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57) ABSTRACT

An electronic fitness device comprises a first optical trans-
mitter, an optical receiver, and a processing element. The
first optical transmitter is configured to transmit a first
optical signal and a second optical signal. The optical
receiver is configured to receive the first and optical signals
and to generate first and second photoplethysmogram (PPG)
signals resulting from the received optical signals. The
processing element is configured to control the first optical
transmitter to transmit the first optical signal the second
optical signal, receive the first and second PPG signals from
the optical receiver and compare them, identify a common
cardiac component present in the first and the second PPG
signals based on the comparison, determine a signal filter
parameter based on the common cardiac component, and
generate first and second cardiac components from the first
and second PPG signals, respectively, based on the signal
filter parameter.
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PULSE SPECTROSCOPY

RELATED APPLICATIONS

[0001] The present application claims the benefit under 35
U.S.C. § 119(e) of U.S. Provisional Application Ser. No.
62/501,522, entitled “Improved SNR of Components in PPG
Signal,” filed May 4, 2017, Provisional Application Ser. No.
62/571,606, entitled “Improved Optical Cardiac Monitor,”
filed Oct. 12, 2017, Provisional Application Ser. No. 62/580,
308, entitled “Improved Optical Cardiac Monitor,” filed
Nov. 1, 2017, and Provisional Application Ser. No. 62/580,
024, entitled “User Body Hydration,” filed Nov. 1, 2017.
The above-referenced Provisional Applications are herein
incorporated by reference in their entireties.

BACKGROUND

[0002] Pulse spectroscopy is the observation and analysis
of optical signals that are directed at human skin in order to
determine blood-related and cardiac physiological metrics
and information such as a user’s heart rate, pulse oximetry
level (blood oxygen saturation), and hematocrit level, or a
hematometry ratio. Pulse oximetry level, also known as
“pulse ox” or Sp02, is a level of blood oxygen saturation.
Red blood cells contain oxygenated hemoglobin (oxyhemo-
globin, O2Hb) and deoxygenated hemoglobin (deoxyhemo-
globin, HHb). A user’s pulse oximetry increases as the
concentration of oxygenated hemoglobin increases. Hema-
tocrit level, also known as Het, is the volume percentage (vol
%) of red blood cells in blood and is commonly associated
with a volume percentage of water in the blood.

[0003] Pulse spectroscopy may be performed by devices
such as an electronic fitness device in contact with a wear-
er’s skin. The user (wearer) may be any individual who
wears the electronic device such that a housing of the
electronic device is located proximate to skin of the indi-
vidual (e.g., worn against the person’s wrist, abdomen, leg,
etc.). The electronic fitness device may include optical
devices, such as an optical transmitter, which emits a plu-
rality of optical signals (light), each having a unique wave-
length, into the user’s skin, and an optical receiver, which
receives reflections of the optical signals (light) from the
skin and generates a plurality of photoplethysmogram (PPG)
signals, each including characteristics resulting from, or
corresponding to, the wavelength of the received light. The
PPG signals are analyzed to determine the blood-related and
cardiac information.

[0004] While some conventional electronic devices utilize
a reflection of optical signals emitted into a user’s skin to
determine the cardiac monitoring information, other elec-
tronic devices may emit a transmissive optical signal that
passes through the user’s skin (e.g., through a fingertip of a
user). The conventional devices may include a plurality of
housings such that a first housing includes an optical trans-
mitter that emits an optical signal into the user’s skin, such
as the skin of a fingertip, and a second housing includes an
optical receiver that receives the optical signal that are
passed through the user’s skin. Such electronic devices may
be used in a location on a user’s body where light can be
transmitted without excessive attenuation through the tissue
without depending on reflection from tissue, such as through
a fingertip or an earlobe.
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SUMMARY

[0005] Embodiments of the present technology provide an
electronic fitness device for performing pulse spectroscopy.
An embodiment of the electronic fitness device broadly
comprises a housing, a first optical transmitter, an optical
receiver, and a processing element. The housing includes a
bottom wall. The first optical transmitter is positioned along
the bottom wall and is configured to transmit a first optical
signal and a second optical signal. The optical receiver is
positioned along the bottom wall and is configured to
receive the first and second optical signals modulated by the
skin of the user and to generate first and second photopl-
ethysmogram (PPG) signals resulting from the received
optical signals. The processing element is in electronic
communication with the first optical transmitter and the
optical receiver. The processing element is configured to
control the first optical transmitter to transmit the first
optical signal during a first period of time and the second
optical signal during a second period of time, receive the
first and second PPG signals from the optical receiver,
compare the first and second PPG signals, identify a com-
mon component present in the first and the second PPG
signals based on the comparison, determine a signal filter
parameter based on the common component, generate a first
cardiac component from the first PPG signal based on the
signal filter parameter, generate a second cardiac component
from the second PPG signal based on the signal filter
parameter, and determine blood-related physiological infor-
mation based on the first and second cardiac component.
[0006] Another embodiment of the present technology
provides an electronic fitness device broadly comprising a
housing, a first optical transmitter, a second optical trans-
mitter, a first optical receiver, and a processing element. The
housing includes a bottom wall. The first optical transmitter
is positioned along the bottom wall and is configured to
transmit a first optical signal having a first wavelength. The
second optical transmitter is positioned along the bottom
wall and is configured to transmit a second optical signal
having a second wavelength. The first optical receiver is
positioned along the bottom wall and is configured to
receive the first and second optical signals modulated by the
skin of the user and to generate first and second photopl-
ethysmogram (PPG) signals resulting from the received
optical signals. The processing element is in electronic
communication with the first optical transmitter, the second
optical transmitter, and the first optical receiver. The pro-
cessing element is configured to control the first optical
transmitter to transmit the first optical signal during a first
period of time and the second optical transmitter to transmit
the second optical signal during a second period of time,
respectively, receive the first and second PPG signals from
the optical receiver, compare the first and second PPG
signals, identify a common component present in the first
and the second PPG signals based on the comparison,
determine a signal filter parameter based on the common
component, generate a first cardiac component from the first
PPG signal based on the signal filter parameter, generate a
second cardiac component from the second PPG signal
based on the signal filter parameter, and determine blood-
related physiological information based on the first and
second cardiac component.

[0007] Yet another embodiment of the present technology
provides an electronic fitness device broadly comprising a
housing, a first optical transmitter, a second optical trans-
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mitter, an optical receiver, and a processing element. The
housing includes a bottom wall. The first optical transmitter
is positioned along the bottom wall and is configured to
transmit a first optical signal having a first wavelength. The
second optical transmitter is positioned along the bottom
wall and is configured to transmit a second optical signal
having a second wavelength. The optical receiver is posi-
tioned along the bottom wall and is configured to receive
first and second optical signals modulated by the skin of the
user and to generate a photoplethysmogram (PPG) signal
resulting from the received optical signals. The processing
element is in electronic communication with the first and
second optical transmitters and the optical receiver. The
processing element is configured to comntrol the first and
second optical transmitters to transmit the first optical signal
and the second optical signal, respectively, receive a refer-
ence PPG signal from the optical receiver resulting from the
first optical signal, receive a second PPG signal from the
optical receiver resulting from the second optical signal,
determine a signal characteristic of the reference PPG signal,
process the second PPG signal utilizing the determined
signal characteristic to generate a cardiac component of the
second PPG signal, and determine blood-related physiologi-
cal information based on the first cardiac component.
[0008] This summary is provided to introduce a selection
of concepts in a simplified form that are further described
below in the detailed description. This summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used to limit
the scope of the claimed subject matter. Other aspects and
advantages of the present technology will be apparent from
the following detailed description of the embodiments and
the accompanying drawing figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

[0009] Embodiments of the present technology are
described in detail below with reference to the attached
drawing figures, wherein:

[0010] FIG.1is a top view of an electronic fitness device,
constructed in accordance with various embodiments of the
present technology, worn on a user’s wrist;

[0011] FIG. 2 is a plot of a photoplethysmogram (PPG)
signal waveform that may be generated by the electronic
fitness device over a period of time;

[0012] FIG. 3 is a schematic side sectional view of the
electronic fitness device and a user’s wrist depicting trans-
mission of an optical signal through the skin and tissue of the
user;

[0013] FIG. 4 is a plot of a cardiac component of the PPG
signal resulting from the PPG signal being filtered;

[0014] FIG. 5A is a plot of an absorption coefficient, or
level, of the optical signal versus a wavelength of the optical
signal, wherein the optical signal may be absorbed by
various components of blood, such as oxygenated blood and
deoxygenated blood;

[0015] FIG. 5B is a plot of an absorption coefficient, or
level, of the optical signal versus a wavelength of the optical
signal, wherein the optical signal may be absorbed by
various components of blood, such as oxygenated blood,
deoxygenated blood, and water;

[0016] FIG. 6 is a schematic block diagram of one
embodiment of a processing element for performing corre-
lated pulse spectroscopy:

Nov. 8,2018

[0017] FIG. 7 is a schematic block diagram of another
embodiment of a processing element for performing corre-
lated pulse spectroscopy;

[0018] FIG. 8 is a schematic block diagram of yet another
embodiment of a processing element for performing corre-
lated pulse spectroscopy;

[0019] FIG. 9 is a schematic block diagram of one
embodiment of a processing element for performing aug-
mented pulse spectroscopy;

[0020] FIG. 10 is a schematic block diagram of various
electronic components of the electronic fitness device;
[0021] FIG. 11 is a schematic block diagram illustrating
the electronic components involved in emitting a plurality of
optical signals, receiving reflections of the plurality of
optical signals, and generating a PPG signal corresponding
to each optical signal;

[0022] FIG. 12 is a schematic view of a plurality of optical
transmitter arrays and optical receivers illustrating pathways
of the optical signal transmitted by each of the optical
transmitters and received by a plurality of optical receivers;
and

[0023] FIGS. 13-15 are other schematics of the optical
transmitters and optical receivers of FIG. 12, the optical
transmitters configured to output optical signals utilized to
implement the indicated functions based on the optical
signals received by the optical receivers.

[0024] The drawing figures do not limit the present tech-
nology to the specific embodiments disclosed and described
herein. While the drawings do not necessarily provide exact
dimensions or tolerances for the illustrated components or
structures, the drawings are to scale as examples of certain
embodiments with respect to the relationships between the
components of the structures illustrated in the drawings.

DETAILED DESCRIPTION

[0025] The following detailed description of the technol-
ogy references the accompanying drawings that illustrate
specific embodiments in which the technology can be prac-
ticed. The embodiments are intended to describe aspects of
the technology in sufficient detail to enable those skilled in
the art to practice the technology. Other embodiments can be
utilized and changes can be made without departing from the
scope of the present technology. The following detailed
description is, therefore, not to be taken in a limiting sense.
The scope of the present technology is defined only by the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

[0026] In this description, references to “one embodi-
ment”, “an embodiment”, or “embodiments” mean that the
feature or features being referred to are included in at least
one embodiment of the technology. Separate references to
“one embodiment”, “an embodiment”, or “embodiments” in
this description do not necessarily refer to the same embodi-
ment and are also not mutually exclusive unless so stated
and/or except as will be readily apparent to those skilled in
the art from the description. For example, a feature, struc-
ture, act, etc. described in one embodiment may also be
included in other embodiments, but is not necessarily
included. Thus, the present technology can include a variety
of combinations and/or integrations of the embodiments
described herein.

[0027] Spectroscopic methods and techniques may be
utilized to analyze characteristics a variety of materials and
substances based on an interaction of electromagnetic radia-
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tion (light) with the materials and substances. For example,
spectroscopy may be applied to the absorption, emission,
and scattering of visible, infrared (IR), ultraviolet (UV),
X-ray, microwave, and radio wave electromagnetic radiation
with various materials and substances. Optical spectroscopy
techniques may be applied using optical materials to dis-
perse and/or focus visible, IR and UV light with materials
and substances, such as the skin or tissue of a user. The
electromagnetic radiation (light) oscillates as it travels and a
wavelength of the oscillating electromagnetic radiation may
be within a band associated with one of the visible, infrared
(IR), and ultraviolet (UV) spectrum. The properties of
certain materials and substances may influence the electro-
magnetic radiation as it passes through those materials and
substances. As a result, the impact of particular materials
and substances on electromagnetic radiation of certain
wavelengths is generally known or otherwise measurable.

[0028] Conventional spectroscopy methods and tech-
niques may include correlated spectroscopy, which includes
analysis by comparing correlated signals, as well as aug-
mented spectroscopy, which includes applying information
determined from a reference signal to analyze another
signal. Optical spectroscopy techniques applied to determine
pulsatile blood-related and cardiac physiological metrics
and information of a user may be referred to as optical
“pulse” spectroscopy.

[0029] As shown in FIGS. 5A-5B, plots of an absorption
level of an optical signal versus a wavelength of the optical
signal are provided for oxygenated blood, deoxygenated
blood, and water. Optical “pulse” spectroscopy techniques
applied to determine blood-related and cardiac physiological
metrics and information, such as a user’s heart rate, a pulse
oximetry level, a hematocrit level, and the like, may utilize
one or more optical signals having wavelengths that are
selected based on a relationship between the absorption level
of an optical signal in oxygenated blood, deoxygenated
blood, water, or any combination thereof. For example,
some conventional optical spectroscopy techniques utilize
the absorption level for oxygenated blood and deoxygenated
blood to determine blood-related and cardiac physiological
metrics and information by emitting one or more optical
signals having a wavelength corresponding to points within
the plot of FIG. 5A at which the absorption level of the
oxygenated and deoxygenated blood is high (e.g., the band
labeled “heart rate”), the least variance or separation (e.g., an
intersection point at which the absorption level of the
oxygenated and deoxygenated blood is substantially equal,
such as the points labeled “isobestic point 1” and “isobestic
point 2”), or any other wavelength at which the absorption
level of the oxygenated and deoxygenated blood is measur-
able.

[0030] Embodiments of the present technology provide an
electronic fitness device that may be worn on a user’s wrist,
such as the electronic fitness device shown in FIG. 1, and
noninvasively determines blood-related and cardiac physi-
ological metrics and information by analyzing one or more
photoplethysmogram (PPG) signals, such as the PPG signal
shown as a waveform in FIG. 2, using pulse spectroscopy
techniques. The metrics and information may include the
user’s pulse or heart rate, a pulse oximetry (“Pulse Ox)
level (also known as SpO2), a hematocrit level (also known
as Het), an estimated stress level, a maximum rate of oxygen
consumption (VO2 max), or the like.
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[0031] The electronic fitness device may determine a pulse
oximetry level (blood oxygen saturation) and pulse oximetry
indicator for the user and utilize a relationship stored in
memory associating the determined pulse oximetry level and
pulse oximetry indicator for the user. A processing element
of the electronic fitness device may use two PPG signals to
determine an indicator, which is equal to a first quotient of
the AC value and the DC value at a first optical signal
wavelength divided by a second quotient of the AC value
and the DC value at a second optical signal wavelength. The
processing element, electronically coupled to a memory
element of the electronic fitness device, may determine the
user’s pulse oximetry, or percentage of oxygen in the blood,
based on the pulse oximetry indicator (EQ. 1) and a rela-
tionship stored in a memory element that associates the
pulse oximetry indicator and a value of the user’s pulse
oximetry. The indicator may be given by equation EQ. 1,
wherein A1 is the first optical signal wavelength, and A2 is
the second optical signal wavelength:

ACy /DCy
ACy2/DCp

1
Pulse Oximetry Indicator = [EQ. 1]

[0032] The electronic fitness device may determine a
hematometry ratio (“R”) by analyzing two PPG signals and
may further determine a hematocrit level (a concentration of
red blood cells in blood). The electronic fitness device may
also determine a total hemoglobin for user based on the
hematometry ratio or the hematocrit level. In embodiments,
the electronic device may utilize a relationship stored in
memory associating the determined hematocrit level and/or
hematometry ratio with a hydration level of the user or an
anemic level of the user. A processing element of the
electronic fitness device may use two PPG signals to deter-
mine a hematometry ratio “R” (EQ. 2) for the optical signal
wavelengths and a hematocrit level using the following
relationship (EQ. 3), in which k , ks, k-, k, are empirical or
calculated constants calibrated for each system, and wherein
Al is the first optical signal wavelength and A.2 is the second
optical signal wavelength:

Hematometry Ratio (R) = % [EQ. 2]
Hematocrit Level = [k + (kg)(R)]/ [k¢ + (kp)(R)] [EQ. 3]

[0033] It is to be understood that the first and second
optical signal wavelengths (A1, A2) for the pulse oximetry
indicator (EQ. 1) are independent of the first and second
optical signal wavelengths (A1, A2) for the hematometry
ratio “R” (EQ. 2). As shown in FIG. 5A, the first and second
optical signal wavelengths (A1, A2) for the pulse oximetry
indicator (EQ. 1) may be selected from within the “pulse ox
1” band and the “pulse ox 2” band, respectively. Similarly,
as shown in FIG. 5B, the first and second optical signal
wavelengths (Al, A2) for the hematometry ratio “R” (EQ. 2)
may be selected from within the “hematocrit 1 band and the
“hematocrit 2” band, respectively, or substantially equal to
“isobestic point 1” and “isobestic point 2.” In some embodi-
ments, as detailed below, a wavelength may be common to
the pulse oximetry indicator (EQ. 1) and the hematometry
ratio “R” (EQ. 2). For example, because the “pulse ox 2”
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band and the “hematocrit 17 band overlap from 850 nm to
900 nm, any wavelength between 850 nm and 900 nm may
be selected for use as both the second optical signal wave-
length (1.2) for the pulse oximetry indicator (EQ. 1) and the
first optical signal wavelength (A1) for the hematometry
ratio “R” (EQ. 2).

[0034] In embodiments, the electronic fitness device may
determine blood content of one or more dyshemoglobin:
carboxyhemoglobin (COHb), methemoglobin (MHb), sulf-
hemoglobin (SHb) in addition to determining oxyhemoglo-
bin (O2Hb), deoxyhemoglobin (HHb) and hematocrit (Het).
In an embodiment determining HHb, O2Hb, COHb and Hct
content, at least four PPG signals with different optical
signal wavelengths A1, A2, 23, A4 are used to determine
HHb content (V,;;,,), O2Hb content (V ,5;,), COHb content
(Vcoms) and plasma content (V). A ratio of AC to DC
(ACR,,,) is determined for each wavelength n=1, 2, 3, 4
(EQ. 4). Subsequently, a simultaneous set of linear equations
(EQ. 5-8) is solved for content of each component, where ¢,
Ky Kz, Ko Kp, are empirical or calculated constants.
Subsequently, determined values of V., Voo Veom
and V, are used to determine a blood oxygen saturation
(Sp02, EQ. 9), carboxyhemoglobin saturation (SpCO, EQ.
10) and hematocrit (EQ. 11). In an embodiment, an addi-
tional PPG signal with optical signal wavelength A, is used
to as a cardiac signal reference. In an embodiment, referring
to FIGS. 5A-fB, A1 is in the “pulse ox 1” band, 2.2 is in the
“hematocrit 17 band, A3 is in the “hematocrit 2” band, A4 is
in the 700-760 nm band and A5 is in the “heart rate” band.

ACR,,=AC,,/DC,, ¢, [n=1,2,34] [EQ. 4]
ACR, | =Vek g +V gk 1+ Vioomkc1tV compL [EQ. 3]
ACRy 3=V pk gotV ek pot Voo cotV cormkip: (EQ. 6]
ACR, ;=Vok g3+V ek pa+ Vork ca+V comnkps [EQ. 7]
ACRy 4=V pk gatV ek pat Voo catV cormfipa (EQ. 8]
SPOV o1/ Vet Vorean* V comn) (EQ. 9]
SpCO=V comy/ (VaestVoomst Veoms) [EQ. 10]
Her=(Vegn+ Voot Veoms) (Ve VetV oomst

Veos) [EQ. 11]

[0035] In embodiments, the electronic fitness device may
utilize correlated pulse spectroscopy techniques, augmented
pulse spectroscopy techniques, or any combination thereof,
to determine blood-related and cardiac physiological metrics
and information of a user. For instance, as shown in FIGS.
5A-5B, embodiments of the disclosed electronic fitness
device may utilize either PPG signal to determine a user’s
heart rate (pulse) by controlling one or more optical trans-
mitters to emit one or more optical signals (light) having a
wavelength within the band labeled “heart rate.” Similarly,
embodiments of the disclosed electronic fitness device may
utilize correlated or augmented pulse spectroscopy tech-
niques to determine a pulse oximetry level for the user by
controlling one or more optical transmitters to emit one or
more optical signals having a wavelength within the band(s)
labeled “pulse ox 17 (630 nm-670 nm) and/or “pulse ox 2”
(850 nm-950 nm) within the plot of FIG. SA. Additionally,
in embodiments, the electronic fitness device may utilize
correlated or augmented pulse spectroscopy techniques to
determine a hematocrit level by controlling one or more
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optical transmitters to emit optical signals (light) having a
wavelength corresponding to a wavelength at which the
absorption level of the oxygenated and deoxygenated blood
is substantially equal, such as “isobestic point 1”7 or
“isobestic point 2” (thereby reducing any impact resulting
from oxygenation differences in a user’s blood). In other
embodiments, the electronic fitness device may utilize cor-
related or augmented pulse spectroscopy techniques to
determine a hematocrit level by controlling one or more
optical transmitters to emit optical signals (light) having a
wavelength within the bands labeled “hematocrit 17 (800
nm-900 nm) and/or “hematocrit 27 (950 nm-1025 nm)
within the plot of FIG. 5B.

[0036] Referring to FIG. 3, a PPG signal is based on an
optical signal (light) emitted from an optical transmitter
(TX) into the user’s skin (human tissue) proximate to the
optical transmitter (TX). The user (wearer) may be any
individual who wears the electronic device such that a
housing of the electronic device is located proximate to skin
of the individual (e.g., worn against the person’s wrist,
abdomen, leg, etc.). The emitted optical signal penetrates the
user’s skin with substantial energy to a depth that ranging
from tens of microns to several millimeters depending on a
variety of criteria, such as the wavelength of transmitted
light, presence of blood vessels and composition of the
user’s skin layers. A portion of the optical signal is reflected,
or otherwise transferred, from the skin to an optical receiver
(RX), typically a photodiode, that generates the PPG signal.
The magnitude of the PPG signal is associated with an
intensity of the received optical signal (light). The optical
signal may be modulated, or otherwise modified, by the flow
of blood through the vessels in the path of the optical signal.
Specifically, the optical signal is modulated by the blood
flow response to the beating of the user’s heart, or the
cardiac cycle. Thus, the optical signal received by the optical
receiver (RX) has been modulated to include a cardiac
component corresponding to the user’s cardiac characteris-
tics, which are associated with the user’s heartbeat. In turn,
the PPG signal generated by the optical receiver (RX)
includes a cardiac component corresponding to the effect of
the user’s heartbeat on the flow of blood in the vessels. In
addition to the cardiac component, the PPG signal includes
undesirable components, such as a motion component
resulting from motion of the user, noise components result-
ing from operation of the device and/or electronic circuitry
of the optical receiver (RX), etc. An example of the cardiac
component of the PPG signal, in isolation with other com-
ponents removed or filtered, is shown in FIG. 4.

[0037] Generally, as seen in FIG. 2, the PPG signal
waveform includes an AC component and a DC component.
The AC component of the PPG signal waveform oscillates
between a local maximum and a local minimum over
successive short periods of time. The DC component of the
PPG signal waveform may be a moving average of the local
maximum and the local minimum over successive short
periods of time. In some implementations, a processing
element may control a low-pass filter to remove the DC
component or a substantial portion of the DC component. A
source of low-frequency AC noise, such as a motion com-
ponent, may be included in the DC value, causing the PPG
signal waveform to move up or down. Some low-frequency
AC noise components, having frequencies similar to the
cardiac component, modulate the envelope of and/or other-
wise distort the cardiac component of the PPG signal. Noise
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inherent in the transmission of the optical signals through a
user’s skin or tissue as well as motion and other AC noise
components may make the identification and extraction of
the cardiac component, such as the one shown in FIG. 4, by
the processing element difficult.

[0038] FIGS. 5A-5B are plots that show an absorption
coeflicient, or level of absorption, of various components of
blood, including oxygenated blood, deoxygenated blood,
and water, for an optical signal emitted by an optical
transmitter having one of the plurality of wavelengths rang-
ing from 400 nanometers (nm) to 1300 nm. As shown in
FIGS. 5A-5B, the absorption of the optical signal is different
across the spectrum of 400-1300 nm for each blood com-
ponent, such as oxygenated blood, deoxygenated blood or
water. As a result, transmitting and receiving an optical
signal having one of the illustrated wavelengths may enable
a processing element to determine information about a
user’s blood and cardiac condition based on known absorp-
tion characteristics of the blood at that wavelength. In
embodiments, the processing element may control a plural-
ity of optical transmitters (independent or part of an optical
transmitter array) to transmit a plurality of optical signals
each having a single wavelength and the processing element
may control one or more optical receivers to generate a PPG
signal based on reflections of the optical signals received
from the user’s skin or tissue.

[0039] As shown in FIG. 5A, a processing element may
control an optical transmitter to emit an optical signal having
a wavelength that is within one of a plurality of ranges
(bands) of wavelengths labeled for use, such as heart rate
and pulse oximetry, and use a PPG signal generated based on
reflections of the optical signal received from the user’s skin
or tissue for the corresponding use. For example, in embodi-
ments, an optical transmitter may be controlled to emit an
optical signal having a wavelength of 550 nm (green light),
which is within a band labeled “heart rate,” and the pro-
cessing element may utilize a PPG signal generated by an
optical receiver based on received reflections of the optical
signal to determine a user’s heart rate. Similarly, the pro-
cessing element may control a first optical transmitter to
emit a first optical signal having a wavelength of 650 nm
(red light), which is within a band labeled “pulse ox 1,”
and/or a second optical transmitter to emit a second optical
signal having a wavelength of 900 nm (infrared light that is
not visible), which is within a band labeled “pulse ox 2,” and
utilize PPG signals generated by one or more optical receiv-
ers based on received reflections of the 650 nm and 900 nm
optical signals to determine a user’s pulse oximetry level.

[0040] As shown in FIG. 5B, a processing element may
control an optical transmitter to emit an optical signal having
a wavelength that is within one of a plurality of ranges
(bands) of wavelengths labeled for use, such as heart rate
and hematocrit level, and use a PPG signal generated based
on reflections of the optical signal received from the user’s
skin or tissue for the corresponding use. For example, in
embodiments, the processing element may control a first
optical transmitter to emit a first optical signal having a
wavelength of 550 nm (green light), which is within a band
labeled “heart rate,” a second optical transmitter to emit a
second optical signal having a wavelength at a first isobestic
point (830 nm), and a third optical transmitter to emit a third
optical signal having a wavelength at a second isobestic
point (1300 nm). The processing element may use PPG
signals resulting from optical signal having a wavelength at
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the isobestic points, which correspond to wavelengths at
which the absorption of the optical signal by oxygenated
blood and deoxygenated blood is roughly the same, to
determine information about the user’s blood and/or heart
without having account for any impact resulting from a level
of oxygen in the user’s blood.

[0041] In other embodiments, as shown in FIG. 5B, the
processing element may control a first optical transmitter to
emit a first optical signal having a wavelength of 850 nm
(infrared light that is not visible), which is within a band
labeled “hematocrit 1,” and/or a second optical transmitter to
emit a second optical signal having a wavelength of 1000 nm
(infrared light that is not visible), which is within a band
labeled “hematocrit 2,” and utilize PPG signals generated by
one or more optical receivers based on received reflections
of the 850 nm and 1000 nm (1 um) optical signals to
determine a user’s hematocrit level. In some configurations,
use of optical transmitters emitting optical signals at non-
isobestic wavelengths may result in a ratio “R” (EQ. 2) that
is simultaneously dependent on a user’s hematocrit level
(Hct) and blood oxygen saturation level (SpO2). In embodi-
ments, the processing element may determine a hematocrit
(Het) and a blood oxygen saturation level (SpO2) by con-
trolling optical transmitters to output optical signals having
at least one additional wavelength, a third wavelength, such
that a processor may determine at least two relationships of
hematometry ratios (EQ. 2). For example, the processing
element may determine a first hematometry ratio (R12 for a
first and a second wavelength), a second hematometry ratio
(R23 for a second and a third wavelength), and apply the
determined hematometry ratios to determine the hematocrit
level (Hct) and/or the blood oxygen saturation level (SpO2)
based on a system of equations utilizing the first and second
hematometry ratios (R12 and R23). For example, ratio R12
may be used to determine blood oxygen saturation level and
subsequently, ratio R23, together with the previously deter-
mined blood oxygen saturation level may be used to deter-
mine blood hematocrit level. In this configuration, in EQ. 3
above, parameters k,, kg, k., k,, may each be a function of
blood oxygen saturation.

[0042] In embodiments, the electronic fitness device may
include optical transmitters that emit an optical signal hav-
ing a wavelength that is within one of a plurality of ranges
(bands) of wavelengths labeled for use with simultaneously
determining a heart rate, a pulse oximetry level and hema-
tocrit level.

[0043] The electronic fitness device may include a
memory element storing one or more computer-executable
instructions that, when executed by the processing element,
utilize a PPG signal resulting from an optical signal for a use
identified in FIGS. 5A-5B corresponding to a wavelength.
For example, a first range of wavelengths of an optical
signal, labeled “heart rate,” may correspond to absorption
levels of the optical signal for oxygenated blood and deoxy-
genated blood that the processing element may determine as
adequate or suitable for determining a user’s heart rate
because the optical signal may result in a PPG signal
generated by an optical receiver that has a high signal to
noise ratio (SNR) and/or a high signal to motion noise ratio
(SMNR). The processing element may subsequently isolate
a cardiac comporent from this high-SNR PPG signal and
determine an accurate heart rate or pulse for the user.
Similarly, a second range of wavelengths of the optical
signal, labeled “motion,” may correspond to absorption
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levels of the optical signal for oxygenated blood and deoxy-
genated blood that the processing element may determine as
adequate or suitable for identifying a motion component
within the PPG signal. The processing element may subse-
quently isolate the motion component from the PPG signal
or utilize the PPG signal to reduce or minimize the motion
component from other PPG signals resulting from optical
signals having other wavelengths.

[0044] As described above, the processing element may
receive PPG signals resulting from optical signals having a
wavelength within the “pulse ox 17 and “pulse ox 2” bands
and utilize those PPG signals to determine the user’s pulse
oximetry. In embodiments, the processing element may
receive a first PPG signal generated based on a received
optical signal transmitted into the skin or tissue having a first
wavelength in the “pulse ox 1” range and a second PPG
signal is generated based on a received optical signal trans-
mitted having a second wavelength in the “pulse ox 2”
range. The processing element may use the two PPG signals
to determine an indicator, which is equal to a first quotient
of the AC value and the DC value at a first optical signal
wavelength divided by a second quotient of the AC value
and the DC value at a second optical signal wavelength. The
indicator may be given by equation EQ. 1, wherein A1 is the
first optical signal wavelength, and A2 is the second optical
signal wavelength, provided above.

[0045] The processing element, electronically coupled to
the memory element, may determine the user’s pulse oxi-
metry, or blood oxygen saturation, based on the pulse
oximetry indicator (EQ. 1) and a relationship stored in a
memory element that associates the pulse oximetry indicator
and a value of the user’s pulse oximetry. In embodiments,
the relationship may be expressed as a lookup table stored in
the memory element that includes a plurality of pulse
oximetry indicators and their associated pulse oximetry
values for one or more health and/or physiological charac-
teristics. Health characteristics may include age, gender,
weight, height, physical condition (e.g.. in good health,
pulmonary conditions, etc.), and fitness class (i.e., overall
physical fitness level). Physiological characteristics may
include, but are not limited to, a heartbeat, heart rate,
heart-rate variability, speed, distance traveled, calculating
calories burned, body temperature, blood pressure, stress
intensity level, body energy level, and the like. In embodi-
ments, the processing element may identify a pulse oximetry
value based on a determined pulse oximetry indicator (EQ.
1), one or more health characteristics (e.g., age, gender, or
weight) and one or more physiological characteristics (e.g.,
heart rate, blood pressure or heart-rate variability).

[0046] As with other calculations determined using sig-
nals, accurate determination of the user’s heart rate and
pulse oximetry value may benefit from reduction of noise
components in the PPG signal. For instance, accurate deter-
mination of the user’s pulse oximetry, particularly the pulse
oximetry indicator, may benefit from reduction of noise
components and the motion component to enable use of a
PPG signal having the SNR and/or the SMNR that is
maximized. In environments where noise components are
present in the PPG signal, it is desirable to remove the noise
components from the PPG signal in order to isolate the
cardiac component. Isolating the cardiac component may
lead to faster and more accurate determination of the user’s
heart rate or other cardiac-related metrics. Various forms of
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pulse spectroscopy, such as correlated pulse spectroscopy
and augmented pulse spectroscopy, may be utilized to isolate
the cardiac component.

[0047] As described above, the processing element may
receive PPG signals resulting from optical signals having a
wavelength within the “hematocrit 17 and “hematocrit 2”
bands and utilize those PPG signals to determine a concen-
tration of red blood cells in blood, an absolute or relative
body hydration level of the user, or an anemic level of the
user. Common hematocrit levels for humans may be
approximately 45-50% and changes in hematocrit levels
may be indicative of various health and wellness conditions.
For example, the memory element may store a relationship
correlating a change in the hematometry ratio (EQ. 2) and/or
the hematocrit level (EQ. 3) with changes in body hydration
based on one or more health characteristics (e.g., age,
gender, or weight) and one or more physiological charac-
teristics (e.g., heart rate, blood pressure or heart-rate vari-
ability) of a user. Similarly, the memory element may store
a relationship correlating a change in the hematometry ratio
(EQ. 2) and/or the hematocrit level (EQ. 3) with changes in
an anemic level based on one or more health characteristics
(e.g., age, gender, or weight) and one or more physiological
characteristics (e.g., heart rate, blood pressure or heart-rate
variability) of a user.

[0048] As provided in EQ. 2 and EQ. 3 above, a relation-
ship stored in a memory element may associate the
hematometry ratio and a value of the user’s concentration of
red blood cells in blood, an absolute or relative body
hydration level, or an anemic level. Similar to determined
pulse oximetry levels, the relationship may be expressed as
a lookup table stored in the memory element that includes a
plurality of hematometry ratios and their associated concen-
tration of red blood cells in blood, an absolute or relative
body hydration level, or an anemic level for one or more
health and/or physiological characteristics. Health charac-
teristics may include age, gender, weight, height, physical
condition (e.g., in good health, pulmonary conditions, etc.),
and fitness class (i.e., overall physical fitness level). The
optical system may include or be coupled with a memory
device associating a plurality of hydration levels with hema-
tocrit levels or changes in hematocrit levels. The memory
may include hydration level information based on a user’s
age, sex, physical condition (e.g., in good health, pulmonary
conditions, etc.).

[0049] Correlated pulse spectroscopy involves the pro-
cessing element comparing, or correlating, two PPG signals
to determine signal filter parameters that are utilized to
actively adjust the operating parameters of a plurality of
signal filters. Each signal filter then filters (removes) unde-
sired components from one of a plurality of PPG signals.
The processing element may begin the correlated pulse
spectroscopy process by controlling one or more optical
transmitters to transmit at least two optical signals that are
differentiated in some fashion.

[0050] In embodiments, a difference between the two
optical signals may be emission from optical transmitter at
different times (while having the same wavelength and
traveling the same path from the optical transmitter to the
optical receiver). For example, the electronic fitness device
may include a first optical transmitter that emits a first
optical signal at a first period of time and a second optical
signal at a second period of time. Alternatively, the elec-
tronic fitness device may include a first optical transmitter
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that emits a first optical signal at a first period of time and
the electronic fitness device may include a second optical
transmitter that emits a second optical signal at a second
period of time.

[0051] In other embodiments, a difference between the
two optical signals may be the two optical signals having
different wavelengths. For example, the electronic fitness
device may include a first optical transmitter that emits a first
optical signal having a first wavelength (e.g., 650 nm-red
light) at a first period of time and the electronic fitness
device may include a second optical transmitter that emits a
second optical signal having a second wavelength (e.g., 900
nm-infrared light) at the first period of time or at a second
period of time. The first optical signal may travel from a first
optical transmitter to a first optical receiver and the second
optical signal may travel from the second optical transmitter
to a second optical receiver. In embodiments, when the
second optical signal may be emitted at the second period of
time, the first optical signal and the second optical signal
may travel from the first optical transmitter and the second
optical transmitter, respectively, to the first optical receiver.
Even though the optical signals may have different wave-
lengths, the optical signals may each have a wavelength in
the “heart rate” range and one or more optical receivers may
provide PPG signals with a high SNR and/or SMNR. The
processing element may receive the two resulting PPG
signals and remove their DC components by implementing
high-pass filtering or other operations, such as level shifting.

[0052] In other embodiments, a difference between the
two optical signals may be the two optical signals traveling
along different paths from an optical transmitter to an optical
receiver. Signal path diversity, which relates to differences in
the paths that two optical signals travel, may be achieved or
created by use of a plurality of optical transmitters and/or
optical receivers. For example, the electronic fitness device
may include a first optical transmitter that emits a first
optical signal at a first period of time and a second optical
signal at a second period of time. The first optical signal may
travel from the first optical transmitter to a first optical
receiver and the second optical signal may travel from the
first optical transmitter to a second optical receiver. Altet-
natively, the electronic fitness device may include a first
optical transmitter that emits a first optical signal at a first
period of time that is received by a first optical receiver and
the electronic fitness device may include a second optical
transmitter that emits a second optical signal at the first
period of time that is received by a second optical receiver.
Similarly, the electronic fitness device may include a first
optical transmitter that emits a first optical signal at a first
period of time that is received by a first optical receiver and
the electronic fitness device may include a second optical
transmitter that emits a second optical signal at a second
period of time that is received by a second optical receiver.

[0053] In embodiments, the electronic fitness device may
include a first optical transmitter that emits a first optical
signal at a first period of time, a second optical transmitter
that emits a second optical signal at a second period of time,
and a first optical receiver that receives the first and second
optical signals transmitted by the first and second optical
transmitters. Alternatively, the electronic fitness device may
include a first optical transmitter that emits a first optical
signal at a first period of time, a second optical transmitter
that emits a second optical signal at the first period of time,
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and a first optical receiver that receives the first and second
optical signals transmitted by the first and second optical
transmitters.

[0054] The processing element may implement correlated
pulse spectroscopy techniques for the two PPG signals to
determine signal filter parameters that are utilized to actively
adjust the operating parameters of a plurality of signal filters.
Referring to FIGS. 6-8, and FIG. 10, the two PPG signals,
PPG 1 and PPG 2, are input to a processing element 34
which includes various components for signal processing
and filtering. The PPG 1 and PPG 2 signals are received by
an active filter 44 in which they are generally compared, or
specifically correlated, with one another, producing a signal
that includes the signal component(s) common to both
signals, which is a cardiac component present in PPG 1 and
PPG 2. Other components that are not common to both PPG
signals, such as noise components, are effectively filtered
out in the signal output by correlation unit 46. The cardiac
component common to both PPG signals is then utilized by
processing element 34 to determine one or more signal filter
parameters to be utilized with the active filter 44 and stored
in the memory element 32. For example, one signal filter
parameter may be a representation of the common cardiac
component, such as a complete period of a common cardiac
component waveform represented in the time domain. Addi-
tionally, or alternatively, the common cardiac component
may be represented in the frequency domain by the process-
ing element 34 performing a time domain to frequency
domain transformation, such as a discrete Fourier transform
(DFT) or other transform. The common cardiac component
may also or instead be represented by the processing ele-
ment 34 through transforms such as a discrete wavelet
transform or similar mathematical operations. In embodi-
ments, the processing element 34 may determine as signal
filter parameters one or more spectral parameters of the
cardiac component, such as the fundamental frequency,
harmonic frequencies, bandwidth, phase, and the like. In yet
another embodiment, the signal filter parameter may be a
transfer function that is developed using either the first PPG
signal or the second PPG signal as an input function and the
common cardiac component as an output function.

[0055] The operation and performance of signal filters 48
may be determined or controlled by the determined signal
filter parameters. For example, each signal filter 48 may
compare other PPG signals to the time domain waveform or
the frequency domain model of the common cardiac com-
ponent. Alternatively, each signal filter 48 may use the time
domain waveform or the frequency domain model to filter
the other PPG signals. The signal filter 48 may be a
band-pass filter with a pass band frequency determined by
the spectral parameters or the frequency domain transform.
The signal filter 48 may perform the transfer function. At
any rate, the signal filter parameters are utilized by each
signal filter 48 to maintain and/or adjust the operating
parameters, such as pass frequency ranges, bandwidths, etc.,
for each of the signal filters 48.

[0056] In embodiments, an optical signal may be gener-
ated at a wavelength at which absorption of the optical signal
by the blood vessels in the skin or tissue is low. The resulting
PPG signals generated by an optical receiver based on
reflections of the optical signal, in turn, may have a low SNR
and/or SMNR. In such embodiments, still referring to FIGS.
6-8, these PPG signals, one or more of PPG 3-PPG n are
input to a signal filter 48 configured using a signal filter
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parameter determined based on correlated pulse spectros-
copy techniques applied to PPG 1 and PPG 2. Subsequently,
each of PPG 3-PPG n is processed by the signal filter 48 to
isolate a cardiac component CC 1-CC n of each input PPG
signal.

[0057] Unlike correlated pulse spectroscopy, augmented
pulse spectroscopy techniques involve analyzing a first
signal, such a PPG signal with a high SNR and/or SMNR,
to determine one or more signal characteristics of the first
signal, which may serve as a reference signal used to process
other signals by identifying, isolating, or generating a
desired component (e.g., the cardiac component) for each of
the other signals based on the determined signal character-
istics. The processing element may begin the augmented
pulse spectroscopy process by controlling one or more
optical transmitters to transmit a first optical signal typically
having a wavelength associated with an acceptable SNR or
SMNR for a PPG signal resulting from reflections of the first
optical signal to serve as a reference PPG signal for other
PPG signals having lower SNR or SMNR. For example, the
first optical signal may have a wavelength within the “heart
rate” range (band) of FIGS. 5A-5B, which may result in a
first PPG signal having a higher SNR or SMNR than a
second optical signal having a wavelength within the “pulse
ox 17 or “pulse ox 2” bands. The processing element may
analyze the first PPG signal to determine one or more signal
characteristics of the first PPG signal and use the determined
one or more signal characteristics to process the second PPG
signal by identifying, isolating, or generating a desired
cardiac component for the second PPG signal based on the
determined signal characteristics of the first PPG signal.

[0058] Referring to FIG. 9, and FIG. 10, the processing
element 34 may remove a DC component of the reference
PPG signal and analyze the reference PPG signal (PPG
REF) to determine various characteristics of the reference
PPG signal and store the determined signal characteristics in
memory element 32. For example, a signal analysis element
52 of the processing element 34 may determine a reference
frequency, a reference bandwidth, a reference amplitude, a
reference phase, reference maximum value times, reference
minimum value times, reference zero crossing times, and the
like, of the reference PPG signal. These determined signal
characteristics may be used by a signal process for the
processing and conditioning of other PPG signals (PPG
2-PPG 1) with a lower SNR and/or SMNR resulting from
optical signals having other wavelengths where the absorp-
tion of the optical signal by the blood is relatively low. The
signal processor may include a bandpass filter 54 with a
center pass frequency at the reference frequency may be
implemented and utilized to filter the other PPG signals
(PPG 2-PPG n). An amplifier 56 may be utilized to amplify
the other PPG signals (PPG 2-PPG n). A phase adjuster 58
may be utilized to shift the phase of other PPG signals (PPG
2-PPG n). A sampler 60 may be implemented to sample the
other PPG signals (PPG 2-PPG n) at the determined refer-
ence maximum value times, reference minimum value
times, and reference zero crossing times because those times
likely indicate when the maximum, minimum, and zero-
crossing times of the corresponding cardiac component of
the other PPG signal (PPG 2-PPG n). As a result, processing
element 34 may implement augmented pulse spectroscopy
techniques on the reference PPG signal (PPG REF) and the
other PPG signals (PPG 2-PPG 1) to isolate or filter the
cardiac component, CC REF and CC 2-CC n, of each PPG
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signal generated by an optical receiver based on reflections
of optical signals transmitted by one or more optical trans-
mitters. In embodiments, the processing element 34 may
determine a reference cardiac component of the reference
PPG signal. The processing element may determine a pulse
oximetry level (blood oxygen saturation), a pulse-oximetry
indicator, a hematocrit level, or a user hydration level based
on the reference cardiac component and one or more addi-
tional cardiac components, as described herein.

[0059] Embodiments of the present technology will now
be described in more detail with reference to the drawing
figures. Referring initially to FIGS. 1, 3. and 6-15, an
electronic fitness device 10 configured to implement the
disclosed pulse spectroscopy techniques is illustrated. An
exemplary electronic fitness device 10 may be embodied by
a smart watch or a fitness band that is typically worn on a
user’s wrist, but may also be embodied by bands or belts
worn on the user’s arm, leg, or torso. Other examples of the
electronic fitness device 10 may include smartphones, per-
sonal data assistants, or the like which include a surface,
operable to retain optical devices, that can be pressed against
the user’s skin. The electronic fitness device 10 may broadly
comprise a housing 12, a wrist band 14, a display 16, a user
interface 18, a communication element 20, a location deter-
mining element 22, a motion detecting element 24, an
optical transmitter assembly 26 including one or more
optical transmitters 42, an optical receiver(s) 28, a lens(es)
30, a memory element 32, and a processing element 34.

[0060] The housing 12 generally houses or retains other
components of the electronic fitness device 10 and may
include or be coupled to the wrist band 14. As seen in FIG.
3, the housing 12 may include a bottom wall 36, an upper
surface 38, and at least one side wall 40 that bound an
internal cavity (not shown in the figures). The bottom wall
36 may include a lower, outer surface that contacts the user’s
wrist while the user is wearing the electronic fitness device
10. The upper surface 38 opposes the bottom wall 36. In
various embodiments, the upper surface 38 may further
include an opening that extends from the upper surface to the
internal cavity. In some embodiments, such as the exemplary
embodiments shown in the figures, the bottom wall 36 of the
housing 12 may have a round, circular, or oval shape, with
a single circumferential side wall 40. In other embodiments,
the bottom wall 36 may have a four-sided shape, such as a
square or rectangle, or other polygonal shape, with the
housing 12 including four or more sidewalls. The bottom
wall 36 includes one or more openings through which one or
more optical transmitters 42 of the optical transmitter array
(s) 26 emit or transmit an optical signal and one or more
optical receiver(s) 28 receive reflections of the optical signal
from the user’s skin. The one or more openings within the
bottom wall 36 may be covered by one or more lenses 30
through which the optical signal may be transmitted and
received.

[0061] The display 16 generally presents the information
mentioned above, such as time of day, current location, and
the like. The display 16 may be implemented in one of the
following technologies: light-emitting diode (LED). organic
LED (OLED), Light Emitting Polymer (LEP) or Polymer
LED (PLED), liquid crystal display (LCD), thin film tran-
sistor (TFT) LCD, LED side-lit or back-lit LCD, or the like,
or combinations thereof. In some embodiments, the display
16 may have a round, circular, or oval shape. In other
embodiments, the display 16 may possess a square or a
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rectangular aspect ratio which may be viewed in either a
landscape or a portrait orientation.

[0062] The user interface 18 generally allows the user to
directly interact with the electronic fitness device 10 and
may include pushbuttons, rotating knobs, or the like. In
various embodiments, the display 16 may also include a
touch screen occupying the entire display 16 or a portion
thereof so that the display 16 functions as at least a portion
of the user interface 18. The touch screen may allow the user
to interact with the electronic fitness device 10 by physically
touching, swiping, or gesturing on areas of the display 16.
[0063] The communication element 20 generally allows
communication with external systems or devices. The com-
munication element 20 may include signal and/or data
transmitting and receiving circuits, such as antennas, ampli-
fiers, filters, mixers, oscillators, digital signal processors
(DSPs), and the like. The communication element 20 may
establish communication wirelessly by utilizing radio fre-
quency (RF) signals and/or data that comply with commu-
nication standards such as cellular 2G, 3G, 4G, LTE, or 5G,
Institute of Electrical and Electronics Engineers (IEEE)
802.11 standard such as Wi-Fi, IEEE 802.16 standard such
as WiIMAX, Bluetooth™, or combinations thereof. In addi-
tion, the communication element 20 may utilize communi-
cation standards such as ANT, ANT+, Bluetooth™ low
energy (BLE), the industrial, scientific, and medical (ISM)
band at 2.4 gigahertz (GHz), or the like. Alternatively, or in
addition, the communication element 20 may establish com-
munication through connectors or couplers that receive
metal conductor wires or cables which are compatible with
networking technologies such as Ethernet. In certain
embodiments, the communication element 20 may also
couple with optical fiber cables. The communication ele-
ment 20 may be in electronic communication with the
memory element 32 and the processing element 34.

[0064] The location determining element 22 generally
determines a current geolocation of the electronic fitness
device 10 and may receive and process radio frequency (RF)
signals from a global navigation satellite system (GNSS)
such as the global positioning system (GPS) primarily used
in the United States, the GLONASS system primarily used
in the Soviet Union, or the Galileo system primarily used in
Europe. The location determining element 22 may accom-
pany or include an antenna to assist in receiving the satellite
signals. The antenna may be a patch antenna, a linear
antenna, or any other type of antenna that can be used with
location or navigation devices. The location determining
element 22 may include satellite navigation receivers, pro-
cessors, controllers, other computing devices, or combina-
tions thereof, and memory. The location determining ele-
ment 22 may process a signal, referred to herein as a
“location signal”, from one or more satellites that includes
data from which geographic information such as the current
geolocation is derived. The current geolocation may include
coordinates, such as the latitude and longitude, of the current
location of the electronic fitness device 10. The location
determining element 22 may communicate the current geo-
location to the processing element 34, the memory element
32, or both.

[0065] Although embodiments of the location determining
element 22 may include a satellite navigation receiver, it will
be appreciated that other location-determining technology
may be used. For example, cellular towers or any custom-
ized transmitting radio frequency towers can be used instead
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of satellites may be used to determine the location of the
electronic fitness device 10 by receiving data from at least
three transmitting locations and then performing basic tri-
angulation calculations to determine the relative position of
the device with respect to the transmitting locations. With
such a configuration, any standard geometric triangulation
algorithm can be used to determine the location of the
electronic fitness device 10. The location determining ele-
ment 22 may also include or be coupled with a pedometer,
accelerometer, compass, or other dead-reckoning compo-
nents which allow it to determine the location of the device
10. The location determining element 22 may determine the
current geographic location through a communications net-
work, such as by using Assisted GPS (A-GPS), or from
another electronic fitness device. The location determining
element 22 may even receive location data directly from a
user.

[0066] The motion detecting element 24 generally detects
movement of the electronic fitness device 10 and may
include accelerometers, tilt sensors, inclinometers, gyro-
scopes, combinations thereof, or other devices including
piezoelectric, piezoresistive, capacitive sensing, or micro
electromechanical systems (MEMS) components. The
motion detecting element 24 may sense motion along one
axis of motion or multiple axes of motion. Motion detecting
element 24 may sense motion along three orthogonal axes,
such as X, Y, and Z. In various embodiments, the motion
detecting element 24 may measure the acceleration, such as
acceleration due to the gravitation (G) force, of the user and
may output the measured data in a motion signal having a
digital binary format.

[0067] In embodiments, the optical transmitter array(s) 26
include a first optical transmitter array 26A and a second
optical transmitter array 26B. Each optical transmitter array
26 includes a plurality of optical transmitters 42 (each
optical transmitter 42 indicated in FIGS. 11 and 12 with a
“TX” prefix). In some embodiments, each optical transmitter
42 may include a photonic generator, such as a light-emitting
diode (LED), a modulator, a top emitter, an edge emitter, or
the like. The photonic generator receives an electrical input
signal from the processing element 34 that may be a control
signal, such as an electric voltage or electric current that is
analog or digital, or data, either of which is indicative of
activating or energizing the optical transmitter 42 to transmit
(emit) an optical signal having a desired amplitude, fre-
quency, and duration. The photonic generator of each optical
transmitter 42 transmits electromagnetic radiation having a
particular wavelength (the optical signal) in the visible light
spectrum, which is typically between approximately 400
nanometers (nm) to 700 nm, or in the infrared spectrum,
which is typically between approximately 700 nm to 1
millimeter (mm). However, in some embodiments, the pho-
tonic generator transmits electromagnetic radiation in wave-
length range of 1000 nm to 1500 nm. The wavelength of the
optical signal is generally determined by, or varies according
to, the material from which the photonic generator of each
optical transmitter 42 is formed. The optical signal may
comprise a sequence of pulses, a periodic or non-periodic
waveform, a constant level for a given period of time, or the
like, or combinations thereof. In other embodiments, each
optical transmitter 42 may include a driver circuit, with
electronic circuitry such as amplifier and an optional filter,
electrically coupled to the photonic generator. The driver
circuit may receive the electrical input signal (control signal)
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from the processing element 34 and the driver circuit may
generate an electric voltage or electric current to the pho-
tonic generator, which in turn, transmits (emits) the optical
signal.

[0068] The first optical transmitter array 26 A may include
four optical transmitters 42: a first optical transmitter 42A1
configured or operable to transmit an optical signal having
a first wavelength (A1), a second optical transmitter 42A2
configured or operable to transmit an optical signal having
a second wavelength (A2), a third optical transmitter 42A3
configured or operable to transmit an optical signal having
a third wavelength (A3), and a fourth optical transmitter
42A4 configured or operable to transmit an optical signal
having a fourth wavelength (A4). In various embodiments,
the processing element 34 may utilize each wavelength to
perform a certain function, as shown in FIGS. 13-15, using
a PPG signal generated by one or more optical receiver(s) 28
that receive reflections of each optical signal from the user’s
skin.

[0069] In an exemplary embodiment, the processing ele-
ment 34 may output a control signal to: an optical transmitter
configured to transmit an optical signal having the first
wavelength, the reflection of which provides a PPG signal to
the processing element 34 enabling an accurate determina-
tion of the user’s heart rate in the range from approximately
520 nm to approximately 580 nm; an optical transmitter
configured to transmit an optical signal having the second
wavelength, the reflection of which amplifies the motion
component of the PPG signal relative to the cardiac com-
ponent to enable isolation of the motion component, in the
range from approximately 660 nm to approximately 700 nm;
an optical transmitter configured to transmit an optical signal
having the third wavelength, the reflection of which pro-
vides a first PPG signal to the processing element 34 for use
with determining a pulse oximetry in the red range of the
spectrum from approximately 620 nm to approximately 660
nm; and an optical transmitter configured to transmit an
optical signal having the fourth wavelength, the reflection of
which provides a second PPG signal to the processing
element 34 for use with determining a pulse oximetry in the
infrared range of the spectrum from approximately 850 nm
to approximately 940 nm. In embodiments, specific exem-
plary wavelengths may include approximately 540 nm for
the first wavelength, approximately 680 nm for the second
wavelength, approximately 660 nm for the third wavelength,
and approximately 940 nm for the fourth wavelength.
[0070] Each optical transmitter 42 of the first optical
transmitter array 26A may be integrated on a single sub-
strate, such as a printed circuit board, or may be positioned
in close proximity to one another. Generally, the optical
transmitters 42 are oriented or located to form a linear array,
as shown in FIGS. 13-15, although the relative positioning
of each optical transmitter 42 within the array maybe
rearranged and still remain within the scope of the present
technology. The first optical transmitter array 26A is posi-
tioned in an opening on the bottom wall 36 of the housing
12 and may be positioned under a lens 30. In some embodi-
ments, each optical transmitter 42 may be positioned in its
own opening of the bottom wall 36.

[0071] The second optical transmitter array 26B may
include two optical transmitters 42: a first optical transmitter
42B1 configured or operable to transmit an optical signal
having a fifth wavelength (A5) and a second optical trans-
mitter 42B2 configured or operable to transmit an optical
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signal having a sixth wavelength (A6). Similar to the first
optical transmitter array 26A, the processing element 34
may utilize wavelengths of the second optical transmitter
array 26B to perform a certain function, as shown in FIGS.
13-15, using a PPG signal generated by one or more optical
receiver(s) 28 that receive reflections of each optical signal
from the user’s skin. In an exemplary embodiment, the
processing element 34 may output a control signal to: an
optical transmitter configured to transmit an optical signal
having the fifth wavelength, the reflection of which provides
a PPG signal to the processing element 34 enabling an
accurate determination of the user’s heart rate in the range
from approximately 520 nm to approximately 580 nm; and
an optical transmitter configured to transmit an optical signal
having the sixth wavelength, the reflection of which pro-
vides a PPG signal to the processing element 34 enabling
isolation of the motion component of the PPG signal in the
range from approximately 660 nm to approximately 700 nm.

[0072] Each of optical transmitters 42 of the second opti-
cal transmitter array 26B may be integrated on a single
substrate, such as a printed circuit board, or may be posi-
tioned in close proximity to one another. The second optical
transmitter array 26B is positioned in an opening on the
bottom wall 36 of the housing 12 and may be positioned
under a lens 30. In some embodiments, each optical trans-
mitter 42 may be positioned in its own opening of the bottom
wall 36. At any rate, the second optical transmitter array 268
is separated from the first optical transmitter array 26A by a
first distance. In various embodiments, the longitudinal axis
line (through the center of each optical transmitter 42) of the
first optical transmitter array 26A is parallel to the longitu-
dinal axis line of the second optical transmitter array 26B.

[0073] In some embodiments, as shown in FIG. 13, the
first wavelength and the fifth wavelength may be substan-
tially equal and the second wavelength and the sixth wave-
length may be substantially equal. Therefore, the wave-
lengths of one or more optical transmitters 42 of the second
optical transmitter array 26B may duplicate some of the
functionality of one or more optical transmitters 42 of the
first optical transmitter array 26 A, but given that the optical
signals transmitted from the second optical transmitter array
26B follow a different path in comparison to the optical
signals transmitted from the first optical transmitter array
26A, there is signal path differentiation or diversity between
the optical signals. As detailed herein, the processing ele-
ment 34 may utilize the plurality of optical signals, which
provide signal path diversity, to more accurately determine
the user’s heart rate, pulse oximetry level, and other blood-
related and cardiac information. The processing element 34
may utilize each wavelength to perform a certain function
identified in FIGS. 5A and 5B. The processing element 34
may determine a heart rate using a PPG signal generated by
optical receivers 28A and/or 28B based on reflections of an
optical signal received from the user’s skin that had origi-
nated from optical transmitters 42A1 and/or 42B1. Simi-
larly, the processing element 34 may determine a pulse
oximetry level using a PPG signal generated by optical
receivers 28A and/or 28B based on reflections of an optical
signal received from the user’s skin that had originated from
optical transmitters 42A3 and/or 42A4. The processing
element 34 may also utilize a PPG signal generated by
optical receivers 28A and/or 28B based on reflections of an
optical signal, which has the second wavelength that is
substantially equal to the sixth wavelength, originating from
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optical transmitters 42A2 and/or 42B2 to isolate a motion
component from the PPG signal and reduce or minimize the
motion component from other PPG signals resulting from
optical signals having other wavelengths.

[0074] In other embodiments, as shown in FIG. 14, the
first wavelength and the second wavelength may be sub-
stantially different and each may be different than the fifth
wavelength and the sixth wavelength. Therefore, the wave-
lengths of one or more optical transmitters 42 of the second
optical transmitter array 26B are utilized to provide different
functionality than the one or more optical transmitters 42 of
the first optical transmitter array 26A. There is signal path
differentiation or diversity between the optical signals in
such embodiments. The optical signals transmitted from the
first optical transmitter array 26A may pass to both the first
optical receiver 28A and the second optical receiver 28B.
Similarly, the optical signals transmitted from the second
optical transmitter array 26B may also pass to both the first
optical receiver 28A and the second optical receiver 28B. As
detailed herein, the processing element 34 may utilize the
plurality of optical signals, which provide signal path diver-
sity, to more accurately determine the user’s heart rate, pulse
oximetry level, hematocrit, and other blood-related and
cardiac information. The processing element 34 may utilize
each wavelength to perform a certain function identified in
FIGS. 5A and 5B. The processing element 34 may determine
aheart rate using a PPG signal generated by optical receivers
28A and/or 28B based on reflections of an optical signal
received from the user’s skin that had originated from
optical transmitter 42B2. Similarly, the processing element
34 may determine a pulse oximetry level using a PPG signal
generated by optical receivers 28A and/or 28B based on
reflections of an optical signal received from the user’s skin
that had originated from optical transmitters 42A3 and
42A4. The processing element 34 may determine a hema-
tocrit level using a PPG signal generated by optical receivers
28A and/or 28B based on reflections of an optical signal
received from the user’s skin that had originated from
optical transmitters 42A1 and 42A2.

[0075] In other embodiments, as shown in FIG. 15, the
electronic fitness device 10 may include a first optical
transmitter array 26A, a first optical transmitter 42B1, and
an optical receiver 28A. The wavelength of an optical signal
emitted by each optical transmitter may be unique. As
detailed herein, the processing element 34 may utilize the
plurality of optical signals, which provide signal path diver-
sity, to more accurately determine the user’s heart rate, pulse
oximetry level, hematocrit, and other blood-related and
cardiac information. The processing element 34 may utilize
each wavelength to perform a certain function identified in
FIGS. 5A and 5B. The processing element 34 may determine
a heart rate using a PPG signal generated by optical receiver
28A based on reflections of an optical signal received from
the user’s skin that had originated from optical transmitter
42B1. Similarly, the processing element 34 may determine
a pulse oximetry level using a PPG signal generated by
optical receiver 28A based on reflections of an optical signal
received from the user’s skin that had originated from
optical transmitters 42A1 and 42A3. The processing element
34 may determine a hematocrit level using a PPG signal
generated by optical receiver 28A based on reflections of an
optical signal received from the user’s skin that had origi-
nated from optical transmitters 42A1 and/or 42A2. In such
embodiments, the processing element 34 may utilize a
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wavelength to perform multiple functions. As shown in FIG.
15, the optical signal transmitted by optical transmitter 42A1
may be utilized to determine a pulse oximetry level and a
hematocrit level. The wavelength of the optical signal trans-
mitted by optical transmitter 42A1 may be any overlapping
wavelength (850 nm-900 nm) of the “pulse ox 2” band of
FIG. 5A (850 nm-950 nm) and the “hematocrit 1" band of
FIG. 5B (800 nm-900 nm).

[0076] The electronic fitness device 10 may include a first
optical receiver 28A and a second optical receiver 28B (each
optical receiver 28 indicated in FIGS. 11 and 12 with the
“RX” prefix). In some embodiments, each optical receiver
28 may include a photodetector, such as a photodiode, a
phototransistor, a photoresistor, a phototube, or the like. The
photodetector receives electromagnetic radiation having
multiple wavelengths (typically any of the wavelengths
generated by the photonic generators) and in response,
generates a PPG signal, comprising an electric current, an
electric voltage, or other electrical parameter, that corre-
sponds to the intensity of the modulated optical signal in
amplitude and frequency that is transmitted by an optical
transmitter 42 and reflected from the user’s skin. Given that
the optical receivers 28 may receive multiple optical signals,
each having a particular wavelength, each PPG signal gen-
erated by either optical receiver 28 may be a particular
wavelength-related PPG signal because it includes charac-
teristics or components resulting from, or related to, the
particular wavelength of the optical signal transmitted (emit-
ted) by an optical transmitter 42 of the first or second optical
transmitter arrays 26A, 26B. In other embodiments, each
optical receiver 28 may include the photodetector electri-
cally coupled to an amplifier circuit followed by an analog-
to-digital converter (ADC). The photodetector may receive
electromagnetic radiation having multiple wavelengths and
in response, may generate an output signal, comprising an
electric current, an electric voltage, or other electrical
parameter that corresponds to the intensity of the modulated
optical signal in amplitude and frequency that is transmitted
by an optical transmitter 42 and reflected from the user’s
skin. The amplifier circuit may receive the output signal
from the photodetector and amplify it to produce an ampli-
fied output signal that is analog and communicated to the
ADC. The ADC may sample the amplified output signal and
output a PPG signal, which is converted into a correspond-
ing stream of digital data.

[0077] Each optical receiver 28 may generate a plurality of
PPG signals, each PPG signal resulting from an optical
signal transmitted by one of the optical transmitters 42 of the
first or second optical transmitter arrays 26A, 26B. In
embodiments having a plurality of optical receivers 28, for
example, the first optical receiver 28A may generate a first
PPG signal resulting from the optical signal received from
the first optical transmitter 42, a second PPG signal resulting
from the optical signal received from the second optical
transmitter 42, and so forth. Likewise, the second optical
receiver 28B may generate a first PPG signal resulting from
the optical signal received from the first optical transmitter
42, a second PPG signal resulting from the optical signal
received from the second optical transmitter 42, and so forth.
Alternatively, the first optical receiver 28A may generate a
first PPG signal resulting from the optical signal received
from the first optical transmitter 42, while the second optical
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receiver 28B may generate a second PPG signal resulting
from the optical signal received from the first optical trans-
mitter 42, and so forth.

[0078] The optical receiver 28 is typically a photodiode
and may be any other device configured to generate a PPG
signal based on the intensity of light received by a sensor
element. The first optical receiver 28A is positioned in an
opening on the bottom wall 36 of the housing 12 between the
first optical transmitter array 26A and the second optical
transmitter array 26B, while the second optical receiver 28B
may be positioned in an opening on the bottom wall 36 on
the opposing side of either the second optical transmitter
array 26B (as shown in FIGS. 11 and 12) or the first optical
transmitter array 26A (not shown).

[0079] Insome implementations, the housing 12 and wrist
band 14 may be positioned such that the optical components
(optical transmitter array(s) 26 and optical receiver(s) 28)
are positioned substantially over (i.e. most proximally to)
one of the user’s wrist bones. For example, the optical
components may be positioned substantially over the ulna
bone or substantially over the radius bone.

[0080] The electronic fitness device 10 may include a first
lens 30A, a second lens 30B, a third lens 30C, and a fourth
lens 30D. One or more openings within the bottom wall 36
may be covered by the first lens 30A, the second lens 30B,
the third lens 30C, and the fourth lens 30D such that the
optical signals may be transmitted and received through
each lens 30. The lenses 30 generally provide cover for the
optical transmitters 42 and the optical receivers 28. In
addition, the lenses 30 may be configured, operable, shaped,
or formed to provide focusing, collimation, refraction, dif-
fraction, and so forth. Furthermore, some lenses 30, such as
the lenses 30 that cover the optical transmitters 42, may
provide some functions, while other lenses 30, such as the
lenses 30 that cover the optical receivers 28, may provide
other functions. The lenses 30 that cover the optical trans-
mitters 42 may direct optical signals transmitted by the
optical transmitters 42 to the skin of the user. The lenses 30
that cover the optical receivers 28 may direct the optical
signals reflected from the skin to the optical receivers 28.
The lenses 30 may be constructed from glass, polymers, or
the like. The first lens 30A may cover the first optical
transmitter array 26A, the second lens 30B may cover the
first receiver 28A. the third lens 30C may cover the second
optical receiver 28B, and the fourth lens 30D may cover the
second optical transmitter array 26B. In various embodi-
ments, all of the lenses 30 may be the same size and shape
and may be aligned with one another on the bottom wall 36.
In addition, one surface of each lens 30 may be coupled to
an outer surface of the bottom wall 36 of the housing 12.
[0081] The memory element 32 may be embodied by
devices or components that store data in general, and digital
or binary data in particular, and may include exemplary
electronic hardware data storage devices or components
such as read-only memory (ROM), programmable ROM,
erasable programmable ROM, random-access memory
(RAM) such as static RAM (SRAM) or dynamic RAM
(DRAM), cache memory, hard disks, floppy disks, optical
disks, flash memory, thumb drives, universal serial bus
(USB) drives, or the like, or combinations thereof. In some
embodiments, the memory element 32 may be embedded in,
or packaged in the same package as, the processing element
34. The memory element 32 may include, or may constitute,
a “computer-readable medium”. The memory element 32
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may store the instructions, code, code statements, code
segments, software, firmware, programs, applications, apps,
services, daemons, or the like that are executed by the
processing element 34. The memory element 32 may also
store settings, data, documents, sound files, photographs,
movies, images, databases, and the like.

[0082] The processing element 34 may include electronic
hardware components such as processors, microprocessors
(single-core or multi-core), microcontrollers, digital signal
processors (DSPs), field-programmable gate arrays (FP-
GAs), analog and/or digital application-specific integrated
circuits (ASICs), or the like, or combinations thereof. In
some embodiments, the processing element 34 may also
include ADC circuitry. The processing element 34 may
generally execute, process, or run instructions, code, code
segments, code statements, software, firmware, programs,
applications, apps, processes, services, daemons, or the like.
The processing element 34 may also include hardware
components such as finite-state machines, sequential and
combinational logic, and other electronic circuits that can
perform the functions necessary for the operation of the
current invention. In various embodiments, the processing
element 34 may include multiple computational components
and functional blocks that are packaged separately but
function as a single unit. The processing element 34 may be
in electronic communication with the other electronic com-
ponents through serial or parallel links that include universal
busses, address busses, data busses, control lines, and the
like. Furthermore, the processing element 34 may include
multiple physically separated but logically and electroni-
cally connected functional blocks.

[0083] The processing element 34 may configure a plu-
rality of filters to filter PPG signals having a low SNR and/or
SMNR resulting from optical signals having other wave-
lengths where the absorption of the optical signal by pulsa-
tile blood in the skin or tissue is low based on signal filter
parameters and/or signal characteristics determined for one
or more PPG signals. Referring to FIGS. 6-9, the processing
element 34 may further include, or be in electronic commu-
nication with a filter, such an active filter 44 utilized to
perform correlated pulse spectroscopy and/or a filter 54
utilized to perform augmented pulse spectroscopy, or may be
configured or programmed to perform active filtering func-
tions, to analyze and removed undesired components of PPG
signals.

[0084] When implementing correlated pulse spectroscopy,
as shown in FIGS. 6-8, the active filter 44 generally com-
pares two PPG signals in order to determine a plurality of
signal filter parameters which are utilized to maintain and/or
adjust the operating parameters for a plurality of signal
filters 48. An exemplary signal filter 48 may include a
discrete-time, multi-tap time delay line filter, such as a finite
impulse response (FIR) filter or an infinite impulse response
(1IR) filter, wherein each tap includes a filter coefficient. The
values of the filter coeflicients may be determined by any of
the signal filter parameters. Typically, the configuration of
the signal filter 48 and the values of the filter coeflicients are
chosen (and adjusted) to perform a band-pass filter function.
The values of the filter coeflicients are updated or adjusted
on a continuous and/or periodic basis. In the discrete-time
domain, the values of the filter coefficients are updated or
adjusted every time period. When used in filtering the PPG
signals, the signal filter 48 is configured and the values of the
filter coeflicients are chosen (and adjusted) to band-pass the
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PPG signal at a pass band frequency at approximately the
fundamental frequency of the cardiac component of the PPG
signal. Thus, the signal filter 48 may generate the cardiac
component when it receives a PPG signal.

[0085] In one embodiment, shown in FIG. 6, the active
filter 44 A includes a correlation unit 46 and a signal filter 48.
The correlation unit 46 includes a first signal input, a second
signal input, and a signal output. The first and second inputs
receive first and second PPG signals respectively. The
correlation unit 46 performs a correlation, such as a cross
correlation, on the two PPG signals and generates an output
that includes the contents of the two correlated signals that
are common to, or included in, both PPG signals. Generally,
other contents or components, such as noise, that are not
common to both signals are effectively filtered out. Given
that the signals are PPG signals generated based on reflec-
tions of optical signals reflected from the user’s skin or
tissue, the signal content that is common to, or included in,
both PPG signals includes the cardiac component, as shown
in FI1G. 4. Thus, the signal output of the correlation unit 46
is or includes a common cardiac component.

[0086] The common cardiac component is utilized to
determine a plurality of signal filter parameters to be utilized
with configuring one or more signal filters 48. For example,
in embodiments, one signal filter parameter is a representa-
tion, or model, of the common cardiac component, such as
at least a complete period of a common cardiac component
waveform represented in the time domain. Additionally, or
alternatively, the common cardiac component may be rep-
resented in the frequency domain by performing a time
domain to frequency domain transform, such as a DFT or
other transform. The common cardiac component may also
or instead be represented through transforms such as a
discrete wavelet transform or similar mathematical opera-
tions. In other embodiments, another signal filter parameter
is a plurality of spectral parameters of the cardiac compo-
nent, such as the fundamental frequency, harmonic frequen-
cies, bandwidth, and the like. In other embodiments, a signal
filter parameter is a filter coeflicient determined by perform-
ing a transfer function using either the first PPG signal
and/or the second PPG signal as an input function and the
common cardiac component as an output function. The
signal filter parameters are stored in the memory element 32
and are updated on a continuous and/or periodic basis as the
first and second PPG signals are received. Any one or more
of the signal filter parameters are utilized to maintain and/or
adjust the operating parameters, such as pass frequency
ranges, bandwidths, etc. for the signal filter 48.

[0087] Each signal filter 48 generally performs a filtering
function, such as high-pass, low-pass, band-pass, band-cut
(notch), etc., on a signal—in this case, a PPG signal. The
operation and performance of the signal filter 48 may be
determined or controlled by the signal filter parameters. In
embodiments, the signal filter 48 may filter a PPG signal
using the one or more signal filter parameters (e.g., com-
paring a third PPG signal to the time domain waveform of
the common cardiac component in order to generate the
cardiac component of the third PPG signal, comparing the
third PPG signal to the frequency domain model of the
common cardiac component in order to generate the cardiac
component of the third PPG signal, etc.). Additionally, or
alternatively, in some embodiments, the signal filter 48 may
be a band-pass filter used to filter a third PPG signal using
a pass band frequency determined by the spectral parameters
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or the frequency domain transform of the first and second
PPG signals. Additionally, or alternatively, the signal filter
48 may perform the transfer function on the third PPG
signal. The signal filter 48 may be labeled in the figures as
a function of'the first and second PPG signals: “[PPG 1, PPG
2]v™.

[0088] In another embodiment, shown in FIG. 7, the
processing element 34 includes an active filter 44B includ-
ing the correlation unit 46, a first signal filter 48, and a signal
adder 50. The active filter 44B operates in a substantially
similar fashion to the active filter 44A, except that the
processing element 34 determines the signal filter parameter
based on an output of the signal adder 50 as well as an output
of the correlation unit 46. The signal adder 46 includes a
positive input that receives a first PPG signal, a negative
input that receives a second PPG signal, and an output,
which outputs a signal that is a difference of the first and
second PPG signals received by the positive input and the
negative input because the negative input is negated or
inverted, as shown in FIG. 7. Subsequently, the processing
element 34 may determine the same signal filter parameters
discussed above for FIG. 6 based on a difference between
the two PPG signals and utilize the determined signal
parameters to configure one or more additional signal filters
48.

[0089] In yet another embodiment, shown in FIG. 8, the
processing element 34 includes an active filter 44C includ-
ing a first signal filter 48 and a signal adder 50. The active
filter 44C may be constructed, or electrically connected, in
an adaptive filter configuration. That is, the first signal filter
48 receives one of the PPG signals (the first PPG signal),
while the other signal (the difference signal) is received from
the output of the signal adder 50. A positive input of the
signal adder 50 receives a first PPG signal and a negative
input of the signal adder 50 receives the output of the first
signal filter 48, which is the filtered first PPG signal. The
output signal of the adder 50, which is the difference
between the second PPG signal and the first correlated
component, is received by the first signal filter 48 as a
feedback signal. In the adaptive filter configuration, the
processing element 34 controls the first signal filter 48 to
employ an adaptive function to update the values of the
signal filter parameters on a continuous and/or periodic
basis, such as every discrete-time domain time period. An
example of the adaptive function includes a least mean
squares algorithm which adjusts the values of the coeffi-
cients based on the content of the input PPG signal, a
convergence factor, and the feedback signal from the signal
adder 50. By utilizing the adaptive function, the first signal
filter 48 filters the first PPG signal in order to find the
components in the first PPG signal that are included in the
second PPG signal. Thus, the first signal filter 48 of the
active filter 44 generates a correlated component of the first
PPG signal, which is substantially the first cardiac compo-
nent. Subsequently, the processing element 34 may deter-
mine the same signal filter parameters discussed above for
FIG. 6 based on the cardiac component of the first PPG
signal and utilize the determined signal parameters to con-
figure one or more additional signal filters 48.

[0090] As shown in FIGS. 6-8, the processing element 34
includes a plurality of additional signal filters 48, outside the
active filters 44A, 44B, 48C, that are configured using one
or more signal filter parameters determined using the active
filters 44A, 44B, 48C. In certain embodiments, the process-
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ing element 34 may include one additional signal filter 48 for
each optical signal wavelength the optical transmitters 42
are capable of generating such that at least one PPG signal
is generated by an optical receiver 28 based on received
reflections of each optical signal. The additional signal filters
48 may each include the same configuration and signal filter
parameters as used to configure the signal filter 48 included
in the active filter 44, and therefore, they all perform,
operate, and function in the same fashion as the first signal
filter 48 included in the active filter 44. Thus, processing
element 34 may configure a plurality of signal filters 48 to
filter PPG signals having a low SNR and/or SMNR resulting
from optical signals having other wavelengths where the
absorption of the optical signal by pulsatile blood in the skin
or tissue is low by determining and using signal filter
parameters.

[0091] When implementing augmented pulse spectros-
copy, as shown in FIG. 9, the processing element 34 may
also include, or be in electronic communication with, a
signal analysis element 52, and a signal processing element
62, or may be configured or programmed to perform signal
analysis functions on PPG signals. The signal analysis
element 52 may determine and record various signal char-
acteristics of a reference PPG signal. For example, the
processing element 34 may determine and record in the
memory element 32 a reference frequency, a reference
bandwidth, a reference amplitude, a reference phase, refer-
ence maximum value times, reference minimum value
times, reference zero crossing times, and the like. The
processing element 34 may use these signal characteristics
to develop functional units of the signal processing element
62 for the processing and conditioning of other PPG signals
with a low SNR and/or SMNR resulting from optical signals
having other wavelengths where the absorption of the opti-
cal signal by pulsatile blood in the skin or tissue is low.

[0092] The functional units of the signal processing ele-
ment 62 include, among others, a filter 54, an amplifier 56,
a phase adjuster 58, and a sampler 60. The filter 54 may be
a band-pass filter, such as an FIR or IIR filter, with a center
pass frequency at the reference frequency and a bandwidth
approximately equal to the reference bandwidth. The ampli-
fier 56 may be a current, voltage, transimpedance, or
transconductance amplifier with a single stage or multiple
stages. The amplifier 56 may use the reference amplitude or
other factors to set its level of gain. The phase adjuster 58
may include analog and/or digital electronic circuitry for
signal delaying or phase shifting and may be utilized to
adjust the phase of other PPG signals to that of the reference
phase. The sampler 60 may include an analog-to-digital
converter (ADC) or other signal sampling electronic cir-
cuitry that can sample a signal, such as the PPG signal, at
specific times. For example, the sampler 60 may sample
PPG signals PPG 2-PPG n at the reference maximum value
times, the reference minimum value times, the reference
zero crossing times, and so forth since those times likely
indicate where the cardiac component is maximized com-
pared to noise components and easily determined. Any one
or more of these functional units may be utilized on the
reference PPG signal and the other PPG signals to generate
the cardiac component of each one. Thus, the processing
element 34 may configure a plurality of signal filters 48 to
filter PPG signals having a low SNR and/or SMNR resulting
from optical signals having other wavelengths where the
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absorption of the optical signal by pulsatile blood in the skin
or tissue is low by determine and using signal characteristics
of a reference PPG signal.

[0093] As shown in FIG. 11, the processing element 34
may be operable, configured, or programmed to perform
correlated pulse spectroscopy and augmented pulse spec-
troscopy by using hardware, software, firmware, or combi-
nations thereof. The processing element 34 may generate an
electrical input signal or control signal and communicate it
to one or more optical transmitters 42 causing the optical
transmitters 42 to emit an optical signal. The processing
element 34 receives from the optical receivers 28A and/or
28B one or more PPG signals based on received reflections
of the optical signal from the user’s skin or tissue. In some
embodiments, the processing element 34 may sample the
analog PPG signal received from the optical receivers 28A
and/or 28B to produce a digital form of the PPG signal as a
stream of samples. In other embodiments, the processing
element 34 may receive the digital form of the PPG signal
from the optical receivers 28A and/or 28B. Given the
configuration of the optical transmitters 42 and the optical
receivers 28, the optical signal transmitted by any of the
optical transmitters 42 may be received by both optical
receivers 28A and 28B.

[0094] In general, the processing element 34 generates the
electrical input signal or control signal and communicates
the signal to one or more of the optical transmitters 42 in
order to control operation of each optical transmitter 42
within the optical transmitter array(s) 26. The processing
element 34 is operable to communicate the electrical input
signal or control signal to each optical transmitter 42 indi-
vidually at different times (sequentially), to one or more
groups of the optical transmitters 42 simultaneously, or to all
of the optical transmitters 42 simultaneously. The control of
the operation of the optical transmitters 42 by the processing
element 34 is described in more detail in U.S. patent
application Ser. No. 15/860,865, titled “ELECTRONIC FIT-
NESS DEVICE WITH OPTICAL CARDIAC MONITOR-
ING”, and filed Jan. 3, 2018. The listed patent application is
herein incorporated by reference in its entirety.

[0095] When performing correlated pulse spectroscopy,
the processing element 34 compares two PPG signals that
are differentiated in at least one manner. For example, as
shown in FIGS. 11-12, the processing element 34 may
transmit a control signal to optical transmitter 42A1 and/or
42B1, which may transmit an optical signal having a wave-
length corresponding to the “heart rate” band of FIGS.
5A-5B, and receive from optical receiver 28A and/or 28B a
PPG signal with a high SNR and/or SMNR. The processing
element 34 may also generate the electrical input signal or
control signal and communicate it to one or more of any of
the other optical transmitters 42 of optical transmitter assem-
bly 26. For example, in embodiments, the processing ele-
ment 34 may transmit a control signal to optical transmitter
42A2 and/or 42B2, which may transmit an optical signal
having a wavelength corresponding to the “motion” band of
FIGS. 5A-5B, to optical transmitter 42A3, which may
transmit an optical signal having a wavelength correspond-
ing to the “pulse ox 1” band of FIG. 5A, to optical trans-
mitter 42A4, which may transmit an optical signal having a
wavelength corresponding to the “pulse ox 2 band of FIG.
5A. Subsequently, the processing element 34 may receive
from optical receiver 28A and/or 28B one or more PPG
signals having a lower SNR and/or SMNR than PPG signals
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resulting from optical light having a wavelength correspond-
ing to the “heart rate” band of FIGS. 5A-5B. The processing
element 34 may generate additional electrical input signals
or control signals that are communicated to the abovemen-
tioned optical transmitters 42 to cause corresponding optical
signals to be continuously emitted into the user’s skin or
tissue at a predetermined rate (duty cycle).

[0096] As shown in FIGS. 6-8. the first and second PPG
signals are received by the active filter 44 which compares
the two signals to identify any common components ther-
ebetween, such as the common cardiac component. The
result of the comparison is utilized to determine a plurality
of signal filter parameters. Any or all of the signal filter
parameters, such as the time domain model, the frequency
domain model, the wavelet transform, etc. of the common
cardiac component, may be stored in the memory element
32. At least one of the filter parameters is used to determine
and control the operation and performance of the signal
filters 48. The first PPG signal is received and filtered by the
first signal filter 48 to generate the first cardiac component,
the second PPG signal is received and filtered by the second
signal filter 48 to generate the second cardiac component,
and all other PPG signals are received and filtered by other
signal filters 48 to generate a cardiac component within each
PPG signal.

[0097] In some configurations, the processing element 34
may receive a first PPG signal from the first optical receiver
28A at a first period of time and a second PPG signal from
the second optical receiver 28B at a second period of time,
such that the first and second optical receivers 28A and 28B
are sampled at the same sampling frequency but at two
different sets of sampling times to create two differentiated
PPG signals. In other configurations, the processing element
34 may sequentially receive a first PPG signal and a second
PPG signal from the first optical receiver 28A, such that the
two differentiated PPG signals were generated at different
times but resulted from optical signals that traveled the same
path and have the same wavelength. In still other configu-
rations, the processing element 34 may simultaneously
receive a first PPG signal from the first optical receiver 28A
and a second PPG signal from the second optical receiver
28B. The processing element 34 may remove the DC
component from each of the PPG signals.

[0098] When performing augmented pulse spectroscopy,
the processing element 34 analyzes a reference PPG signal
to determine one or more signal characteristics that are
utilized to filter one or more PPG signals. For example, in
embodiments, the processing element 34 may transmit a
control signal to optical transmitter 42A1 and/or 42B1,
which may transmit an optical signal having a wavelength
corresponding to the “heart rate” band of FIGS. 5A-5B, and
receive from optical receiver 28A and/or 28B a PPG signal
with a high SNR and/or SMNR. The processing element 34
may also generate the electrical input signal or control signal
and communicate it to one or more of any of the other optical
transmitters 42 of optical transmitter assembly 26. For
example, the processing element 34 may transmit a control
signal to optical transmitter 42A2 and/or 42B2, which may
transmit an optical signal having a wavelength correspond-
ing to the “motion” band of FIGS. 5A-5B, to optical
transmitter 42A3, which may transmit an optical signal
having a wavelength corresponding to the “pulse ox 1” band
of FIG. 5A, to optical transmitter 42A4, which may transmit
an optical signal having a wavelength corresponding to the
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“pulse ox 2 band of FIG. 5A. Subsequently, the processing
element 34 may receive from optical receiver 28A and/or
28B one or more PPG signals having a lower SNR and/or
SMNR than PPG signals resulting from optical light having
a wavelength corresponding to the “heart rate” band of
FIGS. 5A-5B. The processing element 34 may generate
additional electrical input signals or control signals that are
communicated to the abovementioned optical transmitters
42 to cause corresponding optical signals to be continuously
emitted into the user’s skin or tissue at a predetermined rate
(duty cycle).

[0099] As shown in FIG. 9, the processing element 34
receives the PPG signals from the optical receivers 28A
and/or 28B and the processing element 34 may analyze the
received PPG signals to determine one or more signal
characteristics of the received PPG signals. In embodiments,
the processing element 34 may identify and select PPG
signal with the greatest SNR and/or SMNR, or any other
criteria, as a reference PPG signal. The processing element
34 removes the DC component from the reference PPG
signal. The signal analysis element 52 analyzes the reference
PPG signal to determine the one or more signal character-
istics of the reference PPG signal and stores the determined
signal characteristics in the memory element 32. The pro-
cessing element 34 then utilizes the determined signal
characteristics to determine the parameters and settings of
the functional units of the signal processing element 62 to
process or condition other PPG signals resulting from opti-
cal signals having wavelengths that are absorbed poorly by
the pulsatile blood in the user’s skin or tissue. Any one or
more of the functional units of the signal processing element
62 may be utilized to identify the cardiac component from
a PPG signal based on the one or more signal characteristics
of the reference PPG signal. For example, any of the PPG
signals may be input to the filter 54 which filters the signal
to generate the cardiac component. In some instances, the
functional units of the signal processing element 62 may be
used by the processing element 34 in sequential fashion. For
example, a PPG signal may first be amplified using amplifier
56, then phase shifted using phase adjuster 58, and then
sampled by the sampler 60, before being filtered by the filter
54 to isolate the cardiac component.

[0100] As described above, once the processing element
34 is in possession of the cardiac component using either
pulse spectroscopy approach, the processing element 34
may determine the user’s heart rate as a frequency of the
cardiac component (e.g., as a number of beats per minute
(bpm)), determine signal characteristics (e.g., maxinum
values, minimum values, zero crossing, etc.), and determine
the user’s pulse oximetry by determining the AC and DC
values of at least two PPG signals, utilizing the AC and DC
values to calculate the pulse oximetry indicator using equa-
tion EQ. 1, and using a relationship stored in the memory
element 32 associating the pulse oximetry indicator, one or
more health characteristics (e.g., age, gender, or weight) and
one or more physiological characteristics (e.g., heart rate,
blood pressure or heart-rate variability) to a value of the
user’s pulse oximetry.

[0101] The electronic fitness device 10 may operate as
follows. The user may desire to determine his blood-related
and cardiac information. The processing element 34 may
utilize pulse spectroscopy techniques to determine such
blood-related and cardiac information. The user may engage
the user interface 18 to direct the processing element 34 to
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begin the process of determining heart rate, pulse oximetry
level, hematocrit level, or other blood-related or cardiac
information. Alternatively, or additionally, the processing
element 34 may have an operating mode in which it auto-
matically initiates the process of determining the user’s heart
rate, pulse oximetry level, or hematocrit level, when a
predetermined event is determined to have occurred (e.g.,
heart-rate variability exceeding a predetermined threshold,
body temperature exceeding a predetermined threshold, etc.)
or on a periodic basis (e.g., every second, every minute,
hourly, daily, etc.).

[0102] In embodiments, the processor may determine an
initial heart rate, a pulse oximetry level, and a hematocrit
level at the beginning of a fitness activity and subsequent
heart rate, pulse oximetry level, and hematocrit levels during
and/or after completion of the fitness activity. The processor
may then determine a change in the determined levels and
utilize stored correlations between changes in heart rate,
pulse oximetry level (blood oxygen saturation level
(Sp02)), and hematocrit levels (Het) to determine and
provide blood-related and cardiac information, such as a
pulse oximetry indicator and a hydration level (Hct) for the
user.

[0103] In embodiments, the processing element 34 may
communicate a first and a second electrical input signal or
control signal to the optical transmitter 42 during a first and
a second time period, respectively. An optical receiver 28
may receive reflections of transmitted optical signals and
generate one or more PPG signals corresponding to the first
and second time periods. In other embodiments, the pro-
cessing element 34 may communicate a first and a second
electrical input signal or control signal to a first optical
transmitter 42 and a second optical transmitter 42 during a
first and a second time period, respectively. An optical
receiver 28 may receive reflections of transmitted optical
signals and generate one or more PPG signals corresponding
to the first and second time periods. In some configurations,
a first optical receiver 28A and a second optical receiver 28B
receive the reflections of the optical signals, resulting in two
PPG signals for the first time period and two PPG signals for
the second time period, that are all communicated to the
processing element 34. At any rate, the processing element
34 is in possession of two PPG signals and removes the DC
component from each signal.

[0104] When implementing correlated pulse spectroscopy,
the first and second PPG signals are input to the active filter
44, which compares the two signals to one another to
identify any common components therebetween (e.g., the
common cardiac component, common noise, etc.). The
result of the comparison is utilized to determine a plurality
of signal filter parameters that are used to determine and
control the operation and performance of the signal filters
48. Each signal filter 48 filters a PPG signal received from
an optical receiver 28 to identify the cardiac component in
each of the PPG signals.

[0105] When implementing augmented pulse spectros-
copy, one of the PPG signals is identified as a reference PPG
signal and is analyzed by a signal analysis element 52 to
determine one or more signal characteristics. The signal
characteristics are then used to determine the parameters and
settings of the functional units of a signal processing ele-
ment 62 to process or condition the PPG signals in order to
identify cardiac components of other PPG signals.
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[0106] Once cardiac components of a plurality of PPG AC
signals have been determined, the processing element 34
may determine the user’s heart rate from at least one of the
cardiac components, the user’s pulse oximetry from the
cardiac components and other information from PPG signals
resulting from at least two wavelengths, the user’s hemato-
crit from the cardiac components and other information from
PPG signals resulting from at least two wavelengths, as
discussed above. The display 16 may present the determined
blood-related and cardiac information on a one-time or
continuous basis as desired by the user.
[0107] Although the technology has been described with
reference to the embodiments illustrated in the attached
drawing figures, it is noted that equivalents may be
employed and substitutions made herein without departing
from the scope of the technology as recited in the claims.
[0108] Having thus described various embodiments of the
technology, what is claimed as new and desired to be
protected by Letters Patent includes the following:
What is claimed is:
1. An electronic fitness device comprising:
a housing including a bottom wall;
a first optical transmitter positioned along the bottom
wall, the first optical transmitter configured to transmit
a first optical signal and a second optical signal, the first
optical signal having a first wavelength;
an optical receiver positioned along the bottom wall, the
optical receiver configured to receive the first and
second optical signals modulated by the skin of the user
and generate first and second photoplethysmogram
(PPG) signals resulting from the received optical sig-
nals; and
a processing element in electronic communication with
the first optical transmitter and the optical receiver, the
processing element configured to:
control the first optical transmitter to transmit the first
optical signal during a first period of time and the
second optical signal during a second period of time,
receive the first and second PPG signals from the
optical receiver,
compare the first and second PPG signals,
identify a common component present in the first and
the second PPG signals based on the comparison,
determine a signal filter parameter based on the com-
mon component,
generate a first cardiac component from the first PPG
signal based on the signal filter parameter,
generate a second cardiac component from the second
PPG signal based on the signal filter parameter, and
determine blood-related physiological information
based on the first and second cardiac component.
2. The electronic fitness device of claim 1, further com-
prising a plurality of signal filters, and wherein the process-
ing element is further configured to:
filter the first PPG signal with a first signal filter to
generate the first cardiac component using the signal
filter parameter, and
filter the second PPG signal with a second signal filter to
generate the second cardiac component using the signal
filter parameter.
3. The electronic fitness device of claim 2, further com-
prising a second optical transmitter positioned along the
bottom wall, the second optical transmitter configured to
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transmit a third optical signal having a second wavelength,
wherein the processing element is further configured to:
control the second optical transmitter to transmit the third
optical signal during a third period of time,

receive the third PPG signal from the optical receiver, and

filter the third PPG signal with a third signal filter to

generate a third cardiac component using the signal
filter parameter.

4. The electronic fitness device of claim 1, wherein the
processing element is further configured to:

utilize the signal filter parameter to generate a transfer

function that is applied to each of a plurality of signal
filters,

filter the first PPG signal with a first signal filter to

generate the first cardiac component, and

filter the second PPG signal with a second signal filter to

generate the second cardiac component.

5. The electronic fitness device of claim 1, wherein the
signal filter parameter is a spectral parameter of the common
component, and wherein the processing element is further
configured to:

filter the first PPG signal with a first signal filter to

generate the first cardiac component using the spectral
parameter, and

filter the second PPG signal with a second signal filter to

generate the second cardiac component using the spec-
tral parameter.

6. The electronic fitness device of claim 1, wherein the
signal filter parameter is a common waveform associated
with the common component and the processing element is
further configured to:

compare the first PPG signal with the common waveform

to generate the first cardiac component, and

compare the second PPG signal with the common wave-

form to generate the second cardiac component.

7. The electronic fitness device of claim 6, further com-
prising a second optical transmitter positioned along the
bottom wall, the second optical transmitter configured to
transmit a third optical signal having a second wavelength,
wherein the processing element is further configured to:

control the second optical transmitter to transmit the third

optical signal during a third period of time,

receive the third PPG signal from the optical receiver, and

compare the third PPG signal with the common waveform

to generate a third cardiac component, and

wherein the signal-to-noise ratio of the third PPG signal

is lower than the signal-to-noise ratio of the first PPG
signal.

8. The electronic fitness device of claim 1, wherein the
processing element is further configured to:

determine values of a plurality of filter coeflicients for

each of a plurality of signal filters using the signal filter
parameter, each signal filter being a discrete-time,
multi-tap time delay line filter with each tap configured
using one of the plurality of filter coefficients,

periodically update the filter coeflicients based on a

feedback signal based on a difference between the first
cardiac component and the second PPG signal,

filter the first PPG signal with a first signal filter to

generate the first cardiac component, and

filter the second PPG signal with a second signal filter to

generate the second cardiac component.

9. The electronic fitness device of claim 8, further com-
prising a second optical transmitter positioned along the
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bottom wall, the second optical transmitter configured to
transmit a third optical signal having a second wavelength,
wherein the processing element is further configured to:
control the second optical transmitter to transmit the third
optical signal during a third period of time,

receive the third PPG signal from the optical receiver, and

filter the third PPG signal with a third signal filter to
generate a third cardiac component.

10. The electronic fitness device of claim 8, wherein a first
path from the first optical transmitter to the first optical
receiver along which the first optical signal travels is sub-
stantially different from a second path from the second
optical transmitter to the first optical receiver along which
the second optical signal travels.

11. An electronic fitness device comprising:

a housing including a bottom wall;

a first optical transmitter positioned along the bottom

wall, the first optical transmitter configured to transmit
a first optical signal having a first wavelength;
a second optical transmitter positioned along the bottom
wall, the second optical transmitter configured to trans-
mit a second optical signal having a second wave-
length;
a first optical receiver positioned along the bottom wall,
the first optical receiver configured to receive the first
and second optical signals modulated by the skin of the
user and generate first and second photoplethysmogram
(PPG) signals resulting from the received optical sig-
nals; and
a processing element in electronic communication with
the first optical transmitter, the second optical trans-
mitter, and the first optical receiver, the processing
element configured to:
control the first optical transmitter to transmit the first
optical signal during a first period of time and the
second optical transmitter to transmit the second
optical signal during a second period of time, respec-
tively,

receive the first and second PPG signals from the first
optical receiver,

compare the first and second PPG signals,

identify a common component present in the first and
the second PPG signals based on the comparison,

determine a signal filter parameter based on the com-
mon component,

generate a first cardiac component from the first PPG
signal based on the signal filter parameter,

generate a second cardiac component from the second
PPG signal based on the signal filter parameter, and

determine blood-related physiological information
based on the first and second cardiac component.

12. The electronic fitness device of claim 1111, wherein a
first path from the first optical transmitter to the first optical
receiver along which the first optical signal travels is sub-
stantially different from a second path from the second
optical transmitter to the first optical receiver along which
the second optical signal travels, and wherein the deter-
mined blood-related physiological information is a pulse-
oximetry level.

13. The electronic fitness device of claim 1111, further
comprising a second optical receiver configured to receive
the first and second optical signals modulated by the skin of
the user and generate third and fourth PPG signals resulting
from the received optical signals.
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14. The electronic fitness device of claim 13, wherein the
processing element is further configured to:

receive the third and fourth PPG signals from the second
optical receiver,

compare the first and third PPG signals associated with
the first optical signal transmitted during the first period
of time,

compare the second and fourth PPG signal associated
with the second optical signal transmitted during the
second period of time,

identify a common component present in the first and the
third PPG signals based on the comparison, and
identify a common component present in the second

and the fourth PPG signals based on the comparison.
15. An electronic fitness device comprising;
a housing including a bottom wall;
a first optical transmitter positioned along the bottom
wall, the first optical transmitter configured to transmit
a first optical signal having a first wavelength;
a second optical transmitter positioned along the bottom
wall, the second optical transmitter configured to trans-
mit a second optical signal having a second wave-
length;
an optical receiver positioned along the bottom wall, the
optical receiver configured to receive the first and
second optical signals modulated by the skin of the user
and generate a photoplethysmogram (PPG) signal
resulting from the received optical signals; and
a processing element in electronic communication with
the first optical transmitter, the second optical trans-
mitter, and the optical receiver, the processing element
configured to:
control the first and second optical transmitters to
transmit the first optical signal and the second optical
signal, respectively,

receive a reference PPG signal from the optical receiver
resulting from the first optical signal,

receive a second PPG signal from the optical receiver
resulting from the second optical signal,

determine a signal characteristic of the reference PPG
signal,

process the second PPG signal utilizing the determined
signal characteristic to generate a first cardiac com-
ponent of the second PPG signal, and

determine blood-related physiological information
based on the first cardiac component.

16. The electronic fitness device of claim 15, wherein the
determined signal characteristics include a reference fre-
quency of the reference PPG signal, and wherein the pro-
cessing element is further configured to generate a reference
cardiac component of the reference PPG signal.

17. The electronic fitness device of claim 16, further
comprising a third optical transmitter positioned along the
bottom wall, the third optical transmitter configured to
transmit a third optical signal having a third wavelength,
wherein the optical receiver is further configured to receive
the third optical signal modulated by the skin of the user and
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generate a third PPG signal resulting from the received third
optical signal, and wherein the processing element is further
configured to:

receive a third PPG signal from the optical receiver,

generate a second cardiac component from the third PPG

signal based on the signal filter parameter, and
determine a hematocrit level based on the first, second and
reference cardiac components.

18. The electronic fitness device of claim 15, further
comprising a third optical transmitter positioned along the
bottom wall, the third optical transmitter configured to
transmit a third optical signal having a third wavelength,
wherein the optical receiver is further configured to receive
the third optical signal modulated by the skin of the user and
generate a third PPG signal resulting from the received third
optical signal, and wherein the processing element is further
configured to:

process the third PPG signal utilizing the determined

signal characteristic to generate a second cardiac com-
ponent of the third PPG signal, and

determine a hematocrit level based on the first and second

cardiac components.

19. The electronic fitness device of claim 1518, further
comprising a third optical transmitter positioned along the
bottom wall, the third optical transmitter configured to
transmit a third optical signal having a third wavelength,
wherein the optical receiver is further configured to receive
the third optical signal modulated by the skin of the user and
generate a third PPG signal resulting from the received third
optical signal, and wherein the processing element is further
configured to:

process the third PPG signal utilizing the determined

signal characteristic to generate a second cardiac com-
ponent of the third PPG signal, and

determine a pulse-oximetry level based on the first and

second cardiac components.

20. The electronic fitness device of claim 15, further
comprising a third optical transmitter and a fourth optical
transmitter positioned along the bottom wall, the third and
fourth optical transmitters configured to transmit a third and
a fourth optical signal having a third and a fourth wave-
length, respectively, wherein the optical receiver is further
configured to receive the third and the fourth optical signals
modulated by the skin of the user and generate a third PPG
signal and a fourth PPG signal resulting from the received
third and fourth optical signals, respectively, and wherein
the processing element is further configured to:

process the third PPG signal utilizing the determined

signal characteristic to generate a second cardiac com-
pornent of the third PPG signal,

process the fourth PPG signal utilizing the determined

signal characteristic to generate a third cardiac compo-
nent of the fourth PPG signal, and

determine a user hydration level based on the second and

the third cardiac components.
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