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(57) ABSTRACT

Disclosed embodiments pertain to cardiovascular parameter
(e.g. heart rate) measurements when motion is present.
Biometric sensor signal measurements may be obtained
based on cardiovascular parameters of a user; and motion
sensor signal measurements may be obtained based on user
motion. An activity type may be determined based on the
motion sensor signals. For example, when non-motion
related frequencies in a frequency domain representation of
the biometric sensor signal are obscured by user motion, an
activity type may be determined based on the motion sensor
signals. Further, based on the activity type, for each cardio-
vascular parameter (e.g. heart rate), a corresponding likely
cardiovascular parameter value (e.g. a likely heart rate) may
be determined. A corresponding fundamental frequency
associated with the biometric sensor signal may then be
determined for each cardiovascular parameter based on the
motion sensor signal measurements and the corresponding
likely cardiovascular parameter value.
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CARDIOVASCULAR PARAMETER
ESTIMATION IN THE PRESENCE OF
MOTION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/431,759
entitled “CARDIOVASCULAR PARAMETER ESTIMA-
TION IN THE PRESENCE OF MOTION,” filed Dec. 8,
2016, which is assigned to the assignee hereof and incor-
porated by reference herein in its entirety.

FIELD

[0002] This disclosure relates generally to apparatus, sys-
tems, and methods for performing biometric measurements
including measurement of cardiovascular parameters such
as heart rate.

BACKGROUND

[0003] Modern mobile devices may include sensors such
as optical sensors, which are used to measure biometric
information. For example, a photoplethysmogram (PPG)
sensor obtains volumetric measurements of blood vessels
near the skin surface. When the heart pumps blood, the
resulting pressure pulse causes changes to blood vessels.
The pressure pulse may distend arteries and arterioles in skin
tissue. An optical sensor, such as a PPG sensor, may be used
to detect a change in blood vessel volume caused by the
pressure pulse. Blood vessel volume change caused by the
pressure pulse may be detected by illuminating the skin with
the light from a light-emitting diode (LED) and then mea-
suring the amount of light either transmitted or reflected to
a photodiode. Blood vessel volume change caused by blood
flow to the skin may be modulated by various physiological
parameters. Therefore, the information provided by PPG
sensors may be used to obtain a variety of biometric mea-
surements.

[0004] One drawback of blood volume sensors, such as
PPG sensors, is that the biometric measurements obtained
are sensitive to user movement. Thus, user movements can
affect optical sensor measurements and introduce noise and
other artifacts into the measured signals. Some techniques to
address noise may use adaptive filters, which typically
reduce noise based on motion related signals provided by an
accelerometer. Adaptive filters use the motion related signals
to compensate for motion induced noise in the optical sensor
determined heart rate signal. However, for many activities,
a higher activity rate may result in greater energy being
expended and consequently a faster heart rate (e.g. more
beats per minute). Thus, in many situations, heart rate may
track the frequency of motion.

[0005] For activities with regular motion, the temporal
frequencies related to the motion are present in the spectrum
of both accelerometers and PPG sensors. The term “heart
rate equal cadence” is used to refer to instances where a
spectral component of the motion occurs at the same tem-
poral frequency as a component of a cardiovascular param-
eter such as the heart rate. When heart rate equal cadence
occurs, a separate heart rate signal may not be discernible,
preventing heart rate estimation.
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SUMMARY

[0006] According to some aspects, a processor-imple-
mented method may comprise: obtaining a plurality of
biometric sensor signal measurements of an biometric sen-
sor signal, the biometric sensor signal measurements based,
in part, on one or more cardiovascular parameters of a user;
obtaining a plurality of motion sensor signal measurements
of a motion sensor signal, the motion sensor signal mea-
surements based, in part, on motion of the user; determining,
based, in part, on the motion sensor signal measurements, an
activity type; determining, based on the activity type, for
each cardiovascular parameter in a subset of the one or more
cardiovascular parameters, a corresponding likely cardio-
vascular parameter value; and determining, for each cardio-
vascular parameter in the subset, a corresponding funda-
mental frequency associated with the biometric sensor
signal, based, in part, on the motion sensor signal measure-
ments and the corresponding likely cardiovascular param-
eter value.

[0007] In another aspect, a device may comprise: a motion
sensor, the motion sensor to output a motion sensor signal
based, in part, on motion of a user; a biometric sensor, the
biometric sensor to output a biometric sensor signal based,
in part, on one or more cardiovascular parameters of the
user; and a processor coupled to the motion sensor and the
biometric sensor. In some embodiments, the processor may
be configured to: obtain a plurality of biometric sensor
signal measurements of the biometric sensor signal; obtain
a plurality of motion sensor signal measurements of the
motion sensor signal; determine, based, in part, on the
motion sensor signal measurements, an activity type; deter-
mine, based on the activity type, for each cardiovascular
parameter in a subset of the one or more cardiovascular
parameters, a corresponding likely cardiovascular parameter
value; and determine, for each cardiovascular parameter in
the subset, a corresponding fundamental frequency associ-
ated with the biometric sensor signal, based, in part, on the
motion sensor signal measurements and the corresponding
likely cardiovascular parameter value.

[0008] In a further aspect, a device may comprise: means
for obtaining a plurality of biometric sensor signal measure-
ments of an biometric sensor signal, the biometric sensor
signal measurements based, in part, on one or more cardio-
vascular parameters of a user; means for obtaining a plu-
rality of motion sensor signal measurements of a motion
sensor signal, the motion sensor signal measurements based,
in part, on motion of the user; means for determining, based,
in part, on the motion sensor signal measurements, an
activity type; means for determining, based on the activity
type, for each cardiovascular parameter in a subset of the
one or more cardiovascular parameters, a corresponding
likely cardiovascular parameter value; and means for deter-
mining, for each cardiovascular parameter in the subset, a
corresponding fundamental frequency associated with the
biometric sensor signal, based, in part, on the motion sensor
signal measurements and the corresponding likely cardio-
vascular parameter value.

[0009] In some embodiments, a non-transitory computer-
readable medium may comprise executable instructions to
configure a processor to: obtain a plurality of biometric
sensor signal measurements of an biometric sensor signal,
the biometric sensor signal measurements based, in part, on
one or more cardiovascular parameters of a user; obtain a
plurality of motion sensor signal measurements of a motion
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sensor signal, the motion sensor signal measurements based,
in part, on motion of the user; determine, based, in part, on
the motion sensor signal measurements, an activity type;
determine, based on the activity type, for each cardiovas-
cular parameter in a subset of the one or more cardiovascular
parameters, a corresponding likely cardiovascular parameter
value; and determine, for each cardiovascular parameter in
the subset, a corresponding fundamental frequency associ-
ated with the biometric sensor signal, based, in part, on the
motion sensor signal measurements and the corresponding
likely cardiovascular parameter value.

[0010] Embodiments disclosed also relate to hardware,
software, firmware, and program instructions created,
stored, accessed, or modified by processors using computer
readable media or computer-readable memory. The methods
described may be performed on processors and various user
equipment.

[0011] These and other embodiments are further explained
below with respect to the following figures. It is understood
that other aspects will become readily apparent to those
skilled in the art from the following detailed description,
wherein it is shown and described various aspects by way of
illustration. The drawings and detailed description are to be
regarded as illustrative in nature and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Embodiments of the invention will be described,
by way of example only, with reference to the drawings.
[0013] FIG. 1 shows a block diagram of exemplary device
capable of obtaining biometric information in a manner
consistent with disclosed embodiments.

[0014] FIG. 2 shows a device with a biometric sensor,
which may measure and output biometric signal samples
related to biometric/cardiovascular parameters (e.g. volu-
metric measurements of blood vessels and/or heart rate).
[0015] FIG. 3A shows an example spectrogram based on
the output of a PPG sensor depicting frequencies (in beats
per minute) present over some time period.

[0016] FIG. 3B shows another example spectrogram based
on the output of a motion sensor depicting frequencies (in
beats per minute) present over some time period.

[0017] FIG. 4A shows an example spectrogram based on
the output of a PPG sensor depicting frequencies (in beats
per minute) present over some time period.

[0018] FIG. 4B shows a further example spectrogram
based on the output of a motion sensor depicting frequencies
(in beats per minute) present over some time period.
[0019] FIG. 5A shows a flowchart depicting an exemplary
method of obtaining biometric information in accordance
with some disclosed embodiments.

[0020] FIG. 5B shows an exemplary accelerometer spec-
tral pattern from a bicycling activity.

[0021] FIG. 5C shows a plot of the power spectral density
against the cumulative probability distribution for various
activity types.

[0022] FIG. 6 shows a flowchart depicting an exemplary
method of obtaining biometric information in accordance
with some disclosed embodiments.

[0023] FIG. 7 shows a flowchart depicting an exemplary
method of obtaining biometric information such as heart rate
based on biometric and motion sensor signal measurements
in accordance with some disclosed embodiments.
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[0024] Like numbered entities in different figures may
correspond to one another. Reference to a numbered entity
in any figure may therefore correspond to any like numbered
entity in any other figure.

DETAILED DESCRIPTION

[0025] The detailed description set forth below in connec-
tion with the appended drawings is intended as a description
of various aspects of the present disclosure and is not
intended to represent the only aspects in which the present
disclosure may be practiced. Each aspect described in this
disclosure is provided merely as an example or illustration
of the present disclosure, and should not necessarily be
construed as preferred or advantageous over other aspects.
The detailed description includes specific details for the
purpose of providing a thorough understanding of the pres-
ent disclosure. However, it will be apparent to those skilled
in the art that the present disclosure may be practiced
without these specific details. In some instances, well-
known structures and devices are shown in block diagram
form in order to avoid obscuring the concepts of the present
disclosure. Acronyms and other descriptive terminology
may be used merely for convenience and clarity and are not
intended to limit the scope of the disclosure.

[0026] In the figures described below, one or more of the
blocks shown may perform various functions. The blocks
shown in the figures are merely exemplary and the functions
associated with the blocks may be split or combined in
various ways in a manner consistent with disclosed embodi-
ments. For example, the logical entities shown may be
implemented using physically separate components/devices,
or, one or more of the logical entities may be included in a
single physical component/device.

[0027] Biometric information (e.g. cardiovascular infor-
mation) may be obtained using biometric sensors on mobile
devices including wearable devices. For example, biometric
information is often obtained based on measurements by
optical sensors (e.g. PPG sensors). For example, user car-
diovascular measurements may be used to obtain heart rate,
which is used in a variety of biometric calculations. The term
“cardiovascular parameter” is used to refer to one or more of
heart rate, oxygen saturation, blood pressure, pulse wave
velocity, etc., or parameters that may be derived from one or
more of the above parameters. The terms “cardiovascular
measurements” or “cardiovascular parameter measure-
ments” refer to measurements of any of the above param-
eters.

[0028] Depending on the application, heart rate and/or
other cardiovascular parameters may be determined: 1)
continuously over some period; 2) periodically, in the back-
ground; and/or 3) in one-shot mode on user demand. How-
ever, conventional cardiovascular measurements and/or
heart rate determination techniques are often affected detri-
mentally by user movement. For example, noise, which may
be caused by user movement, can degrade the quality of
signals used to make cardiovascular measurements thereby
producing inaccuracies, or in some instance, making the
determination of heart rate or other cardiovascular param-
eters challenging.

[0029] To compensate for user motion, motion related
measurements provided by an accelerometer may be input to
an adaptive filter to facilitate noise reduction. Convention-
ally, some adaptive filters may use the motion related signals
to compensate for and/or remove motion induced noise in
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the cardiovascular and/or heart rate signal in the time
domain. However, when motion related frequencies (e.g. in
measurements by the motion sensor) closely track frequen-
cies related to the heart rate or one or more cardiovascular
parameters (e.g. in measurements by the biometric sensor),
determination of a heart rate and/or other cardiovascular
parameters can be challenging.

[0030] Some disclosed embodiments improve the accu-
racy and/or reliability of measured signals relating to one or
more cardiovascular parameters (e.g. heart rate) from a
biometric sensor (e.g. optical sensors, PPG sensors, ultra-
sonic sensors etc). In some embodiments, robust estimation
of one or more cardiovascular parameters using biometric
sensors coupled to a motion sensor (e.g. accelerometers,
inertial measurement units (IMUs), gyroscopes etc) may be
facilitated, in part, by using a physiological model to deter-
mine likely values of the one or more cardiovascular param-
eters. In some embodiments, a final or refined value of the
one or more cardiovascular parameters may then be esti-
mated based on the biometric sensor measurements and the
likely values of the one or more cardiovascular parameters
(e.g. heart rate).

[0031] The term “physiological model” as used herein
may include one or more of: (a) a history of physiological or
cardiovascular measurements (e.g. heart rate) including an
average or typical value associated with the measurements
(e.g. arest heart rate), which may further be classified by day
of week, time of day, period, and/or time intervals; (b) a
history of physiological or cardiovascular measurements
(e.g. heart rate) classified by activity type (e.g. walking,
running, hiking, climbing, rowing, swimming, dancing, bik-
ing, yoga etc.). Further, the history of physiological mea-
surements associated with each activity type may include: (i)
physiological measurements at various time points during
the activity relative to the start of the corresponding activity
and/or (b) a prior range, or prior maximum and/or prior
minimum recorded values for the cardiovascular measure-
ments (e.g. a heart rate range, or a maximum or minimum
heart rate) associated with the corresponding activity type
and/or (c) statistical parameters such as an average, median,
standard deviation, and/or variance, for the cardiovascular
parameter and activity type. In some embodiments, the
activity type may also be associated with a time period
during which the activity occurs (e.g. day of week, time of
day etc). In some embodiments, the time period may be
determined based on a user calendar entry (e.g. on device
100) indicating that the activity is performed during some
time period. In some embodiments, the physiological model
may be: (i) specific to a user based on a history of recorded
measurements for that user, and/or (ii) default measurements
based on expected or typical measurements over a larger
population sample. In some embodiments, the activity type
may be determined based on user input or user selection
and/or received from an application running on device 100
and/or an activity tracker device (or application) coupled to
device 100.

[0032] As one example, the physiological model may
associate an activity type (e.g. running) with a day of the
week (e.g. Tuesday) and/or a time period (e.g. between 5-7
pm). Further, the model may include aggregated sensor
measurements associated with the activity type (e.g. run-
ning). In some embodiments, the aggregated measurements
may include statistical measures such as a measure of central
tendency (e.g. an average, median, and/or mode) standard
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deviation, variance and/or other metrics. In the example
above, the physiological model may initially infer an activ-
ity type based on the day of week and time period (e.g.
running—if it is Tuesday at 6 pm). The activity type may
then be verified against the prior history of aggregated
measurements. If motion sensor measurements fall within a
range for the activity (e.g. running), the physiological model
may output the activity type and one or more estimates for
cardiovascular parameters (e.g. heart rate) such as one or
more of: a range, a maximum, a minimum, an average, a
standard deviation, a variance, etc. associated with the
activity type.

[0033] In some embodiments, one or more measurements
used to obtain the physiological model may be obtained
from application(s) on a device (e.g. a wearable device) or
a coupled device (such as a smartphone coupled to a
smartwatch) that tracks the activity. As one example, when
an application related to rowing is started, the initiation of
the application or parameters provided by the application
(e.g. through an API and/or over a communication inter-
face—which may be wireless) may be used to determine/
infer the activity type and/or obtain a history of prior
measurements. For example, a wearable activity tracker may
provide the activity type, start time, measurements and/or
other information via a Wireless Personal Area Network
(WPAN) to a device determining cardiovascular measure-
ments.

[0034] In some embodiments, an activity type may be
inferred from motion sensor measurements. For example,
repetitive patterns in accelerometer measurements (steps,
impact, motion sequences, etc) may be used to identify a
motion signature or unique pattern (present in and/or deter-
mined from) motion sensor signals associated with the
corresponding activity. The signature or pattern may be used
to infer the type of activity. For example, a stored database
of measurements, measurement patterns or measurement
signatures associated with activities may be used to deter-
mine a likely activity type.

[0035] In some embodiments, the motion sensor measure-
ments may be used to determine spectral power in the
motion sensor signal. The spectral power may be correlated
with an activity type. For example, based on the value of the
integrated power in the motion sensor signal, an activity type
may be inferred. The activity type may be used, for example,
by a physiological model to determine likely values of a
cardiovascular parameter (e.g. a likely heart rate), a range
(e.g. alikely heart rate range) and other statistical measures
related to the cardiovascular parameters being determined.
[0036] In some embodiments, based, in part, on the activ-
ity type and/or a physiological model, a likely value of one
or more cardiovascular parameters (e.g. heart rate) may be
estimated. Thus, parameters in the motion sensor spectral
pattern and/or parameters derived from the motion sensor
spectral pattern may be used to determine: (i) an activity
type (e.g. running, bicycling etc.); (ii) an likely value for a
cardiovascular parameter based on the activity type; and/or
(ii1) statistical measures related to the cardiovascular param-
eter based on the activity type. In some embodiments, the
likely value of the one or more cardiovascular parameters
(e.g. likely heart rate) may be used to determine an estimated
value of the one or more cardiovascular parameters (e.g. a
raw heart rate).

[0037] In some embodiments, determination of the esti-
mated value of the one or more cardiovascular parameters
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may be based further on spectral frequency components
present in a motion sensor and/or biometric sensor spectro-
gram. In some embodiments, the likely value of the one or
more cardiovascular parameters (e.g. likely heart rate) may
be used or reported as the estimated or measured value of the
one or more cardiovascular parameters (e.g. raw heart rate)
in situations where spectral frequency components of the
one or more cardiovascular parameters (e.g. heart rate) are
not easily distinguishable from spectral components of
motion.

[0038] These and other techniques are further explained
below with respect to the figures. It is understood that other
aspects will become readily apparent to those skilled in the
art from the following detailed description, wherein it is
shown and described various aspects by way of illustration.
The drawings and detailed description are to be regarded as
illustrative in nature and not as restrictive.

[0039] FIG. 1 shows a block diagram of exemplary device
100 capable of obtaining biometric information in a manner
consistent with disclosed embodiments.

[0040] In FIG. 1, device 100, may take the form of a
mobile station or mobile device such as a wearable device.
Device 100 may be (or may include sections or components)
proximate to and/or in contact with the user’s skin tissue. In
some embodiments, device 100 may be in contact with an
optically and/or an ultrasonically transparent surface, where
the surface is proximate to, or in contact with the user’s skin
tissue.

[0041] In general, the term “skin” or “skin tissue,” as used
herein, is used to refer to cutaneous tissue, or an optically (or
ultrasonically) transparent surface in contact with or in close
proximity to cutaneous tissue. In addition, the term “move-
ment relative to skin” or “movement of the sensor relative to
the skin” is used to refer to movement of any body part under
the biometric sensor(s) (e.g. on device 100) relative to the
biometric sensor(s) 132 measuring one or more cardiovas-
cular parameters. The body parts include skin, bones, cuta-
neous tissue, subcutaneous tissue, etc, under the biometric
sensor(s) all of which may affect measurements by the
biometric sensor(s) 132 when there is relative motion. The
term “cardiovascular” is used to refer to the circulatory
system including the heart, blood, and blood vessels. The
term “cardiovascular parameter” is used to refer to any
parameter that is measured by device 100 and/or biometric
sensor(s) 132 (e.g. directly), or that may derived (e.g.
indirectly) from measurements by device 100 and/or bio-
metric sensor(s) 132. Measurements of the one or more
parameters associated with a user’s cardiovascular system
may be used to obtain various biometric information, includ-
ing a user’s heart rate, oxygen saturation, blood pressure,
pulse wave velocity, etc.

[0042] In general, device 100 may take the form of any
mobile or wearable device such as a watch, wristband, ear
plug, chest band, head band, arm, shoulder, leg or ankle cuff,
and/or another device in contact with skin. In some embodi-
ments, the wearable portion (e.g. watch, wristband, ear plug,
chest band, head band, arm, shoulder. leg or ankle cuff etc.),
which may include biometric sensor(s) 132, may form part
of device 100. In general, the devices and techniques dis-
closed herein may be used in conjunction with biometric
measurements, in instances where motion induced noise
may detrimentally affect the accuracy and/or reliability of
the biometric measurements.
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[0043] The terms “biometric sensor” and “motion sensor”
are used herein to refer to one or more of the respective types
of sensors. Further, the term “biometric sensor” is used to
refer to any type of sensor such as optical sensors, PPG
sensors, ultrasonic sensors, etc., which may be used to
measure cardiovascular parameters (e.g. heart rate) and
where the signals and/or measurements by the biometric
sensor may be affected by motion artifacts (e.g. caused by
motion of the subject). The term “accuracy” refers to the
proximity of a measurement of a parameter to an ideal or
actual value of the parameter. The term “reliability” refers to
the degree of variation in accuracy over a series of mea-
surements.

[0044] In some embodiments, device 100 may provide
functionality associated with a cellular phone, mobile phone,
other wireless communication device and/or a wearable
device coupled to a wireless communication device. For
example, device 100 may be capable of (or operationally
coupled to a device capable of) receiving wireless commu-
nication and/or navigation signals. For example, device 100
(e.g. a mobile phone) may include components or portions
that are in contact with a user’s skin and operationally
coupled to device 100 (e.g. the mobile phone). As another
example, device 100 may take the form of a wearable
computing device, which may also include biometric sensor
(s) 132, a display 180 and/or a camera 110 paired to a
wearable headset, which may include various other compo-
nents. For example, the headset may include a head mounted
display (HMD), which may be used to display live and/or
real world images.

[0045] In some embodiments, device 100 may be a stand-
alone biometric measurement device. The biometric mea-
surement device may, in some instances, be incorporated
into another device such as an activity tracker, gaming or
other device that may not be configured to connect to a
network or to otherwise communicate, either wirelessly or
over a wired connection, with another device. For example,
device 100 may omit communication elements and/or net-
working functionality. Thus, in some embodiments, all or
part of one or more of the techniques described herein may
be implemented in a standalone device that may not be
configured to connect using wired or wireless networking
with another device.

[0046] As shown in FIG. 1, an example device 100 may
include motion sensor 136, biometric sensors 132 (e.g.
optical sensors, PPG sensors, ultrasonic sensors etc.), one or
more processor(s) 150 (hereinafter referred to as “processor
(s) 150”), and memory 160. Device 100 may optionally
include one or more of: sensor bank 130, camera(s) 110,
display 180, and/or transceiver 170. The various compo-
nents listed above may be operatively coupled to each other
and to other functional units (not shown) on device 100
through connections such as buses, lines, fibers, links, etc.,
or some combination thereof.

[0047] When included, camera(s) 110 may comprise
charge coupled devices (CCD), complementary metal oxide
semiconductor (CMOS), and/or various other image sen-
sors. Camera(s) 110, which may be still or video cameras,
may capture a series of image frames of an environment and
send the captured image frames to processor(s) 150. In some
embodiments, images from camera 110 may be used, in part,
to determine user motion. When included, display 180 may
comprise one or more of: a screen, touchscreen, HMD, etc
capable of displaying Graphical User Interfaces (GUISs),
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accepting user input, displaying results, rendering images,
including color images etc. In some embodiments, camera(s)
110, display 180, and/or one or more other components of
device 100 may be may be operationally coupled to, but
housed separately from device 100.

[0048] In some embodiments, device 100 may optionally
include transceiver 170. Transceiver 170 may, for example,
include a transmitter enabled to transmit one or more signals
over one or more types of wireless communication networks
and a receiver to receive one or more signals transmitted
over the one or more types of wireless communication
networks. Transceiver 170 may facilitate communication
with wireless networks based on a variety of technologies
such as, Wireless Personal Area Networks (WPANs) such
Bluetooth, Near Field Communication (NFC), networks
based on the IEEE 802.15x family of standards, etc. In some
embodiments, transceiver 170 may also facilitate commu-
nication with femtocells, Wi-Fi networks or Wireless Local
Area Networks (WLANS), which may be based on the IEEE
802.11family of standards, and/or Wireless Wide Area Net-
works (WWANGS) such as LTE, WiMAX| etc. For example,
in some embodiments, transceiver 170 may facilitate com-
munication with another device such as a server, cell phone,
and/or other computing device, which may be coupled to
one or more of the various networks described above.
[0049] For example, the transceiver 170 may facilitate
communication (directly or indirectly) with a WWAN such
as a Code Division Multiple Access (CDMA) network, a
Time Division Multiple Access (TDMA) network, a Fre-
quency Division Multiple Access (FDMA) network, an
Orthogonal Frequency Division Multiple Access (OFDMA)
network, a Single-Carrier Frequency Division Multiple
Access (SC-FDMA) network, Long Term Evolution (LTE),
WiMax, and so on. A CDMA network may implement one
or more radio access technologies (RATs) such as
cdma2000, Wideband-CDMA (W-CDMA), and so on.
Cdma2000 includes [S-95, IS-2000, and IS-856 standards. A
TDMA network may implement Global System for Mobile
Communications (GSM), Digital Advanced Mobile Phone
System (D-AMPS), or some other RAT. GSM, W-CDMA,
and LTE are described in documents from an organization
known as the “3rd Generation Partnership Project” (3GPP).
Cdma2000 is described in documents from a consortium
named “3rd Generation Partnership Project 2 (3GPP2).
3GPP and 3GPP2 documents are publicly available. The
techniques disclosed herein may be implemented in con-
junction with any combination of WWAN, WLAN and/or
WPAN.

[0050] For example, one or more measurements obtained
by motion sensor 136 and/or biometric sensor 132 on a
device 100 may be sent using transceiver 170 to another
device (e.g. a mobile phone) that may be communicatively
coupled to device 100. The mobile phone may process the
measurements in accordance with disclosed techniques and
send results back to device 100, which may be receive the
results through transceiver 170. The received results may be
further processed by processor (s) 150 and/or displayed
using optional display 180.

[0051] As another example, a device (e.g. a mobile device)
may comprise a wearable portion (e.g. a smartwatch) with
biometric sensor 132 and/or motion sensor 136, which may
send measurements over a WPAN (e.g. Bluetooth) connec-
tion to processor(s) 150, which may process the measure-
ments and cause results to be displayed on display 180.
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Display 180 may form part of one or more of: the wearable
portion (e.g. the smartwatch) of device 100, device 100 (e.g.
the non-wearable portion of the mobile device), and/or
housed separately (e.g. as a head mounted display).

[0052] In some embodiments, camera 110, transceiver
170, and/or one or more other components on device 100
may be omitted. Embodiments disclosed herein may be used
in a standalone device, for example, in a wearable device
that does not include a camera, transceiver 170 and/or
communicate with another device. Thus, in some embodi-
ments, device 100 may obtain measurements from motion
sensor 136 and/or biometric sensor 132. The measurements
may be processed by processor(s) 150 using biometric
processor 155 and/or cardiovascular parameter estimation
(CPE) processor 158 and/or processed based on routines
stored in memory 160. The results obtained (e.g. an esti-
mated heart rate) may be optionally displayed on display
180.

[0053] In some embodiments, biometric sensor 132 may
be an optical sensor, a PPG sensor, ultrasonic sensor etc. For
example, a biometric sensor may take the form of one or
more PPG sensors and/or other sensors that use optical
techniques such as photoplethysmography or impedance
plethysmography to obtain biometric measurements, includ-
ing blood volume measurements. For example, an optical
sensor may output electrical signals based on photometric
measurements related to volumetric changes in blood ves-
sels in skin tissue and/or other measurements of cardiovas-
cular parameters. Various optical sensors are known and
available (e.g. Analog Devices ADPD142RG/ADPD142R1).
For example, optical sensors may be designed to stimulate
LEDs and measure the corresponding optical return signals.
The optical return signals may be sent to processor(s) 150
and/or, in some instances, may be used to estimate some
biometric information such as one or more cardiovascular
parameters (e.g. heart rate). Optical sensor may include
photodiodes and/or LEDs to output light and measure cor-
responding optical return signals. Biometric sensor 132 may
also take the form of an ultrasonic sensor where a reflected
ultrasonic signal (such as an ultrasonic pulse) may be used
to detect the motion of a blood vessel wall and obtain
cardiovascular parameter (e.g. heart rate) information.
[0054] In some embodiments, biometric sensor 132 may
measure one or more parameters associated with a user
cardiovascular system and provide biometric and/or cardio-
vascular parameter related (e.g. heart rate) information. In
some embodiments, the biometric (e.g. cardiovascular
parameter measurements such as heart rate) related infor-
mation may be provided at some specified rate. For example,
biometric sensor 132 may provide measured samples at a
user-specified or default sampling rate to processor(s) 150.
In some embodiments, the sampling rate of biometric sensor
132 may be configurable. For example, for heart rate related
measurements, biometric sensor 132 typically provides
samples at a rate greater than twice a maximum heart rate.
For example, a sampling rate of 20 Hz may be used. In some
embodiments, the samples provided by biometric sensor 132
may be buffered in memory 160 and conditioned prior to
being processed by processor(s) 150.

[0055] In certain example implementations, device 100
may also include motion sensor 136, which may take the
form of an Inertial Measurement Unit (IMU) and/or accel-
erometers and/or gyroscopes. Motion sensor 136 may
include one or more gyroscopes and/or one or more accel-
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erometers. Motion sensor 136 may be a Micro Electro-
Mechanical System (MEMS) based sensors. Motion sensor
136 may provide movement related information to processor
(s) 150. In some embodiments, the movement related infor-
mation may be provided at some specified rate. For example,
motion sensor 136 may provide measured samples at a
user-specified or default sampling rate to processor(s) 150.
In some embodiments, the sampling rate of motion sensor
136 may be configurable. In some embodiments, the
samples provided by motion sensor 136 in some predeter-
mined or configured time window may be conditioned and
buffered in memory 160 and prior to being processed by
processor(s) 150. Device 100 may also optionally include
sensor bank 130, which may include various other sensors
such as ambient light sensors, acoustic sensors, electro-
mechanical sensors, etc.

[0056] Further, in some embodiments, the time window
over which the sample measurements are obtained (e.g. from
biometric sensor 132) may be configurable. In some
embodiments, the time window may be user configurable or
default to one of several options based on an operating mode
of device 100. For example, the time window may be
adjusted based on input from a physiological model related
to a user activity type. In some embodiments, the activity
type may be inferred from motion sensor measurements (e.g.
from motion sensor 136) and, based on the inferred activity
type, a physiological model may provide input to processor
(s) 150 to configure a time window for measurements. In
some embodiments, the time window may be configured
based further on whether the measurements are being cap-
tured continuously, or in a “one shot” mode, and/or based on
the available memory and desired response time, and/or
accuracy/reliability constraints set by the user.

[0057] In some embodiments, a heart rate range, a maxi-
mum heart rate, and/or minimum heart rate, and/or a sam-
pling interval may be set, reset, and/or provided to processor
(s) 150 based on one or more of: motion sensor signal
measurements (e.g. from motion sensor 136), activity type,
and/or input from a physiological model. For example,
based on motion sensor measurements, an activity type may
be determined. Further, based on a physiological model
associated with the activity type, device 100 may dynami-
cally determine a user’s likely heart rate, and/or determine
that the user’s heart rate range is between a maximum heart
rate and a minimum heart rate.

[0058] Processor(s) 150 may execute software to process
measurements by biometric sensor 132, motion sensor 136,
and/or sensor bank 130. Processor(s) 150 may be imple-
mented using some combination of hardware, firmware, and
software. Processor(s) 150 may represent one or more
circuits configurable to perform at least a portion of a
computing procedure or process related to processing sensor
measurements and/or obtaining biometric information (e.g.
cardiovascular parameters such as heart rate) derived from
the measurements. Processor(s) 150 may retrieve instruc-
tions and/or data from memory 160. In some embodiments,
processor(s) 150 may comprise biometric processor 155,
which may execute or facilitate the execution of various
biometric applications. In some embodiments, processor(s)
150 may also comprise exemplary cardiovascular parameter
estimation (CPE) processor 158, which may facilitate car-
diovascular parameter estimation as outlined further in the
disclosure.
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[0059] In some embodiments, processor(s) 150 may
include biometric processor 155 and/or CPE processor 158,
which may be implemented using some combination of
hardware and software. For example, in one embodiment,
biometric processor 155 and/or CPE processor 158 may be
implemented using software and/or firmware. In another
embodiment, dedicated circuitry, such as Application Spe-
cific Integrated Circuits (ASICs), Digital Signal Processors
(DSPs), etc. may be used to implement biometric processor
155 and/or CPE processor 158. In some embodiments,
biometric processor 155 and/or CPE processor 158 may
include functionality to communicate with one or more other
processors and/or other components on device 100.

[0060] Insome embodiments, input from biometric sensor
132 and motion sensor 136, and/or biometric information
derived (e.g. by biometric processor 155) from cardiovas-
cular measurements by biometric sensor 132 and/or motion
sensor 136 may be provided to CPE processor 158, which
may output cardiovascular parameters such as a heart rate
and/or one or more quality metrics associated with the
output cardiovascular parameters (e.g. heart rate). In some
embodiments, the measured signals from biometric sensor
132 and motion sensor 136 may be buffered in memory 160
and conditioned prior to being processed by processor(s)
150, biometric processor 155, and/or CPE processor 158.
For example, the buffered signals may processed by clamp-
ing to remove noise spikes, passing the signals through a
high pass filter to remove DC and low frequency compo-
nents and analyzed statistically to discard outliers.

[0061] All or part of memory 160 may be co-located (e.g.,
on the same die) with processors 150 and/or located external
to processors 150. Processor(s) 150 may be implemented
using one or more application specific integrated circuits
(ASICs), central and/or graphical processing units (CPUs
and/or GPUs), digital signal processors (DSPs), digital sig-
nal processing devices (DSPDs), programmable logic
devices (PLDs), field programmable gate arrays (FPGAs),
controllers, micro-controllers, microprocessors, embedded
processor cores, electronic devices, other electronic units
designed to perform the functions described herein, or a
combination thereof, to name a few examples.

[0062] Memory 160 may represent any type of long term,
short term, volatile, nonvolatile, or other memory and is not
to be limited to any particular type of memory or number of
memories, or type of physical media upon which memory is
stored. In some embodiments, memory 160 may hold code
(e.g. instructions that may be executed by one or more
processors) to facilitate various biometric and/or cardiovas-
cular (e.g. heart rate) estimation methods. Memory 160 may
also include buffers to store the signal measurements
received from motion sensor 136 and biometric sensor 132
and to store intermediate data and processed results.

[0063] Insome embodiments, memory may hold code and
data for physiological models, which may be used to provide
input to processor(s) 150. The physiological model may be
an application running on processor(s) 150. In some
embodiments, the data for the physiological models may
include stored measurements from sensors and/or other
aggregated sensor measurement information, and/or statis-
tical information derived from sensor measurements. Infor-
mation associated with or determined by the physiological
mode] may be stored in one or more databases in memory
160.



US 2018/0160912 Al

[0064] In general, memory 160 may represent any data
storage mechanism. Memory 160 may include, for example,
a primary memory and/or a secondary memory. Primary
memory may include, for example, a random access
memory, read only memory, etc. While illustrated in FIG. 1
as being separate from processors 150, it should be under-
stood that all or part of a primary memory may be provided
within or otherwise co-located and/or coupled to processors
150. For example, in one embodiment, conditioned signal
measurements from biometric sensor 132 and/or motion
sensor 136 may be stored in primary memory.

[0065] Secondary memory may include, for example, the
same or similar type of memory as primary memory and/or
one or more data storage devices or systems, such as, for
example, flash/USB memory drives, memory card drives,
disk drives, optical disc drives, tape drives, solid state
drives, hybrid drives etc. In certain implementations, sec-
ondary memory may be operatively receptive of, or other-
wise configurable to couple to a computer-readable medium
in a removable media drive (not shown) coupled to device
100. In some embodiments, a non-transitory computer read-
able medium may form part of memory 160 and/or proces-
sor(s) 150.

[0066] Not all components comprised in device 100 have
been shown in FIG. 1. Further, device 100 may also be
modified in various ways in a manner consistent with the
disclosure, such as, by adding, combining, or omitting one
or more of the functional blocks shown. For example, in
some configurations, device 100 may not include transceiver
170. In some embodiments, portions of device 100 may take
the form of one or more chipsets, and/or the like.

[0067] FIG. 2 shows device 100 with biometric sensor
132, which may measure and output biometric signal
samples related to cardiovascular parameters (e.g. volumet-
ric measurements of blood vessels near the skin surface).
The biometric signal measurement samples (e.g. from bio-
metric sensor 132) may be input to one or more of processor
(s) 150, biometric processor 155 and/or CPE processor 158.
Because of user movements, biometric sensor signal mea-
surement samples may contain noise or other artifacts. For
example, if the amount of skin contact varies the quality of
the biometric sensor signal measurements may be affected.
[0068] In some embodiments, motion sensor 136 may
measure motion relative to skin and output signal samples
dependent on the motion. In some embodiments, signals
from both biometric sensor 132 and motion sensor 136 may
be output via electronic interfaces 210-1 and 210-2, respec-
tively, to processor(s) 150. In some embodimerts, electronic
interfaces 210-1 and 210-2 may perform a portion of the
conditioning of signals from biometric sensor 132 and
motion sensor 136. The conditioned signals may be buffered
(e.g. in memory 160) and processed by processor(s) 150.
[0069] FIG. 3A shows an example spectrogram 300 based
on the output of a PPG sensor depicting frequencies (in beats
per minute) present over some time period. FIG. 3B shows
an example spectrogram 350 based on the output of a motion
sensor depicting frequencies (in beats per minute) present
over some time period. In FIGS. 3A and 3B, the power
spectra data is plotted with the vertical axis in beats per
minute and the intensity of the plot represents the power at
that frequency and time.

[0070] The frequencies shown in the spectrograms of
FIGS. 3A and 3B may be obtained, for example, from the
corresponding (PPG or motion sensor) buffered time domain
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signal using Fast Fourier Transform (FFT) or similar tech-
niques. The magnitudes of the FFT of the input biometric
and motion signals may be squared to obtain the correspond-
ing power spectrum for each signal.

[0071] The frequencies shown in FIGS. 3A and 3B may
include a fundamental frequency related to a periodic physi-
cal event and multiples or “harmonics” of the fundamental
frequency. The term “fundamental frequency” is used to
refer to the lowest frequency produced by a measured
periodic, oscillatory, or harmonic event. For example, a
fundamental frequency associated with biometric sensor 132
may be related to the heart rate of a user. A fundamental
frequency associated with motion sensor 136 may be related
to a user motion or an activity type (e.g. running etc).
[0072] Spectrogram 300 in FIG. 3A shows a motion
related frequency 310 (at approximately 60 beats per min-
ute) and harmonics 320 of the motion related frequency.
Spectrogram 350 in FIG. 3B also shows a corresponding
motion related frequency 360 (at approximately 60 beats per
minute) and harmonics 370 of the motion related frequency.
From a comparison of frequencies present in spectrograms
300 and 350, frequency 330 (approximately 75 beats per
minute), which is present in the PPG spectrogram 300 but
not in the motion sensor spectrogram 350 may be deter-
mined to be the heart rate. Frequency 330, which is present
in PPG spectrogram but not in motion sensor spectrogram
350, may be selected as an estimated heart rate.

[0073] FIG. 4A shows an example spectrogram 400 based
on the output of a PPG sensor depicting frequencies (in beats
per minute) present over some time period. FIG. 4B shows
an example spectrogram 450 based on the output of a motion
sensor depicting frequencies (in beats per minute) present
over some time period.

[0074] The frequencies shown in the spectrograms of
FIGS. 4A and 4B may be obtained, for example, from the
corresponding (PPG or motion sensor) buffered time domain
signal using Fast Fourier Transform (FFT) or similar tech-
niques. The magnitudes of the FFT of the input biometric
and motion signals may be squared to obtain the correspond-
ing power spectrum for each signal. Further, in FIGS. 4A
and 4B, the power spectra data is plotted with the vertical
axis in beats per minute and the intensity of the plot
representing the power at that frequency and time.

[0075] Spectrogram 400 in FIG. 4A shows a motion
related frequency 410 (at approximately 50 beats per min-
ute) and harmonics 420 of the motion related frequency.
Spectrogram 450 in FIG. 4B also shows a corresponding
motion related frequency 460 (at approximately 50 beats per
minute) and harmonics 470 of the motion related frequency.
Because spectrograms 400 and 450 are substantially similar,
conventional techniques may be unable to determine a heart
rate (or other cardiovascular parameter). Specifically, FIGS.
4A and 4B depict a “heart rate equals cadence” scenario
where a separate heart rate signal cannot be easily discerned
using conventional techniques.

[0076] In FIG. 4A, the actual heart rate 430 of the subject
is approximately 100 beats per minute, which coincides (or
nearly coincides) with the second harmonic of the motion
sensor signal. Therefore, conventional techniques may not
be able to estimate a heart rate in instances where the heart
rate coincides with the motion sensor signal or with one of
its harmonics.

[0077] Some disclosed embodiments improve the accu-
racy and/or reliability of measured signals relating to one or
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more cardiovascular parameters from a biometric sensor. In
some embodiments, robust cardiovascular parameter (e.g.
heart rate) estimation using biometric sensors (e.g. optical,
Photoplethysmograph (PPG), and/or ultrasonic sensors)
coupled to a motion sensor (e.g. accelerometer, inertial
measurement unit (IMU), gyroscopes etc) may be facili-
tated, in part, by using a physiological model to determine
one or more cardiovascular parameters (e.g. a likely heart
rate).

[0078] FIG. 5A shows a flowchart depicting an exemplary
method 500 of obtaining biometric information (e.g. one or
more cardiovascular parameters such heart rate) based on
biometric and motion sensor signal measurements in accor-
dance with some disclosed embodiments. In some embodi-
ments, some or all of method 500 may be performed by
device 100 (e.g. using one or more of processor(s) 150,
biometric processor 155 and/or CPE processor 158) based,
in part, on cardiovascular parameter measurements by bio-
metric sensor 132 and measurements by motion sensor 136.
[0079] In some embodiments, in block 520, biometric and
motion sensor signals may be sampled periodically to obtain
biometric sensor signal measurements 505 and motion sen-
sor signal measurements 515. In Biometric and Motion
Sensor Signal Sampling, Conditioning and Buffering block
520, measured signal samples including biometric sensor
signal measurements 505 and motion sensor signal mea-
surements 515 may be conditioned (e.g. to remove outliers
and noise artifacts) and buffered (e.g. stored in memory
160).

[0080] In block 525, a biometric (e.g. optical, PPG, ultra-
sonic etc.) sensor frequency spectrogram and a motion
sensor (e.g. accelerometer) frequency spectrogram may be
obtained. For example, the biometric sensor frequency spec-
trogram and a motion sensor frequency spectrogram may be
obtained from the respective (biometric or motion sensor)
buffered time domain signals using FFT or similar tech-
niques.

[0081] For example, FFT may be performed on buffered
and conditioned (a) biometric sensor measurement samples
and (b) motion sensor measurement samples using a moving
time window (e.g. a time interval of several seconds prior to
the current time). In one embodiment, Fast Fourier Trans-
form (FFT) based techniques may be used on the biometric
and motion sensor input signal samples to obtain a fre-
quency domain representation of the input signals. The
magnitudes of the FFT of the input biometric and motion
signals may be squared to obtain the corresponding power
spectrum for each signal. Techniques other than simple FFT
such as non-parametric methods such as Welch’s method, or
parametric methods, such as autoregressive model estima-
tion, may be used to obtain the power spectrum of the
conditioned biometric and motion sensor signals in the input
buffer. In some embodiments, parameters (such as frequen-
cies, signal power etc) associated with the power spectra
data may be timestamped and recorded.

[0082] In block 530, if biometric sensor signals in bio-
metric sensor spectrogram are not obscured by motion (“Y”
in block 530) then, in block 550, the one or more cardio-
vascular parameters (e.g. a raw heart rate) may be deter-
mined based on the biometric sensor spectrogram. In block
550, the one or more cardiovascular parameters (e.g. a raw
heart rate) may be determined from a comparison of the
motion sensor frequency spectrum and the biometric sensor
frequency spectrum using any known technique. For
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example, a frequency in the biometric spectrogram that is
not present in the motion sensor spectrogram and satisfies
other signal and/or quality parameters may be selected as a
raw heart rate. Block 560 may then be invoked.

[0083] Insome embodiments, in block 550, a fundamental
frequency associated with a cardiovascular parameter in the
biometric sensor signal may be determined by: removing
frequencies associated with the frequency domain represen-
tation of the motion sensor signal from the frequency
domain representation of the biometric sensor signal. The
fundamental frequency associated with associated with the
cardiovascular parameter in the biometric sensor signal may
then be determined from frequencies remaining in the fre-
quency domain representation of the biometric sensor signal
(i.e. after removal of frequencies associated with the fre-
quency domain representation of the motion sensor signal).
[0084] For example, frequencies identified in the motion
sensor spectrogram may be removed from the biometric
sensor spectrogram as outlined previously. Further, a set of
frequencies (e.g. harmonics) associated with a fundamental
frequency in biometric sensor spectrogram may be deter-
mined and the fundamental frequency may be identified. In
some embodiments, estimated values of cardiovascular
parameters (e.g. a raw heart rate) may be determined based
on a corresponding fundamental frequency in the biometric
sensor spectrogram.

[0085] In block 530, when a fundamental frequency asso-
ciated with a cardiovascular parameter is not discernible
from a comparison of the biometric and motion sensor
spectrograms (“N” in block 530) then, in block 550, esti-
mated values for one or more cardiovascular parameters
(e.g. raw heart rate) may be determined based on biometric
and motion sensor spectra and input provided by physiologi-
cal model 535. For example, in block 530, a heart rate may
not be easily determinable from the biometric sensor fre-
quency spectrogram in a heart rate equal cadence scenario or
when biometric sensor signals in biometric sensor spectro-
gram are obscured by motion.

[0086] Insome embodiments, in block 550, if one or more
cardiovascular parameters cannot be determined from a
comparison of the motion sensor frequency spectrum and
the biometric sensor frequency spectrum, then an activity
type may be determined based on the frequency domain
representation of the motion sensor signal. In some embodi-
ments, based on the determined activity type, physiological
model 535 may provide a corresponding likely value for
each of the one or more cardiovascular parameters. For
example, based on the activity type, physiological model
535 may provide information related to the one or more
cardiovascular parameters including one or more of: a likely
value for the cardiovascular parameters (e.g. a likely heart
rate) and/or cardiovascular parameter statistics (e.g. maxi-
mum, minimum, average, median, or mode, standard devia-
tion, variance etc for the cardiovascular parameters—such
as heart rate).

[0087] Insome embodiments, when identifying an activity
based on a motion related signal or a cardiovascular or heart
rate related signal, spectral frequency content may be exam-
ined for patterns of multiples of a fundamental frequency.
For example, referring to FIGS. 3A and 3B, these sets of
harmonics are: (a) fundamental frequency 310 and its har-
monics 320 (in FIG. 3A); and (b) fundamental frequency
360 and its harmonics 370 (in FIG. 3B), respectively. In
FIGS. 4A and 4B, the sets of harmonics are shown as: (a)
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fundamental frequency 410 and its harmonics 420 (in FIG.
3A); and fundamental frequency 460 and its harmonics 470
(in FIG. 3B), respectively.

[0088] In some embodiments, all spectral frequency
peaks, at any one time, may be examined to see if they fall
into a set of harmonics. In some embodiments, to determine
an activity type, signals in a set of harmonics may be
combined to obtain a measure of power in the corresponding
set of harmonics and identify the strongest repeating signals.
The signals from multiple spectral peaks may be combined
using one or more of the following methods: the spectral
peak values may be added; the integrated signal in the
spectral peaks may be added; the number of spectral peaks
in the set may be counted; and/or the width of individual
peaks within the set of harmonics may be combined or
averaged. In some embodiments, a temporal rate of change
of spectral peak locations in the set of harmonics may be
used along with one or more metrics above to determine an
activity type. The temporal rate of change of spectral peak
locations in the set of harmonics may provide an indication
of changes in the intensity of the activity.

[0089] The spectral peaks may be obtained as the power in
the signal, the amplitude of the signal, or in some other
functional form. Once a value representing a measure of
power is determined for a set of harmonics, the measure of
power may be compared with the corresponding measures of
power for other sets of harmonics to determine the strongest
set and/or compared against thresholds. In some embodi-
ments, empirical data may be used to determine power
thresholds that separate activity types. For example, the
empirical data may be obtained from multiple users (e.g.
from a population sample), may be user-specific, or a
combination thereof. In some embodiments, input pertaining
to the location of device 100 and/or motion sensor 136 on a
subject (e.g. arm, shoulder, wrist, chest, ankle, head etc) may
be used to inform threshold selection. For example, different
thresholds may be used for a given activity based on the
location of device 100 and/or motion sensor 136 on a
subject.

[0090] In some embodiments, a user profile may also be
used to determine power thresholds that separate activity
types. For example, device 100 may request input (e.g. a
confirmation of a determined activity type or input of the
activity type) from a user when the user performs an activity
type. In some embodiments, power thresholds that are both
user-specific and activity-specific may be determined based
on aggregated measurements for the user for each activity
type. In some embodiments, the user-specific and activity-
specific power thresholds may further be varied based on the
location of device 100 and/or motion sensor 136 on a
subject. For example, the location of device 100 and/or
motion sensor 136 on a subject may be determined from a
user-profile or a user-input.

[0091] In some embodiments, the measure of power asso-
ciated with the strongest set of harmonics may be used to
determine an activity type. In some embodiments, activity
types may be correlated with measures of power. Thus, when
a measure of power is known an activity type may be
determined. In some embodiments, the correlation may be
user-specific. Referring to FIG. 5A, in some embodiments,
the activity type may be provided to physiological model
535.

[0092] FIG. 5B shows exemplary accelerometer spectral
pattern 570 from bicycling, In FIG. 5B, spectral response
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570 shows motion from a wrist worn accelerometer for
bicycling (activity type). The horizontal axis shows time in
seconds and the vertical axis shown the temporal frequency
in cycles per minute. The intensity of the plot represents the
power at that frequency and time. Spectral response 570
shows the broad spectrum of vibrations ranging from a low
572 of around 20 cycle/minute and more intense frequency
bands 576 near 50 cycle/minute as well as more intense
frequency bands 578 around 220 cycle/minute. The vertical
bands 580 correspond to strong and sudden motion of the
accelerometer. In some embodiments, based on the spectral
power and/or the periodic strong surges of motion, an
activity type (e.g. bicycling) may be determined. In some
embodiments, the spectral power in the motion sensor signal
may be correlated with an activity type. For example, based
on the value of the integrated power in the motion sensor
signal, activity type 545 may be inferred. Thus, parameters
in the spectral pattern in FIG. 5B, and/or parameters derived
from the spectral pattern in FIG. 5B, may be used to
determine a bicycling activity type. In some embodiments,
an activity type may be determined from an analysis of
motion sensor signals based on signatures or patterns asso-
ciated with the motion sensor signals (e.g. as outlined above
for bicycling).

[0093] In some embodiments, a cumulative probability
distribution function of a classifier metric may be used
determine a likely activity type. The value of cumulative
distribution function (cdf) is the probability that a corre-
sponding continuous random variable (e.g. the classifier
metric X) has a value less than or equal to the argument of
the function. Mathematically, this may be expressed as
F(x)=P(X=x).

[0094] FIG. 5C shows a plot of the power spectral density
(the classifier metric) against the cumulative probability
distribution for various activity types. In FIG. 5C, each
curve corresponds to a distinct activity type. As shown in
FIG. 5C, the plots of the power spectrum distribution against
the cdf for Activity 1590, Activity 2 592, and Activity 3 594
are spread over different regions of the graph. Accordingly,
by setting appropriate thresholds for the values of the power
spectrum distribution, activity types may be differentiated.

[0095] Referring to FIG. 5A, in some embodiments, an
activity type 545 may be provided by an activity tracker (e.g.
a device communicatively coupled to device 100; or an
application running on or communicatively coupled to
device 100). Activity type 545 may be provided to physi-
ological model 535, which may, based on the activity type
545, provide one or more cardiovascular parameters includ-
ing one or more of: a likely heart rate, heart rate statistics
(e.g. maximum, minimum, average, median, or mode, stan-
dard deviation, variance), heart rates based on elapsed time
since the start of the activity and other measures.

[0096] In some embodiments, physiological model 535
may provide likely cardiovascular parameter values for the
cardiovascular parameters (e.g. a likely heart rate), which
may be: (a) user-specific, (b) activity specific or (c) both
user-specific and activity-specific. Further, because cardio-
vascular parameters may vary based on the length of time
that a user indulges in an activity, in some embodiments, the
likely values of the cardiovascular parameters and/or car-
diovascular parameter statistics may be correlated with
elapsed time from start of the activity when the start time is
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known or can be determined (e.g. based on measurements by
the motion sensor 136, or input from an activity tracker, or
user-input).

[0097] In some embodiments, physiological model 535
may include user-specific information such as a minimum or
maximum heart rate, average heart rate, which may further
be classified by activity type and/or correlated with time
from start of the activity, age, gender, history of exercise,
maximal oxygen consumption (VO, max) for the user. In
some embodiments, when user-specific information is
unavailable (e.g. when there are no prior recorded measure-
ments), default values (e.g. obtained from a general popu-
lation sample) for cardiovascular parameters (e.g. heart rate)
for the activity type may be used. The default values may be
augmented and/or replaced with user-specific information as
information is captured based on motion sensor (or activity
tracker) measurements. In some embodiments, available
user-specific information may be used to obtain more tai-
lored default values. For example, when the age of the user
is known (but no user-specific activity history is available),
the default likely values and/or statistics of the cardiovas-
cular parameters for the activity type may be age-specific.
As another example, when VO, max is known or available,
the default likely values and/or statistics of the cardiovas-
cular parameters for the activity type may be based on the
values of VO, max.

[0098] In some embodiments, in block 550, estimated
values for the one or more cardiovascular parameters (e.g. a
raw heart rate) may be determined based, in part, on the
likely values of the one or more cardiovascular parameters
(e.g. likely heart rate), which may be provided by physi-
ological model 535. In some embodiments, in block 550, for
each cardiovascular parameter, a corresponding fundamen-
tal frequency in the biometric sensor signal may be deter-
mined based on frequencies present in the frequency domain
representation of the motion sensor signal. For example, the
likely values of the one or more cardiovascular parameters
(e.g. provided by the physiological model) may each be
correlated with a corresponding frequency. In some embodi-
ments, the fundamental frequency associated with a cardio-
vascular parameter in the biometric sensor signal may be
determined from frequencies present in the frequency
domain representation of the motion sensor signal that are
proximate (e.g. using some statistical measure) to the fre-
quency associated with the corresponding likely value of the
cardiovascular parameter.

[0099] For example, the likely value of the cardiovascular
parameter (e.g. likely heart rate) and statistical parameters
(e.g. an average heart rate and a standard deviation) related
to a cardiovascular parameter (e.g. heart rate) may be
correlated with a first frequency ;. Frequency f;, may be
used to narrow the search space in the frequency domain
representation of the motion sensor signal. For example, a
frequency f, that is proximate (by some statistical measure)
to frequency f; in the frequency domain representation of the
motion sensor signal may be determined to be the funda-
mental frequency associated with the cardiovascular param-
eter in the biometric sensor signal. An estimated value of the
cardiovascular parameter (e.g. a raw heart rate) may then be
determined based on the frequency f, in frequency domain
representation of the motion sensor signal. In the example
above (heart rate equal cadence), as one possibility, a
frequency f, present in the frequency spectrogram of the
motion sensor that is closest to frequency f, may be deter-
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mined to be the fundamental frequency associated with the
cardiovascular parameter in the biometric sensor signal. As
another example, when heart rate equal cadence occurs, a
frequency f, present in the frequency spectrogram of the
motion sensor that falls within some interval (e.g. one
standard deviation) of the frequency f; may be determined to
be the fundamental frequency associated with a cardiovas-
cular parameter in the biometric sensor signal. In some
embodiments, frequency f; may be directly selected as the
fundamental frequency associated with a cardiovascular
parameter in the biometric sensor signal (i.e. frequency f,
may be set equal to frequency f; (£,=f))).

[0100] As outlined above, an estimated value of the car-
diovascular parameter (e.g. a raw heart rate) may then be
determined based on the frequency f, in frequency domain
representation of the motion sensor signal. In some embodi-
ments, the likely heart rate (e.g. provided by physiological
model 535) may be directly used as the raw heart rate. In
some embodiments, one of the average, mode, or median or
likely heart rate (as provided by the physiological model
535) may be selected as the raw heart rate.

[0101] In block 560, the one or more estimated cardio-
vascular parameters (e.g. raw heart rate) may be refined
based on other signal measurements/parameters to obtain a
refined estimate of the cardiovascular parameters (e.g. a final
heart rate) and a quality metric 565. The quality metric may
provide an indication of the reliability of the refined estimate
of the cardiovascular parameters (e.g. final heart rate). For
example, a higher quality metric may be used when the one
or more cardiovascular parameters (e.g. a heart rate) is
discernible from a comparison of the motion sensor and
biometric sensor frequency spectrograms. As another
example, the quality metric may be adjusted based on how
closely the final frequency of the cardiovascular parameters
(e.g. final heart rate) corresponds to the likely frequency of
the cardiovascular parameters (e.g. heart rate) predicted by
the physiological model. As a further example, the quality
metric may reflect the confidence (or likelihood) of the
activity type input from the activity tracker and/or predicted
or inferred based on motion sensor signals. In some embodi-
ments, the quality metrics may be based on a signal to noise
ratio (SNR). For example, the ratio of the magnitude of the
biometric signal (signal) to the magnitude of the motion
signal (noise) may be used, at least in part, to derive a quality
metric.

[0102] Insome embodiments, another iteration of method
500 may then commence from step 520.

[0103] FIG. 6 shows a flowchart depicting an exemplary
method 600 of obtaining biometric information (e.g. one or
more cardiovascular parameters such as heart rate) based on
biometric and motion sensor signal measurements in accor-
dance with some disclosed embodiments. In some embodi-
ments, some or all of method 600 may be performed by
device 100 (e.g. using one or more of processor(s) 150,
biometric processor 155 and/or CPE processor 158) based,
in part, on cardiovascular parameter measurements received
from biometric sensor 132 and measurements by motion
sensor 136.

[0104] In some embodiments, in block 520, biometric and
motion sensor signals may be sampled periodically to obtain
biometric sensor signal measurements 505 and motion sen-
sor signal measurements 515. In Biometric and Motion
Sensor Signal Sampling, Conditioning, and Buffering block
520, measured signal samples including biometric sensor
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signal measurements 505 and motion sensor signal mea-
surements 515 may be conditioned (e.g. to remove outliers
and noise artifacts) and buffered (e.g. stored in memory
160).

[0105] In block 525, a biometric (e.g. optical, PPG, ultra-
sonic, etc) sensor frequency spectrogram and a motion
sensor (e.g. accelerometer) frequency spectrogram may be
obtained. For example, the biometric sensor frequency spec-
trogram and a motion sensor frequency spectrogram may be
obtained from the corresponding respective (biometric or
motion sensor) buffered time domain signals using FFT or
similar techniques.

[0106] For example, FFT may be performed on buffered
and conditioned (a) biometric sensor measurement samples
and (b) motion sensor measurement samples using a moving
time window (e.g. a time interval of several seconds prior to
the current time). In one embodiment, Fast Fourier Trans-
form (FFT) based techniques may be used on the biometric
and motion sensor input signal samples to obtain a fre-
quency domain representation of the input signals. The
magnitudes of the FFT of the input biometric and motion
signals may be squared to obtain the corresponding power
spectrum for each signal. Techniques other than simple FFT
such as non-parametric methods such as Welch’s method, or
parametric methods, such as autoregressive model estima-
tion, may be used to obtain the power spectrum of the
conditioned biometric and motion sensor signals in the input
buffer. In some embodiments, parameters (such as frequen-
cies, signal power etc) associated with the power spectra
data may be timestamped and recorded.

[0107] In block 650, estimated values for one or more
cardiovascular parameters (e.g. a raw heart rate) may be
determined based on the biometric sensor frequency spec-
trogram, motion sensor frequency spectrogram, and input
provided by physiological model 535.

[0108] For example, when biometric sensor signals in
biometric sensor spectrogram are not obscured by motion
then, in block 650, the one or more cardiovascular param-
eters (e.g. a raw heart rate) may be determined based on the
biometric sensor spectrogram. When biometric sensor sig-
nals are not obscured by motion, the one or more cardio-
vascular parameters (e.g. a raw heart rate) may be deter-
mined from a comparison of the motion sensor frequency
spectrum and the biometric sensor frequency spectrum using
any known technique. For example, a frequency in the
biometric spectrogram that is not present in the motion
sensor spectrogram and satisfies other signal and/or quality
parameters may be selected as a raw heart rate. Block 560
may then be invoked.

[0109] Insome embodiments, in block 650, a fundamental
frequency associated with a cardiovascular parameter in the
biometric sensor signal may be determined by: removing
frequencies associated with the frequency domain represen-
tation of the motion sensor signal from the frequency
domain representation of the biometric sensor signal. The
fundamental frequency associated with associated with the
cardiovascular parameter in the biometric sensor signal may
then be determined from frequencies remaining in the fre-
quency domain representation of the biometric sensor signal
(i.e. after removal of frequencies associated with the fre-
quency domain representation of the motion sensor signal).
[0110] In some embodiments, in block 650, for each
cardiovascular parameter, the corresponding fundamental
frequency in the biometric sensor signal may be determined

Jun. 14,2018

based on frequencies present in the frequency domain rep-
resentation of the motion sensor signal (e.g. in instances
where heart rate equal cadence occurs). For example, a heart
rate may not be easily determinable from the biometric
sensor frequency spectrogram in a heart rate equal cadence
scenario or when biometric sensor signals in biometric
sensor spectrogram are obscured by motion.

[0111] In some embodiments, in block 650, when a fun-
damental frequency associated with a cardiovascular param-
eter is not discernible from a comparison of the biometric
and motion sensor spectrograms, then, an activity type may
be determined based on the frequency domain representation
of the motion sensor signal. In some embodiments, based on
the determined activity type, physiological model 535 may
provide a corresponding likely value for each of the one or
more cardiovascular parameters. For example, physiological
model 535 may provide information related to the one or
more cardiovascular parameters including one or more of: a
likely value for the cardiovascular parameters (e.g. a likely
heart rate) and/or cardiovascular parameter statistics (e.g.
maximum, minimum, average, median, or mode, standard
deviation, variance etc for the cardiovascular parameters—
such as heart rate).

[0112] In some embodiments, to determine an activity
type, signals in a set of harmonics may be combined to
obtain a measure of power in the set of harmonics and
identify the strongest repeating signals. The signals from
multiple spectral peaks may be combined in a variety of
methods: the spectral peak values may be added, the inte-
grated signal in the spectral peaks may be added, the number
of spectral peaks in the set may be counted; and/or the width
of individual peaks within the set of harmonics may be
combined or averaged. The spectral peaks may be obtained
as the power in the signal, the amplitude of the signal, or
some other functional form.

[0113] In some embodiments, the measure of power asso-
ciated with the strongest (highest measure of power) set of
harmonics may be used to determine an activity type. Once
a value for the measure of power is determined for a set of
harmonics, the measure of power may be compared with the
corresponding measures of power for other sets of harmon-
ics to determine the strongest set and/or compared against a
threshold to identify an activity type. In some embodiments,
one or more threshold values (which may be determined
empirically) may be associated with each activity type. For
example, for each activity type, the corresponding power
spectral density may be plotted against the cdf to determine
appropriate thresholds for the activity type.

[0114] In some embodiments, the spectral power in the
motion sensor signal may be correlated with an activity type.
For example, based on the value of the integrated power in
the motion sensor signal, activity type 545 may be inferred.
In some embodiments, a spectral pattern (e.g. as in FIG. 5B)
and/or parameters derived from the spectral pattern, may be
used to determine activity type 545 (e.g. bicycling). In some
embodiments, an activity type may be determined from an
analysis of motion sensor signals based on a signature or
pattern associated with the motion sensor signals (e.g. as
outlined above for bicycling). In some embodiments, activ-
ity types may be correlated with measures of power. In some
embodiments, the correlation may be user-specific. In some
embodiments, the activity type may be provided to physi-
ological model 535.
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[0115] Insome embodiments, a temporal rate of change of
spectral peak locations in the set of harmonics may be used
along with one or more metrics above to determine an
activity type. The temporal rate of change of spectral peak
locations in the set of harmonics may provide an indication
of changes in the intensity of the activity.

[0116] In some embodiments, physiological model 535
may provide likely cardiovascular parameter values for the
cardiovascular parameters (e.g. a likely heart rate), which
may be: (a) user-specific, (b) activity specific or (c) both
user-specific and activity-specific. Further, in some embodi-
ments, the likely values of the cardiovascular parameters
and/or cardiovascular parameter statistics may be correlated
with elapsed time from start of the activity when the start
time is known or can be determined.

[0117] In some embodiments, as outlined above, physi-
ological model 535 may include user specific information
such as a minimum or maximum heart rate, average heart
rate, which may further be classified by activity type and/or
correlated with time from start of the activity, age, gender,
history of exercise, maximal oxygen consumption (VO,
max) for the user. In some embodiments, when user-specific
information is unavailable (e.g. when there are no prior
recorded measurements), default values (e.g. obtained from
a general population sample) for cardiovascular parameters
(e.g. heart rate) for the activity type may be used. The default
values may be augmented and/or replaced with user-specific
information as information is captured based on motion
sensor (or activity tracker) measurements. In some embodi-
ments, available user-specific information may be used to
obtain more tailored default values as outlined previously.
[0118] In some embodiments, in block 650, estimated
values for the one or more cardiovascular parameters (e.g. a
raw heart rate) may be determined based, in part, on the
likely values of the one or more cardiovascular parameters
(e.g. likely heart rate), which may be provided by physi-
ological model 535. In some embodiments, in block 650, for
each cardiovascular parameter, a corresponding fundamen-
tal frequency in the biometric sensor signal may be deter-
mined based on frequencies present in the frequency domain
representation of the motion sensor signal. For example, the
likely values of the one or more cardiovascular parameters
(e.g. provided by the physiological model) may each be
correlated with a corresponding frequency. In some embodi-
ments, the fundamental frequency associated with a cardio-
vascular parameter in the biometric sensor signal may be
determined from frequencies present in the frequency
domain representation of the motion sensor signal that are
proximate (e.g. using some statistical measure) to the fre-
quency associated with the corresponding likely value of the
cardiovascular parameter.

[0119] For example, the likely value of the cardiovascular
parameter (e.g. likely heart rate) and statistical parameters
(e.g. an average heart rate and a standard deviation) related
to a cardiovascular parameter (e.g. heart rate) may be
correlated with a first frequency f;. Frequency f; may be
used to narrow the search space in the frequency domain
representation of the motion sensor signal. For example, a
frequency f, that is proximate (by some statistical measure)
to frequency f; in the frequency domain representation of the
motion sensor signal may be determined to be the he
fundamental frequency associated with the cardiovascular
parameter in the biometric sensor signal. An estimated value
of the cardiovascular parameter (e.g. a raw heart rate) may
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then be determined based on the frequency f, in frequency
domain representation of the motion sensor signal. As one
possibility, when heart rate equal cadence occurs, a fre-
quency f, present in the frequency spectrogram of the
motion sensor that is closest (e.g. minimum absolute differ-
ence) to frequency f; may be determined to be the funda-
mental frequency associated with the cardiovascular param-
eter in the biometric sensor signal. As another example,
when heart rate equal cadence occurs, a frequency f, present
in the frequency spectrogram of the motion sensor that falls
within some interval (e.g. one standard deviation) of the
frequency f; may be determined to be the fundamental
frequency associated with a cardiovascular parameter in the
biometric sensor signal. In some embodiments, frequency f;
may be selected as the fundamental frequency associated
with a cardiovascular parameter in the biometric sensor
signal (i.e. frequency f, may be set equal to frequency
f,(5+,)).

[0120] As outlined above, an estimated value of the car-
diovascular parameter (e.g. a raw heart rate) may then be
determined based on the frequency f, in frequency domain
representation of the motion sensor signal. In some embodi-
ments, the likely heart rate (e.g. provided by physiological
model 535) may be used as the raw heart rate. In some
embodiments, one of the average, mode, or median or likely
heart rate (as provided by the physiological model 535) may
be selected as the raw heart rate.

[0121] In block 560, the one or more estimated cardio-
vascular parameters (e.g. raw heart rate) may be refined
based on other signal measurements/parameters to obtain a
refined estimate of the cardiovascular parameters (e.g. a final
heart rate) and a quality metric 565. The quality metric may
provide an indication of the reliability of the refined estimate
of the cardiovascular parameters (e.g. final heart rate). For
example, a higher quality metric may be used when the one
or more cardiovascular parameters (e.g. a heart rate) is
discernible from a comparison of the motion sensor and
biometric sensor frequency spectrograms. As another
example, the quality metric may be adjusted based on how
closely the final frequency of the cardiovascular parameters
(e.g. final heart rate) corresponds to the likely frequency of
the cardiovascular parameters (e.g. heart rate) predicted by
the physiological model. As a further example, the quality
metric may reflect the confidence (or likelihood) of the
activity type input from the activity tracker and/or predicted
or inferred based on motion sensor signals. In some embodi-
ments, the quality metrics may be based on a signal to noise
ratio (SNR). For example, the ratio of the magnitude of the
biometric signal (signal) to the magnitude of the motion
signal (noise) may be used, at least in part, to derive a quality
metric.

[0122] In some embodiments, another iteration of method
600 may then commence from step 520.

[0123] FIG. 7 shows a flowchart depicting an exemplary
method 700 of obtaining determining a cardiovascular
parameter (such as a heart rate) based on biometric and
motion sensor signal measurements in accordance with
some disclosed embodiments. In some embodiments, the
method 700 may be performed on device 100, which may be
at least one of: a wearable device; or a mobile device; or a
wearable device coupled to a mobile device. In some
embodiments, method 700 may be performed by processor
(s) 150, biometric processor 155 and/or CPE processor 158.
In some embodiments, some or all of method 700 may be
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performed by device 100 using one or more of processor(s)
150, biometric processor 155 and/or CPE processor 158
based, in part, on cardiovascular parameter measurements
received from biometric sensor 132, and measurements by
motion sensor 136.

[0124] In block 710, a plurality of biometric sensor signal
measurements of a biometric sensor signal may be obtained,
where the biometric sensor signal measurements may be
based, in part, on one or more cardiovascular parameters of
a user. For example, biometric sensor signal measurements
may be obtained from biometric sensor 132, which may
measure blood flow volume of the user. For example, the
biometric sensor signal measurements may comprise optical
sensor or Photoplethysmographic (PPG) sensor, or ultra-
sonic sensor measurements.

[0125] In some embodiments, FFT may be performed on
buffered and conditioned biometric sensor measurement
samples using a moving time window (e.g. a time interval of
several seconds prior to the current time). In one embodi-
ment, Fast Fourier Transform (FFT) based techniques may
be used on the biometric sensor input signal samples to
obtain a frequency domain representation of the input sig-
nals. The magnitudes of the FFT of the input biometric
signals may be squared to obtain the corresponding biomet-
ric power spectrum for each signal.

[0126] In block 720, a plurality of motion sensor signal
measurements of a motion sensor signal may be obtained,
where the motion sensor signal measurements may be based,
in part, on motion of the user. For example, motion sensor
signal measurements may be obtained from motion sensor
136, which may measure parameters related to user motion.
For example, the motion sensor signal measurements com-
prise at least one of: accelerometer measurements; or Inertial
Measurement Unit (IMU) measurements.

[0127] In some embodiments, FFT may be performed on
buffered and conditioned motion sensor measurement
samples using a moving time window (e.g. a time interval of
several seconds prior to the current time). In one embodi-
ment, Fast Fourier Transform (FFT) based techniques may
be used on the motion sensor input signal samples to obtain
a frequency domain representation of the input signals. The
magnitudes of the FFT of the input motion sensor signals
may be squared to obtain the corresponding motion sensor
power spectrum for each signal.

[0128] In block 730, an activity type may be determined
based on the motion sensor measurements. In some embodi-
ments, an activity type may be determined based on the
motion sensor measurements when non-motion related fre-
quencies are not discernible in a frequency domain repre-
sentation of the biometric sensor signal. For example, an
activity type may be determined based on the motion sensor
measurement, when a fundamental frequency associated
with the biometric sensor signal cannot be determined from
the frequency domain representation of the biometric sensor
signal.

[0129] In some embodiments, in block 730, the activity
type may be determined from an analysis of motion sensor
signal. For example, a signature or pattern associated with
the motion sensor signals may be used to determine an
activity type.

[0130] In some embodiments, to determine an activity
type (e.g. biking, rowing, running, etc) signals in a set of
harmonics may be combined to identify the strong repeating
signals. The signals from multiple spectral peaks may be
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combined in a variety of methods: the spectral peak values
may be added, the integrated signal in the spectral peaks
may be added, the number of spectral peaks in the set may
be counted; and/or the width of individual peaks within the
set of harmonics may be combined or averaged.

[0131] In some embodiments, to determine an activity
type associated with the motion of the user: a spectral power
in the motion sensor signal may be determined (e.g. as
outlined above), and the activity type may be determined
based on the spectral power. For example, the spectral power
in the motion sensor signal may be determined by: obtaining
a spectral power value based, in part, on a first set of
harmonics in a frequency domain representation of the
motion sensor signal; and determining the activity type
based on the spectral power value. The spectral power value
may be obtained by: determining a plurality of second sets
of harmonics in the frequency domain representation of the
motion sensor signal; obtaining, corresponding to each
second set of harmonics, a corresponding power measure;
comparing the corresponding power measures for the plu-
rality of second sets of harmonics; and selecting, based on
the comparison, the first set of harmonics from the plurality
of second sets of harmonics. For example, a specific second
set of harmonics with a highest power measure relative to
other second sets of harmonics (in the plurality of second
sets of harmonics) may be selected as the first set of
harmonics.

[0132] For each second set of harmonics, the correspond-
ing power measure may be obtained by one of: obtaining the
corresponding power measure based on a count of a number
of spectral peaks in the second set of harmonics; or obtaining
the corresponding power measure based on a sum of ampli-
tudes of spectral peaks in the second set of harmonics; or
obtaining the corresponding power measure based on a sum
of integrated spectral peak signals in the second set of
harmonics.

[0133] In some embodiments, the corresponding power
measures for the plurality of second sets of harmonics may
be compared by one of: comparing the corresponding power
measures for the plurality of second sets of harmonics to
each other; or comparing the corresponding power measures
for plurality of second sets of harmonics to a threshold. In
some embodiments, plots of the power spectrum distribution
against the cdf for each activity type (e.g. as shown in FIG.
5C) may be used to determine appropriate thresholds (e.g.
using empirical data during device calibration or device
configuration).

[0134] Insome embodiments, a temporal rate of change of
spectral peak locations in the set of harmonics may be used
along with one or more metrics above to determine an
activity type. The temporal rate of change of spectral peak
locations in the set of harmonics may provide an indication
of changes in the intensity of the activity etc. The spectral
peaks may be obtained as the power in the signal, the
amplitude of the signal, or some other functional form. Once
a value is assigned to a combination of harmonic values, the
value may be compared with other sets, and/or compared
against a threshold to identify an activity type.

[0135] In some embodiments, the spectral power in the
motion sensor signal may be correlated with an activity type.
In some embodiments, an activity type may, alternatively or
additionally, be provided by an activity tracker (e.g. an
application. running on device 100 or a device communi-
catively coupled to device 100) and/or determined from an
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analysis of motion sensor signals (e.g. a signature or pattern
associated with the motion sensor signals).

[0136] In block 740, based on the activity type, a likely
value for the cardiovascular parameter may be determined.
In some embodiments, the one or more cardiovascular
parameters may comprise a heart rate and the corresponding
likely cardiovascular parameter value may comprise a likely
heart rate. In some embodiments, the corresponding likely
cardiovascular parameter value for each cardiovascular
parameter in the subset may be determined by using a
physiological model, wherein, for each cardiovascular
parameter in the subset, the physiological model correlates
the activity type with the corresponding likely cardiovascu-
lar parameter value. In some embodiments, the activity type
with the corresponding likely cardiovascular parameter
value is user-specific.

[0137] In some embodiments, the physiological model
(e.g. physiological model 535) may provide information
related to the one or more cardiovascular parameters includ-
ing one or more of: a likely value for the cardiovascular
parameter (e.g. a likely heart rate) and/or cardiovascular
parameter statistics. The physiological model may be
selected based on at least one of: motion signal parameters,
patterns in the motion sensor signal, and/or an activity type
provided by an activity tracker and/or user-input. In some
embodiments, the physiological model may provide a likely
value for at least one cardiovascular parameter (e.g. a likely
heart rate), which may be: (a) user-specific, (b) activity
specific or (¢) both user-specific and activity-specific. Fur-
ther, the likely values of the cardiovascular parameters
and/or cardiovascular parameter statistics may be correlated
with elapsed time from start of the activity, when the start
time is known or can be determined (e.g. based on mea-
surements by the motion sensor 136, or input from an
activity tracker, or user-input). In some embodiments, physi-
ological model 535 may include user specific information
such as a minimum or maximum heart rate, average heart
rate, which may further be classified by activity type and/or
correlated with time from start of the activity, age, gender,
history of exercise, maximal oxygen consumption (VO,
max) for the user. In some embodiments, when user-specific
information is unavailable (e.g. when there are no prior
recorded measurements), default values (e.g. obtained from
a general population sample) for cardiovascular parameters
(e.g. heart rate) for the activity type may be used.

[0138] In block, 750, a fundamental frequency associated
with the biometric sensor signal may be determined, based,
in part, on the at least one likely value of the cardiovascular
parameter and the motion sensor signal measurements (e.g.
from motion sensor 136). The at least one likely value of the
cardiovascular parameter may be correlated with and/or
used to determine at least one frequency corresponding to
the at least one likely value of the cardiovascular parameter.
In some embodiments, in block 750, the fundamental fre-
quency associated with the biometric sensor signal may be
determined based on frequencies present in the frequency
domain representation of the motion sensor signal that are
proximate to the at least one frequency corresponding to the
likely value of the cardiovascular parameter.

[0139] For example, the at least one likely value of the
cardiovascular parameter may include a likely value (e.g. a
likely heart rate) and/or statistical parameters such as an
average and a standard deviation (e.g. average heart rate and
standard deviation) related to the cardiovascular parameter.
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In some embodiments, the at least one frequency corre-
sponding to the at least one likely value of the cardiovascular
parameter may be used to narrow the search space in the
frequency domain representation of the motion sensor sig-
nal. A fundamental frequency associated with the biometric
sensor signal may then be determined from one of the
frequencies present in the narrowed search space of fre-
quency domain representation of the motion sensor signal.
In some embodiments, a frequency present in the frequency
spectrogram of the motion sensor that is closest (by some
statistical measure) to the at least one frequency correspond-
ing to the at least one likely value of the cardiovascular
parameter may be selected as the fundamental frequency
associated with the biometric sensor signal. As another
example, a frequency present in the frequency spectrogram
of the motion sensor (and/or biometric sensor) that falls
within some interval (e.g. one standard deviation) of the at
least one frequency corresponding to the at least one likely
value of the cardiovascular parameter may be selected as the
fundamental frequency associated with the biometric sensor
signal.

[0140] In some embodiments, method 700 may further
comprise determining an estimated value of the cardiovas-
cular parameter (e.g. a raw heart rate) from the fundamental
frequency associated with the biometric sensor signal. In
some embodiments, the estimated value of the cardiovascu-
lar parameter (e.g. a raw heart rate) may be determined
based on the at least one likely value of the cardiovascular
parameter (e.g. likely heart rate). As one example, a likely
value of the cardiovascular parameter (e.g. likely heart rate)
may be used as the estimated value of the cardiovascular
parameter (e.g. a raw heart rate).

[0141] In some embodiments, method 700 may further
comprise, comparing frequencies associated with the fre-
quency domain representation of the biometric sensor signal
to frequencies associated with the frequency domain repre-
sentation of the motion sensor signal to determine one or
more non-motion related frequencies in the frequency
domain representation of the biometric sensor signal. In
some embodiments, the fundamental frequency associated
with the biometric sensor signal may then be determined
from the one or more non-motion related frequencies in the
frequency domain representation of the biometric sensor
signal.

[0142] In some embodiments, the fundamental frequency
associated with the biometric sensor signal may be deter-
mined by: removing frequencies associated with the fre-
quency domain representation of the motion sensor signal
from the frequency domain representation of the biometric
sensor signal; and determining the fundamental frequency
associated with the biometric sensor signal from frequencies
remaining in the frequency domain representation of the
biometric sensor signal (e.g. after removal of frequencies
associated with the frequency domain representation of the
motion sensor signal).

[0143] The previous description of the disclosed aspects is
provided to enable any person skilled in the art to make or
use the present disclosure. Various modifications to these
aspects will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to
other aspects without departing from the spirit or scope of
the disclosure.
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What is claimed is:

1. A processor-implemented method comprising:

obtaining a plurality of biometric sensor signal measure-

ments of an biometric sensor signal, the biometric
sensor signal measurements based, in part, on one or
more cardiovascular parameters of a user;

obtaining a plurality of motion sensor signal measure-

ments of a motion sensor signal, the motion sensor
signal measurements based, in part, on motion of the
user;

determining, based, in part, on the motion sensor signal

measurements, an activity type;

determining, based on the activity type, for each cardio-

vascular parameter in a subset of the one or more
cardiovascular parameters, a corresponding likely car-
diovascular parameter value; and

determining, for each cardiovascular parameter in the

subset, a corresponding fundamental frequency associ-
ated with the biometric sensor signal, based, in part, on
the motion sensor signal measurements and the corre-
sponding likely cardiovascular parameter value.

2. The method of claim 1, wherein the determination of
the activity type is performed when non-motion related
frequencies are not discernible in a frequency domain rep-
resentation of the biometric sensor signal.

3. The method of claim 1, further comprising:

determining, for each cardiovascular parameter in the

subset, a corresponding estimated cardiovascular
parameter value based, in part, on the corresponding
fundamental frequency for the cardiovascular param-
eter.

4. The method of claim 1, wherein determining the
activity type associated with the motion of the user com-
prises:

determining a spectral power in the motion sensor signal;

determining, based on the spectral power, the activity

type.

5. The method of claim 4, wherein determining the
spectral power in the motion sensor signal comprises:

obtaining a spectral power value based, in part, on a first

set of harmonics in a frequency domain representation
of the motion sensor signal; and

determining the activity type based on the spectral power

value.

6. The method of claim 5, wherein obtaining the spectral
power value comprises:

determining a plurality of second sets of harmonics in the

frequency domain representation of the motion sensor
signal,

obtaining, corresponding to each second set of harmonics,

a corresponding power measure;

comparing the corresponding power measures for the

plurality of second sets of harmonics; and

selecting, based on the comparison, the first set of har-

monics from the plurality of second sets of harmonics.

7. The method of claim 6, wherein selecting the first set
of harmonics from the plurality of second sets of harmonics
comprises:

selecting, as the first set of harmonics, a second set of

harmonics with a highest power measure relative to
other second sets of harmonics in the plurality of
second sets of harmonics.
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8. The method of claim 6, wherein obtaining the corre-
sponding power measure for each second set of harmonics
comprises at least one of:

obtaining the corresponding power measure based on a
corresponding count of a number of spectral peaks in
the second set of harmonics; or

obtaining the corresponding power measure based on a
corresponding sum of amplitudes of spectral peaks in
the second set of harmonics; or

obtaining the corresponding power measure based on a
corresponding sum of integrated spectral peak signals
in the second set of harmonics.

9. The method of claim 6, wherein comparing the corre-
sponding power measures for the plurality of second sets of
harmonics comprises one of:

comparing the corresponding power measures for the
plurality of second sets of harmonics to each other; or

comparing the corresponding power measures for the
plurality of second sets of harmonics to a threshold.

10. The method of claim 1, wherein determining the
activity type associated with the motion of the user com-
prises:

detecting a motion pattern based, in part, on the motion
sensor signal measurements; and

determining the activity type based on the detected
motion pattern.

11. The method of claim 1, wherein the one or more
cardiovascular parameters comprise a heart rate and the
corresponding likely cardiovascular parameter value com-
prises a likely heart rate.

12. The method of claim 1, wherein determining the
corresponding likely cardiovascular parameter value for
each cardiovascular parameter in the subset comprises:

determining the corresponding likely cardiovascular
parameter value for each cardiovascular parameter in
the subset using a physiological model, wherein, for
each cardiovascular parameter in the subset, the physi-
ological model correlates the activity type with the
corresponding likely cardiovascular parameter value.

13. The method of claim 12, wherein the correlation of the
activity type with the corresponding likely cardiovascular
parameter value is user-specific.

14. A device comprising;

a motion sensor, the motion sensor to output a motion

sensor signal based, in part, on motion of a user,

a biometric sensor, the biometric sensor to output a
biometric sensor signal based, in part, on one or more
cardiovascular parameters of the user, and

a processor coupled to the motion sensor and the biomet-
ric sensor, wherein the processor is configured to:

obtain a plurality of biometric sensor signal measure-
ments of the biometric sensor signal;

obtain a plurality of motion sensor signal measurements
of the motion sensor signal;

determine, based, in part, on the motion sensor signal
measurements, an activity type;

determine, based on the activity type, for each cardiovas-
cular parameter in a subset of the one or more cardio-
vascular parameters, a corresponding likely cardiovas-
cular parameter value; and

determining, for each cardiovascular parameter in the
subset, a corresponding fundamental frequency associ-
ated with the biometric sensor signal, based, in part, on
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the motion sensor signal measurements and the corre-
sponding likely cardiovascular parameter value.

15. The device of claim 14, wherein the processor is
configured to perform the determination of the activity type
when non-motion related frequencies are not discernible in
a frequency domain representation of the biometric sensor
signal.

16. The device of claim 14, wherein the processor is
further configured to:

determine, for each cardiovascular parameter in the sub-

set, a corresponding estimated cardiovascular param-
eter value based, in part, on the corresponding funda-
mental frequency for the cardiovascular parameter.

17. The device of claim 14, wherein to determine the
activity type associated with the motion of the user, the
processor is configured to:

determine a spectral power in the motion sensor signal;

determine, based on the spectral power, the activity type.

18. The device of claim 17, wherein to determine the
spectral power in the motion sensor signal, the processor is
configured to:

obtain a spectral power value based, in part, on a first set

of harmonics in a frequency domain representation of
the motion sensor signal; and

determine the activity type based on the spectral power

value.

19. The device of claim 18, wherein to obtain the spectral
power value, the processor is configured to:

determine a plurality of second sets of harmonics in the

frequency domain representation of the motion sensor
signal,

obtain, corresponding to each second set of harmonics, a

corresponding power measure;

compare the corresponding power measures for the plu-

rality of second sets of harmonics; and

select, based on the comparison, the first set of harmonics

from the plurality of second sets of harmonics.

20. The device of claim 19, wherein to select the first set
of harmonics from the plurality of second sets of harmonics,
the processor is configured to:

select, as the first set of harmonics, a second set of

harmonics with a highest power measure relative to
other second sets of harmonics in the plurality of
second sets of harmonics.

21. The device of claim 19, wherein to obtain the corre-
sponding power measure for each second set of harmonics,
the processor is configured to perform at least one of:

obtain the corresponding power measure based on a

corresponding count of a number of spectral peaks in
the second set of harmonics; or

obtain the corresponding power measure based on a

corresponding sum of amplitudes of spectral peaks in
the second set of harmonics; or

obtain the corresponding power measure based on a

corresponding sum of integrated spectral peak signals
in the second set of harmonics.

22. The device of claim 19, wherein to compare the
corresponding power measures for the plurality of second
sets of harmonics, the processor is configured to perform one
of:

compare the corresponding power measures for the plu-

rality of second sets of harmonics to each other; or
compare the corresponding power measures for the plu-
rality of second sets of harmonics to a threshold.
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23. The device of claim 14, wherein to determine the
activity type associated with the motion of the user, the
processor is configured to:

detect a motion pattern based, in part, on the motion

sensor signal measurements; and

determine the activity type based on the detected motion

pattern.
24. The device of claim 14, wherein the one or more
cardiovascular parameters comprise a heart rate and the
corresponding likely cardiovascular parameter value com-
prises a likely heart rate.
25. A device comprising;
means for obtaining a plurality of biometric sensor signal
measurements of an biometric sensor signal, the bio-
metric sensor signal measurements based, in part, on
one or more cardiovascular parameters of a user;

means for obtaining a plurality of motion sensor signal
measurements of a motion sensor signal, the motion
sensor signal measurements based, in part, on motion
of the user;

means for determining, based, in part, on the motion

sensor signal measurements, an activity type;

means for determining, based on the activity type, for

each cardiovascular parameter in a subset of the one or
more cardiovascular parameters, a corresponding likely
cardiovascular parameter value; and

means for determining, for each cardiovascular parameter

in the subset, a corresponding fundamental frequency
associated with the biometric sensor signal, based, in
part, on the motion sensor signal measurements and the
corresponding likely cardiovascular parameter value.

26. The device of claim 25, wherein the determination of
the activity type is performed when non-motion related
frequencies are not discernible in a frequency domain rep-
resentation of the biometric sensor signal.

27. The device of claim 25, further comprising:

determining, for each cardiovascular parameter in the

subset, a corresponding estimated cardiovascular
parameter value based, in part, on the corresponding
fundamental frequency for the cardiovascular param-
eter.

28. A non-transitory computer-readable medium compris-
ing executable instructions to configure a processor to:

obtain a plurality of biometric sensor signal measure-

ments of an biometric sensor signal, the biometric
sensor signal measurements based, in part, on one or
more cardiovascular parameters of a user;
obtain a plurality of motion sensor signal measurements
of a motion sensor signal, the motion sensor signal
measurements based, in part, on motion of the user;

determine, based, in part, on the motion sensor signal
measurements, an activity type;

determine, based on the activity type, for each cardiovas-

cular parameter in a subset of the one or more cardio-
vascular parameters, a corresponding likely cardiovas-
cular parameter value; and

determine, for each cardiovascular parameter in the sub-

set, a corresponding fundamental frequency associated
with the biometric sensor signal, based, in part, on the
motion sensor signal measurements and the corre-
sponding likely cardiovascular parameter value.

29. The computer-readable medium of claim 28, wherein
the determination of the activity type is performed when
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non-motion related frequencies are not discernible in a
frequency domain representation of the biometric sensor
signal.
30. The computer-readable medium of claim 28, wherein
the executable instructions further comprise:
determine, for each cardiovascular parameter in the sub-
set, a corresponding estimated cardiovascular param-
eter value based, in part, on the corresponding funda-
mental frequency for the cardiovascular parameter.
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