolved Node B (eNB), a baseband unit (BBU), a remote
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radio head (RRH), a remote radio equipment (RRE), a relay
station (RS), a radio equipment (RE), or other type of wireless
wide area network (WWAN) access point. The mobile com-
puting device can be configured to communicate using at least
one wireless communication standard including 3GPP ITE,
WiMAX, High Speed Packet Access (HSPA), Bluetooth, and
WiFi. The wireless device can communicate using separate
antennas for each wireless communication standard or shared
antennas for multiple wireless communication standards. The
wireless device can communicate in a wireless local area
network (WLAN), a wireless personal area network
(WPAN), and/or a WWAN.

[0065] FIG. 8 also provides an illustration of a microphone
and one or more speakers that can be used for audio input and
output from the computing device. The display screen can be
aliquid crystal display (LCD) screen, or other type of display
screen such as an organic light emitting diode (OLED) dis-
play. The display screen can be configured as a touch screen.
The touch screen can use capacitive, resistive, or another type
of touch screen technology. An application processor and a
graphics processor can be coupled to internal memory to
provide processing and display capabilities. A non-volatile
memory port can also be used to provide data input/output
options to a user. The non-volatile memory port can also be
used to expand the memory capabilities of the wireless
device. A keyboard can be integrated with the wireless device
or wirelessly connected to the wireless device to provide
additional user input. A virtual keyboard can also be provided
using the touch screen.

[0066] Various techniques, or certain aspects or portions
thereof, can take the form of program code (i.e., instructions)
embodied in tangible media, such as floppy diskettes, CD-
ROMs, hard drives, non-transitory computer readable storage
medium, or any other machine-readable storage medium
wherein, when the program code is loaded into and executed
by a machine, such as a computer (i.e. computing device), the
machine becomes an apparatus for practicing the various
techniques. Circuitry can include hardware, firmware, pro-
gram code, executable code, computer instructions, and/or
software. A non-transitory computer readable storage
medium can be a computer readable storage medium that
does notinclude signal. In the case of program code execution
on programmable computers, the computing device can
include a processor, a storage medium readable by the pro-
cessor (including volatile and non-volatile memory and/or
storage elements), at least one input device, and at least one
output device. The volatile and non-volatile memory and/or
storage elements can be a RAM, EPROM,; flash drive, optical
drive, magnetic hard drive, solid state drive, or other medium
for storing electronic data. The node and wireless device can
also include a transceiver module, a counter module, a pro-
cessing module, and/or a clock module or timer module. One
or more programs that can implement or utilize the various
techniques described herein can use an application program-
ming interface (API), reusable controls, and the like. Such
programs can be implemented in a high level procedural or
object oriented programming language to communicate with
a computer system. However, the program(s) can be imple-
mented in assembly or machine language, if desired. In any
case, the language can be a compiled or interpreted language,
and combined with hardware implementations.

[0067] It should be understood that many of the functional
units described in this specification have been labeled as
modules, in order to more particularly emphasize their imple-
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mentation independence. For example, a module can be
implemented as a hardware circuit comprising custom VLSI
circuits or gate arrays, off-the-shelf semiconductors such as
logic chips, transistors, or other discrete components. A mod-
ule can also be implemented in programmable hardware
devices such as field programmable gate arrays, program-
mable array logic, programmable logic devices or the like.
[0068] Modules can also be implemented in software for
execution by various types of processors. An identified mod-
ule of executable code can, for instance, comprise one or
more physical or logical blocks of computer instructions,
which can, for instance, be organized as an object, procedure,
or function. Nevertheless, the executables of an identified
module need not be physically located together, but can com-
prise disparate instructions stored in different locations
which, when joined logically together, comprise the module
and achieve the stated purpose for the module.

[0069] Indeed, amodule of executable code can be a single
instruction, or many instructions. and can even be distributed
over several different code segments, among different pro-
grams, and across several memory devices. Similarly, opera-
tional data can be identified and illustrated herein within
modules, and can be embodied in any suitable form and
organized within any suitable type of data structure. The
operational data can be collected as a single data set, or can be
distributed over different locations including over different
storage devices, and can exist, at least partially, merely as
electronic signals on a system or network. The modules can
be passive or active, including agents operable to perform
desired functions.

[0070] While the forgoing examples are illustrative of vari-
ous technology principles in one or more particular applica-
tions, it will be apparent to those of ordinary skill in the art
that numerous modifications in form, usage and details of
implementation can be made without the exercise of inventive
faculty, and without departing from the principles and con-
cepts of the invention.

[0071] In one exemplary invention embodiment there is
provided a wearable heart rate monitoring device comprising:

[0072] a sensor operable to collect sensor data;

[0073] a modulator operable to generate a modulated
signal that includes the sensor data;

[0074] ahousing configured to engage a body feature or
surface of a user in a manner that allows for heart rate
detection; and

[0075] a communication module configured to transmit
the sensor data in the modulated signal to a mobile
computing device using a wired connection that is
power-limited.

[0076] Inoneexample, the modulator generates the modu-
lated signal using binary frequency-shift keying (BPSK).
[0077] Inoneexample, the power-limited wired connection
includes a headphone line that connects the wearable heart
rate monitoring device to the mobile computing device.
[0078] In oneexample, the wearable heart rate monitoring
device further comprises a speaker connected to the head-
phone line.

[0079] Inoneexample, the power-limited wired connection
includes a microphone line that connects the wearable heart
rate monitoring device to the mobile computing device.
[0080] In one example, the wearable heart rate monitoring
device further comprises a microphone connected to the
microphone line.
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[0081] 1In oneexample, the wearable heart rate monitoring
device further comprises at least one of: an accelerometer, a
gyroscope, a proximity sensor, or a temperature sensor for
collecting additional sensor data to be modulated by the
modulator and communicated by the communication module
to the mobile computing device using the power-limited
wired connection.

[0082] In oneexample, the wearable heart rate monitoring
device is an in-ear heart rate monitoring headphone.

[0083] In one example, the sensor data includes noise that
exceeds a defined threshold, wherein the noise is caused by
electrical coupling in the power-limited wired connection
through which the sensor data is communicated to the mobile
computing device.

[0084] Inoneexample, the power-limited wired connection
is configured to operate at a power below about 1 mW.

[0085] Inoneexample, the sensor data comprises heart rate
information.
[0086] In one example, the sensor data further comprises

positioning information, movement information, proximity
information, or temperature information.

[0087] In one example, the mobile computing device is
configured to demodulate the modulated signal in order to
extract the sensor data and output the sensor data to a user.
[0088] In one example, the mobile computing device is
further configured to:

[0089] receive the sensor data from the wearable heart
rate monitoring device via the wired connection,
wherein the sensor data includes a series of data samples
that are each modulated using one of two frequency
tones;

[0090] determine a first signal and a second signal asso-
ciated with each data sample;

[0091] determine a sampling rate at which to select data
samples from the series of data samples;

[0092] select data samples from the series in accordance
with the sampling rate, wherein each data sample is
selected at a sampling time instance; and

[0093] determine a discrete data value for each data
sample selected from the series of data samples, wherein
the discrete data value is determined based on a coni-
parison of a difference between the first signal and the
second signal associated with the data sample with
respect to a defined threshold, wherein discrete data
values represent demodulated digital sensor data.

[0094] In one example, the mobile computing device is
further configured to:

[0095] set the sampling rate to an initial value;

[0096] collect data samples periodically based on the
sampling rate;

[0097] determine that the data samples do not pass at
least one of a cyclic redundancy code (CRC) test, a
header bit test or a tail bit test; and

[0098] increment or decrement the initial value by a
defined offset value until the data samples pass the CRC
test, the header bit test or the tail bit test, wherein adjust-
ment of the initial value mitigates sampling drift when
selecting the data samples from the series of data
samples.

[0099] In one example, the discrete data value that corre-
sponds to a selected data sample is “0” when the difference
(d) between the first signal (r1) and the second signal (r2) is
less than the defined threshold, or the discrete data value that
corresponds to the selected data sample is “1” when the
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difference (d) between the first signal (r1) and the second
signal (r2) is greater than the defined threshold, wherein the
defined threshold is represented as:

mean) + mean

threshold; = 3

[0100] wherein mean] is a mean value of (d) at sampling
time instances for which a correct demodulated output is
“1” and mean,, is a mean value of (d) at sampling time
instances for which a correct demodulated output is “0”.

[0101] In one example, a single data sample is selected
from the series of data samples approximately every 7 data
samples or approximately every 12 milliseconds (ms) in
accordance with the sampling rate, wherein the approxi-
mately 7 data samples or 12 ms is adjusted based on sampling
drift.

[0102] In one example, the mobile computing device is
further configured to:

[0103] modify the sampling rate at which to select the
data samples in order to account for sampling drift,
wherein the sampling drift occurs when a clock in the
wearable device drifts from a clock in the mobile com-
puting device; and

[0104] apply the modified sampling rate when selecting
subsequent data samples from the series of data samples.

[0105] In one example, the first signal of the data sample
has a frequency greater than zero when the second signal of
the data sample has a frequency that is substantially zero, or
the first signal of the data sample has a frequency that is
substantially zero when the second signal of the data sample
has a frequency greater than zero.

[0106] In one example, the mobile computing device is
further configured to:

[0107] remove frequency components from the series of
data samples in the sensor data other than the two fre-
quency tones via a high pass filter.

[0108] In one example, the mobile computing device is
further configured to:

[0109] remove frequency components from the series of
data samples in the sensor data other than the two fre-
quency tones via a finite impulse response (FIR) filter
with a cutoff frequency in a range of approximately 9-10
kilohertz (kHz).

[0110] In one example, the two frequency tones used to
modulate the data samples in the sensor data include a first
frequency tone of approximately 12 kilohertz (kHz) and a
second frequency tone of approximately 18 kHz.

[0111] In one example, the first signal (r1) of the data
sample is represented by

=V cos2nf.t)+sin(2nf )

[0112] wherein fc is a signal frequency and t is a period
of time.
[0113] In one example, the second signal (r2) of the data
sample is represented by

1=V cos(alfA+AF) ) +sin(2m(f +AF))

[0114] wherein fcis a signal frequency, AF is a frequency
offset, and t is a period of time.
[0115] Inoneexample, the first signal and the second signal
associated with each data sample are envelope signals that are
identified using an envelope detector.
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[0116] Inoneexample, the first signal and the second signal
associated with each data sample are identified via square law
processing.
[0117] Inanexemplary invention embodiment there is pro-
vided, a heart rate monitoring system, comprising:
[0118] awearable heart rate monitoring device as recited
in claim 1; and
[0119] a mobile computing device in communication
with the heart rate monitoring device via a power-lim-
ited wired connection, the mobile computing device

comprising:
[0120] a processor;
[0121] amemory device including a data store to store a

plurality of data and instructions that, when executed by
the processor, cause the processor to execute:

[0122] a sensor data receiving module configured to
receive sensor data from the heart rate monitoring device
via the power-limited wired connection, the sensor data
including a series of data samples that are each modu-
lated using one of two frequency tones;

[0123] a signal determination module configured to
determine a first signal and a second signal associated
with each data sample;

[0124] asample rate determination module configured to
determine a sampling rate at which to select data
samples from the series of data samples;

[0125] a data sample selection module configured to
select data samples from the series in accordance with
the sampling rate, wherein each data sample is selected
at a sampling time instance; and

[0126] a data value determination module configured to
determine a discrete data value for each data sample
selected from the series of data samples, wherein dis-
crete data values represent demodulated digital sensor
data.

[0127] Inoneexample, the sample rate determination mod-
ule is further configured to:

[0128] set the sampling rate to an initial value;
[0129] collect data samples based on the sampling rate;
[0130] determine that the data samples do not pass at

least one of a cyclic redundancy code (CRC) test, a
header bit test or a tail bit test; and
[0131] increment or decrement the initial value by a
defined offset value until the data samples pass the CRC
test, the header bit test or the tail bit test, wherein adjust-
ment of the initial value mitigates sampling drift when
selecting the data samples from the series of data
samples.
[0132] In one example, the data value determination mod-
ule is further configured to determine that the discrete data
value for the data sample is “0” when a difference between the
first signal (r1) and the second signal (r2) associated with the
data sample is less than a defined threshold.
[0133] In one example, the data value determination mod-
ule is further configured to determine that the discrete data
value for the data sample is “1” when a difference between the
first signal (r1) and the second signal (r2) associated with the
data sample is greater than a defined threshold.
[0134] In one example, the sensor data includes noise that
exceeds a defined threshold, wherein the noise is caused by
electrical coupling in a microphone line that connects the
mobile computing device and the heart rate monitoring
device.
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[0135] 1In one example, the system further comprises a fil-
tering module configured to remove frequency components
from the series of data samples in the sensor data other than
the two frequency tones.

[0136] In one example, the signal determination module is
further configured to determine the first signal and the second
signal via square law processing, wherein the first signal and
the second signal are envelope signals.

[0137] In one example, the first signal (r1) of the data
sample is represented by

=V cos(2aft’+sin(2mft)’

[0138] wherein fc is a signal frequency and t is a period
of time.
[0139] In one example, the second signal (r2) of the data
sample is represented by

1=V cos(alfA+AF) ) +sin(2m(f +AF))?

[0140] wherein fc is a signal frequency, AF is a frequency
offset, and t is a period of time.

[0141] Inoneexample, the demodulated digital sensor data
includes heart rate information.

[0142] In one exemplary invention embodiment, there is
provided a method of obtaining heart rate data from a subject
comprising:

[0143] wunder control of one or more computer systems
configured with executable instructions:

[0144] collecting sensor data from the subject with a heart
rate sensor,
[0145] modulating the sensor data with a data modulator to

produce a signal that includes the sensor data;

[0146] communicating the sensor data to a mobile comput-
ing device having one or more processors via a power-limited
wired connection;

[0147] demodulating the sensor data from the signal with a
data demodulator in the mobile computing device; and
[0148] outputting the sensor data to a user.

[0149] In one example the heart rate sensor is a wearable
heart rate sensor device comprising:

[0150] a sensor operable to collect sensor data;

[0151] amodulator operable to generate a modulated signal
that includes the sensor data;

[0152] a housing configured to engage a body feature or
surface of a user in a manner that allows for heart rate detec-
tion; and

[0153] acommunication module configured to transmit the
sensor data in the modulated signal to the mobile computing
device using the power-limited wired connection.

[0154] Inoneexample, modulating the sensordata includes
modulating a series of data samples using one of two fre-
quency tones and producing a first signal and a second signal
for each data sample.

[0155] In one example, the first signal of the data sample
has a frequency greater than zero when the second signal of
the data sample has a frequency that is substantially zero; or
[0156] the first signal of the data sample has a frequency
that is substantially zero when the second signal of the data
sample has a frequency greater than zero.

[0157] In one example, the two frequency tones used to
modulate the data samples in the sensor data include a first
frequency tone of approximately 12 kilohertz (kHz) and a
second frequency tone of approximately 18 kHz.
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[0158] 1In one example, the first signal (r1) of the data
sample is represented by

=V cos(2af.tY +sin(2mft)?

[0159] wherein fc is a signal frequency and t is a period of
time.
[0160] In one example, the second signal (r2) of the data

sample is represented by

1=V cos 2 +AT)EP+sin(2n(f +AF))?

[0161] wherein fc is a signal frequency, AF is a frequency
offset, and t is a period of time.

[0162] In one example, demodulating further comprises:
[0163] identifying sensor data that includes a series of data
samples at corresponding time instances using the one or
more processors of the mobile computing device;

[0164] determining a first signal and a second signal asso-
ciated with each data sample, using the one or more proces-
sors of the mobile computing device;

[0165] determining a sampling rate at which to select data
samples from the series of data samples, using the one or more
processors of the mobile computing device;

[0166] selecting data samples from the series in accordance
with the sampling rate, wherein each data sample is selected
at a sampling time instance, using the one or more processors
of the mobile computing device; and

[0167] determining a discrete data value for each data
sample selected from the series of data samples, wherein the
discrete data value is determined based on a comparison ofa
difference between the first signal and the second signal asso-
ciated with the data sample with respect to a defined thresh-
old, wherein discrete data values represent demodulated digi-
tal sensor data, using the one or more processors of the mobile
computing device.

[0168] In one example, determining the sampling rate fur-
ther comprises:

[0169] setting the sampling rate to an initial value;

[0170] collecting data samples based on the sampling rate;
[0171] determining that the data samples do not pass at

least one of a cyclic redundancy code (CRC) test, a header bit
test or a tail bit test; and

[0172] incrementing or decrementing the initial value by a
defined offset value until the data samples pass the CRC test,
the header bit test and the tail bit test, wherein the initial value
is modified in order to mitigate sampling drift when selecting
the data samples from the series of data samples.

[0173] 1In one example, the discrete data value that corre-
sponds to the selected data sample is “0” when the difference
(d) between the first signal (r1) and the second signal (r2) is
less than the defined threshold; or the discrete data value that
corresponds to the selected data sample is “1” when the
difference (d) between the first signal (rl) and the second
signal (r2) is greater than the defined threshold, wherein the
defined threshold is represented as:

mean; + meary
2

threshold; =

[0174] wherein mean] is amean value of d at sampling time
instances for which a correct demodulated output is “1” and
mean0 is a mean value of d at sampling time instances for
which a correct demodulated output is “0”.
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[0175] 1In one example, a single data sample is selected
from the series of data samples approximately every 7 data
samples or approximately every 12 milliseconds (ms) in
accordance with the sampling rate, wherein the approxi-
mately 7 data samples or 12 ms is adjusted based on sampling
drift.

[0176] In one example, the method further comprises:
[0177] modifying the sampling rate at which to select the
data saniples in order to account for sampling drift, wherein
the sampling drift occurs when a clock in the wearable device
drifts from a clock in a mobile computing device demodulat-
ing the sensor data; and

[0178] applying the modified sampling rate when selecting
subsequent data samples from the series of data samples.
[0179] In one example, the method further comprises
removing frequency components from the sensor data other
than the two frequency tones via a high pass filter.

[0180] In one example, the method further comprises
removing frequency components from the sensor data other
than the two frequency tones via a finite impulse response
(FIR) filter with a cutoff frequency in a range of approxi-
mately 9-10 kilohertz (kHz).

[0181] Inoneexample, the first signal and the second signal
for each data sample are envelope signals that are identified
using an envelope detector.

[0182] In oneexample, the sensor data is demodulated at a
mobile computing device that is connected to the wearable
device via a microphone line.

[0183] In one example, the sensor data is output to a user
visually.
[0184]
audibly.
[0185] While the forgoing examples are illustrative of the
specific embodiments in one or more particular applications,
it will be apparent to those of ordinary skill in the art that
numerous modifications in form, usage and details of imple-
mentation can be made without departing from the principles
and concepts articulated herein.

What is claimed is:

1. A wearable heart rate monitoring device comprising:

a sensor operable to collect sensor data;

a modulator operable to generate a modulated signal that

includes the sensor data;

ahousing configured to engage a body feature or surface of

a user in a manner that allows for heart rate detection;
and

acommunication module configured to transmit the sensor

data in the modulated signal to a mobile computing
device using a wired connection that is power-limited.

2. The wearable heart rate monitoring device of claim 1,
wherein the modulator generates the modulated signal using
binary frequency-shift keying (BPSK).

3. The wearable heart rate monitoring device of claim 1,
wherein the power-limited wired connection includes ahead-
phone line that connects the wearable heart rate monitoring
device to the mobile computing device.

4. The wearable heart rate monitoring device of claim 1,
wherein the power-limited wired connection includes a
microphone line that connects the wearable heart rate moni-
toring device to the mobile computing device.

5. The wearable heart rate monitoring device of claim 1,
wherein the wearable heart rate monitoring device is an in-ear
heart rate monitoring headphone.

In one example, the sensor data is output to a user
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6. The wearable heart rate monitoring device of claim 1,
wherein the sensor data includes noise that exceeds a defined
threshold, wherein the noise is caused by electrical coupling
in the power-limited wired connection through which the
sensor datais communicated to the mobile computing device.
7. The wearable heart rate monitoring device of claim 1,
wherein the power-limited wired connection is configured to
operate at a power below about 1 mW.
8. The wearable heart rate monitor device of claim 1,
wherein the mobile computing device is configured to
demodulate the modulated signal in order to extract the sensor
data and output the sensor data to a user.
9. The wearable heart rate monitoring device of claim 8,
wherein the mobile computing device is further configured to:
receive the sensor data from the wearable heart rate moni-
toring device via the wired connection, wherein the sen-
sor data includes a series of data samples that are each
modulated using one of two frequency tones;

determine a first signal and a second signal associated with
each data sample;

determine a sampling rate at which to select data samples

from the series of data samples;

select data samples from the series in accordance with the

sampling rate, wherein each data sample is selected at a
sampling time instance; and

determine a discrete data value for each data sample

selected from the series of data samples, wherein the
discrete data value is determined based on a comparison
of a difference between the first signal and the second
signal associated with the data sample with respect to a
defined threshold, wherein discrete data values repre-
sent demodulated digital sensor data.

10. The wearable heart rate monitoring device of claim 9,
wherein:

the discrete data value that corresponds to a selected data

sample is “0” when the difference (d) between the first
signal (r1) and the second signal (r2) is less than the
defined threshold; or

the discrete data value that corresponds to the selected data

sample is “1” when the difference (d) between the first
signal (r1) and the second signal (r2) is greater than the
defined threshold,

wherein the defined threshold is represented as:

mean; + meang
2

threshold; =

wherein meanl is a mean value of (d) at sampling time
instances for which a correct demodulated output is “1”
and mean0 is a mean value of (d) at sampling time
instances for which a correct demodulated output is “0”.
11. The wearable heart rate monitoring device of claim 9,
wherein a single data sample is selected from the series of
data samples approximately every 7 data samples or approxi-
mately every 12 milliseconds (ms) in accordance with the
sampling rate, wherein the approximately 7 data samples or
12 ms is adjusted based on sampling drift.
12. The wearable heart rate monitoring device of claim 9,
wherein:
the first signal of the data sample has a frequency greater
than zero when the second signal of the data sample has
a frequency that is substantially zero; or
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the first signal of the data sample has a frequency that is
substantially zero when the second signal of the data
sample has a frequency greater than zero.

13. The wearable heart rate monitoring device of claim 9,
wherein the two frequency tones used to modulate the data
samples in the sensor data include a first frequency tone of
approximately 12 kilohertz (kHz) and a second frequency
tone of approximately 18 kHz.

14. The wearable heart rate monitoring device of claim 9,
wherein the first signal (rl) of the data sample is represented

by r1:\/cos(2nfct)2+sin(23'cfct)2 wherein fc is a signal fre-
quency and t is a period of time.

15. The wearable heart rate monitoring device of claim 9,
wherein the second signal (r2) of the data sample is repre-
sented by rZZ\/cos(Za'c(fc+AF)t)2+sin(2n(fc+AF)t)2 wherein
fc is a signal frequency, AF is a frequency offset, and t is a
period of time.

16. A heart rate monitoring system, comprising:

awearable heart rate monitoring device as recited in claim
1; and

a mobile computing device in communication with the
heart rate monitoring device via a power-limited wired
connection, the mobile computing device comprising:

a Processor;

amemory device including a data store to store a plurality
of data and instructions that, when executed by the pro-
cessor, cause the processor to execute:

a sensor data receiving module configured to receive sen-
sor data from the heart rate monitoring device via the
power-limited wired connection, the sensor data includ-
ing a series of data samples that are each modulated
using one of two frequency tones;

a signal determination module configured to determine a
first signal and a second signal associated with each data
sample;

a sample rate determination module configured to deter-
mine a sampling rate at which to select data samples
from the series of data samples;

a data sample selection module configured to select data
samples from the series in accordance with the sampling
rate, wherein each data sample is selected at a sampling
time instance; and

adata value determination module configured to determine
a discrete data value for each data sample selected from
the series of data samples, wherein discrete data values
represent demodulated digital sensor data.

17. The system of claim 16, wherein the sample rate deter-

mination module is further configured to:

set the sampling rate to an initial value;

collect data samples based on the sampling rate;

determine that the data samples do not pass at least one of
acyclic redundancy code (CRC) test, a header bit test or
a tail bit test; and

increment or decrement the initial value by a defined offset
value until the data samples pass the CRC test, the
header bit test or the tail bit test, wherein adjustment of
the initial value mitigates sampling drift when selecting
the data samples from the series of data samples.

18. The system of claim 16, further comprising a filtering
module configured to remove frequency components from
the series of data samples in the sensor data other than the two
frequency tones.
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19. The system of claim 16, wherein the signal determina-
tion module is further configured to determine the first signal
and the second signal via square law processing, wherein the
first signal and the second signal are envelope signals.

20. A method of obtaining heart rate data from a subject
comprising:

under control of one or more computer systems configured

with executable instructions:

collecting sensor data from the subject with a heart rate

sensor;
modulating the sensor data with a data modulator to produce
a signal that includes the sensor data;
communicating the sensor data to a mobile computing
device having one or more processors via a power-lim-
ited wired connection; and

demodulating the sensor data from the signal with a data

demodulator in the mobile computing device.

21. The method of claim 20, wherein the heart rate sensor
is a wearable heart rate sensor device comprising:

a sensor operable to collect sensor data;

a modulator operable to generate a modulated signal that

includes the sensor data;

a housing configured to engage a body feature or surface of

a user in a manner that allows for heart rate detection;
and

a communication module configured to transmit the sensor

data in the modulated signal to the mobile computing
device using the power-limited wired connection.
22. The method of claim 20, wherein demodulating further
comprises:
identifying sensor data that includes a series of data
samples at corresponding time instances using the one or
more processors of the mobile computing device;

determining a first signal and a second signal associated
with each data sample, using the one or more processors
of the mobile computing device;

determining a sampling rate at which to select data samples

from the series of data samples, using the one or more
processors of the mobile computing device;
selecting data samples from the series in accordance with
the sampling rate, wherein each data sample is selected
at a sampling time instance, using the one or more pro-
cessors of the mobile computing device; and

determining a discrete data value for each data sample
selected from the series of data samples, wherein the
discrete data value is determined based on a comparison
of a difference between the first signal and the second
signal associated with the data sample with respect to a
defined threshold, wherein discrete data values repre-
sent demodulated digital sensor data, using the one or
more processors of the mobile computing device.

23. The method of claim 20, further comprising:

modifying the sampling rate at which to select the data

samples in order to account for sampling drift, wherein
the sampling drift occurs when a clock in the wearable
device drifts from a clock in a mobile computing device
demodulating the sensor data; and

applying the modified sampling rate when selecting sub-

sequent data samples from the series of data samples.

24. The method of claim 20, further comprising removing
frequency components from the sensor data other than the
two frequency tones via a high pass filter.

25. The method of claim 20, further comprising removing
frequency components from the sensor data other than the
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two frequency tones via a finite impulse response (FIR) filter
with a cutoff frequency in a range of approximately 9-10
kilohertz (kHz).
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